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Employing phenol, an aromatic and acidic organic solid,
as the solvent, and triethylene tetramine as the template,
a new two-dimensional layered aluminophosphate
[Al2P4O16][C6H22N4][C2H10N2] has been solvothermally
synthesized for the first time, which contains novel 4.12-net
porous sheets.

Since the first report of microporous aluminophosphates
(AlPO4-n) in 1982,1 much study has been focused on the
exploration of new microporous aluminophosphate (AlPO)
compounds. This is not only for their potential applications in
sorption, catalysis, and host–guest assembly chemistry,2–4 but
also for the diversity of their arrangements of AlO4 (and/or
AlO5, AlO6) and PO4 tetrahedral building units forming
one-dimensional (1-D) chain, two-dimensional (2-D) layer,
and three-dimensional (3-D) open-framework structures with
Al/P ratios of 1/1, 1/2, 2/3, 3/5, 3/4, 4/5, 5/6, etc.5–7

So far, three distinct aluminophosphate networks have been
found to have a stoichiometry of [AlP2O8]

3� with an Al/P ratio
of 1/2. Two of them are based upon a chain network built up by
corner-sharing and edge-sharing Al2P2 4-membered rings
(MRs), respectively.8–11 The third one is based upon a 2-D sheet
built up solely by 8-MRs.12,13 Here, we report a new layered
aluminophosphate [Al2P4O16][C6H22N4][C2H10N2] (denoted 1)
with an Al/P ratio of 1/2. Compared to previous layered AlPOs

Fig. 1 The 4.12-net porous sheet of 1 parallel to the [�101] plane, with
ethylene diammonium cations located inside the 12-MR openings
(H-bonds are represented by dotted lines).

with 4.6-, 4.8-, 4.6.8-, 4.6.12-, and 8-nets,7 1 is the first 2-D
layered AlPO constructed of 4.12-net porous sheets.

In this work, we employ phenol (melting point is 41�C) as an
aromatic and acidic solvent in the synthesis, and use triethylene-
tetramine (TETA) as the template. Large platelike single
crystals were formed from a gel mixture with the molar ratio
1.0Al2O3 : 1.8P2O5 : 10.0TETA:65 PhOH heated at 185 �C for
12 days.14 The experimental powder X-ray diffraction pattern
of 1 is in agreement with the simulated one, proving that the
as-synthesized product is a single phase. Inductively coupled
plasma (ICP) analysis gives the Al and P content as 8.6 and 19.7
wt%, respectively, showing an Al/P molar ratio of 1/2. A suit-
able single crystal with dimensions of 0.3 × 0.3 × 0.2 mm was
selected for single-crystal X-ray diffraction analysis.15 Single
crystal analysis showed that 1 crystallizes in the monoclinic
space group P2(1)/n (no. 14) with lattice parameters
a = 10.826(1) Å, b = 8.143(8) Å, c = 13.770(1) Å, and β =
95.104(2)�.

Each asymmetric unit of 1 contains one crystallographically
distinct Al atom and two crystallgraphically distinct P atoms.
All AlO4 tetrahedra are vertex linked with PO4 tetrahedra with
the Al–O bond lengths in the range of 1.7277–1.7415 Å, but
only two vertices of the PO4 tetrahedra are linked with adjacent
AlO4 tetrahedra with P–O bond lengths in the range of 1.5142–
1.5512 Å, with the remaining vertex being a terminal P��O
group. The bond lengths of P(1)��O(2) and P(2)��O(8) are 1.505
and 1.508 Å, respectively.

The structure of 1 consists of macroanion [AlP2O8]
3�, which

is charge balanced by the tetraprotonated TETA molecule
�H3N(CH2)2NH2

�(CH2)2NH2
�(CH2)2NH3

�, and diprotonated
ethylenediamine �H3N(CH2)2NH3

�. The ethylenediamine

Fig. 2 Packing of the sheets along the [�101] direction in an AAAA
sequence, with TETA molecules intercalated in the interlayer region.
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Fig. 3 Structural relationship between the 1-D AlP2O8
3� chain and the 2-D AlP2O8

3� sheet in 1, (a) 1-D AlP2O8
3� chain with corner-sharing 4-MRs;

(b) breaking the P–O � � � Al bond in the 1-D chain; (c) relinking the P–O � � � Al bond with adjacent chains to form a 4.12-net sheet as in 1.

molecules are believed to be generated during the course of
solvothermal synthesis through fragmentation of the TETA
molecules, as in the case of the previously reported 1-D chain
[Al2P4O16][NH3(CH2)2NH3][NH3(CH2)3NH3]2.

16 The network
of 1, as shown in Fig. 1, is constructed of 4.12-net porous sheets
parallel to the (�101) plane. This novel 4.12-net was first
found in layered AlPO compounds.

Diprotonated ethylenediammonium cations �H3N(CH2)2-
NH3

� exist in the 12-MR openings. Each 12-MR traps one
ethylenediamine molecule, which interacts with six adjacent
terminal P��O groups through strong H-bonds with N � � � O
separation in the range of 2.757–2.859 Å. Energy calculation by
Cerius 2 using a Burchart1.01-Dreiding 2.21 force field 17,18 gives
the the H-bonding interaction energy between the sheets and
occluded ethylenediamine molecules as �10.25 kcal mol�1

per unit of [AlP2O8]
3�. It is believed that the ethylenediamine

molecules play an important role in the stabilization of the 12-
MR in the porous sheet.

The macroanionic sheets are stacked in an AAAA sequence
along the [�101] direction (Fig. 2), and intercalated by tetra-
protonated �H3NCH2CH2

�NH2CH2CH2NH�
2CH2CH2NH3

�

cations. The distance between two layers is ca. 9.13 Å (atom to
atom). Each tetraprotonated TETA cation provides a total of
ten H-bonds to terminal P��O groups protruding into the inter-
layer region, with both �H3N-groups each providing three
H-bonds, and the middle H2N

�-groups each providing two
H-bonds.

Thermogravimetric analysis shows that the template
molecules decompose in the region 280–430 �C with a weight
loss of 30.2% (theoretical value: 32.8%), which is correlated
to the decomposition of occluded TETA and ethylenedi-
amine molecules. Elemental analysis gives the C, H and N
content as 15.3, 5.2 and 13.6%, respectively, which is in agree-
ment with the theoretical values of 14.9, 4.95 and 13.0%,
respectively.

Further insight into the sheet structure of 1, a structural
relationship between 1 and a corner-sharing AlP2O8

3� 1-D
chain 9 (Fig. 3a) can be found. This 1-D AlP2O8

3� chain is pro-
posed to be a parent chain for the formation of a family of 1-D
chain, 2-D layer and 3-D open-framework AlPOs through an
hydrolysis–condensation self-assembly pathway by Ozin and
co-workers.19 As shown in Fig. 3b,c, through breaking the
P–O � � � Al bonds in the 1-D chain, and relinking the Al–O � � �
group with the dangling P atoms in the adjacent chain, the 4.12-
net sheet of 1 can be transformed from the 1-D AlP2O8

3� chain
(Fig. 3c). It is noteworthy that both the 1-D AlP2O8

3� chain and
the 4.12-net AlP2O8

3� sheets of 1 can be stabilized by the ethyl-
enediamine cations. Further investigation of the crystallization
of 1 might yield some information on the formation of this 2-D
layer compound.
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