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Lamellar mesostructured aluminum organophosphonate
(AOP-1) with unique inorganic–organic hybrid framework can
be prepared from the reactions of aluminium triisopropoxide
with methylene diphosphonic acid in the presence of alkyltri-
methylammonium surfactants, which is the first example of the
preparation of layered aluminum organophosphonate with pure
hybrid framework mainly composed of Al, P, and organic group.

Inorganic–organic hybrid materials have attracted much at-
tention because of the combined properties of inorganic units
and organic moieties.1 Hybrid frameworks are integrated by
chemical reactions such as condensation of organometal alkox-
ides and related materials. Consequently, the structural design
of starting organometal compounds at the molecular level is
the most important factor for obtaining fascinating hybrid mate-
rials with managed surfaces and functions. A number of porous
inorganic–organic hybrid materials have been reported to
date,2–9 because porous structures promise to deliver unique
properties due to hybrid frameworks.

Organically bridged diphosphonic acids are one of the most
interesting precursors for preparing non-silica-based hybrid ma-
terials such as metal phosphonates.5 But they have often acted as
linkers between inorganic layers. They can also be used for syn-
thesizing non-silica-based hybrid mesoporous materials
(HMMs) using amphiphilic organic molecules.10,11 Morpholog-
ical controls (film, spherical particles) of ordered mesoporous
aluminum organophosphonate (AOP) have been achieved for
extensive applications.12 Here, inorganic–organic hybrid meso-
structured materials were synthesized from methylene diphos-
phonic acid ((HO)2OPCH2PO(OH)2) in the presence of alkyltri-
methylammonium (CnTMA) surfactants. Surfactant-templated
mesoporous AOPs have normally been obtained as amorphous
phases,10–12 while lamellar mesostructured AOP (named as
AOP-1) obtained here is the first example of non-silica-based
mesostructured material with a crystalline hybrid framework.
It is well known that crystalinity of the frameworks is quite im-
portant for improving properties due to inorganic units.

Periodic mesoporous organosilica (PMO) is interesting as a
new family of HMMs.2–4 Almost all corresponding research has
focused on the variation of organic groups in the hybrid frame-
works to expand functions. Incorporation of inorganic hetero-
atoms into the inorganic part of the hybrid frameworks has been
studied for the design of mesoporous catalysts with strongly hy-
drophobic surfaces. In some cases, periodic molecular structures
of organic groups were found in pore walls.4 A periodicity in the
framework was also reported in the case of Al containing
PMO.13 Only one paper on that of a lamellar phase with a crys-

tal-like hybrid framework was published.14 Therefore, insight in-
to successful preparation of crystalline non-silica-based hybrid
mesostructured material is very important for the compositional
variation of both inorganic units and organic groups in hybrid
frameworks of mesostructured and mesoporous materials.

Experimental details including analyses are described
in Supporting Information.15 The composition of lamellar
AOP-1 analyzed by ICP and CHN was Al4(O3PCH2PO3)3.
9C16TMA.24H2O. The low- and high-angle XRD patterns of
AOP-1 are shown in Figure 1. A peak at a d-spacing of 3.1 nm
and higher order diffractions were observed in low diffraction
angles. In addition to those peaks, some peaks due to a periodici-
ty in the hybrid framework were recorded. However, crystal
structure of the hybrid framework has not been defined yet be-
cause of the ill-resolved peaks. The TEM image of AOP-1 is
shown in Figure 2, showing clear striped patterns with the re-
peated distance of ca. 3.3 nm.

The 27Al and 31PMASNMR spectra of the lamellar AOP-1
are shown in Figure 3. The 31PMASNMR spectrum showed that
sharp peaks were observed in the range from 9 to 15 ppm, being
related to the XRD result that the hybrid framework is crystal-
line. The difference in the chemical shifts between AOP-1 and
(HO)2OPCH2PO(OH)2 (27 ppm) is associated with the forma-
tion of Al–O–P bonds. Judging from the chemical shifts (close
to those observed for 2-D hexagonal products composed of
amorphous AOP frameworks10), the framework is not condensed
adequately. The half of P atoms is possibly bonded to Al atoms
through oxygen and residual P–O units may be interacted with
C16TMA cations. The 27AlMASNMR spectrum of AOP-1
showed that a peak observed at �14 ppm was assignable to
Al(OP)6�x(H2O)x.

16 On the basis of the NMR data, it is believed
that P atoms in methylene diphosphonate (�PCH2P�) groups
are bonded to AlO6 species that are partly ligated by water mole-
cules.

Figure 1. Low- and high-angle XRD patterns of lamellar mes-
ostructured AOP-1.
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The use of (HO)2OP–R–PO(OH)2 (R; organic group) to pro-
duce inorganic–organic hybrid materials has been directed to the
formation of a variety of layered metal phosphonates.5,6 Frame-
works of the layered materials are analogous to those of metal
phosphates, but not to integrated inorganic units and organic
groups. The organic groups covalently bonded to P atoms are
present as pillars between the inorganic sheets. Several AOPs
with zeolitic and layered structures have also been prepared from
(mono)phosphonic acids.17–19 Although the organic groups are
attached to the surfaces of inorganic frameworks, Harvey et al.
have synthesized a layered AOP with alternating inorganic
units and organic groups from ethylenediphosphonic acid
((HO)2OPC2H4PO(OH)2).

20 The ethylene groups are embedded
in the hybrid framework, but the framework is not constructed
from Al, P, and the organic group only. P atoms are bonded to
AlO6 units, which is a common structure for the reported crystal-
line AOPs. The six-coordinated Al atoms are surrounded by four
oxygen atoms (two Al–O–P bonds and two water ligands) and
two F atoms, meaning that the framework is not pure.

In the present study, methylene groups can be embedded in
the sheets (integrated hybrid frameworks) of the lamellar AOP-1
by a surfactant-assisted strategy. Al atoms are six-coordinated,
connected to oxygen atoms only, and bonded to P atoms through
oxygen atoms and water molecules are ligated to the Al atoms.
Lamellar AOP-1 prepared using CnTMA (n ¼ 14{18) is the first
example of the preparation of layered (lamellar) AOP with pure
inorganic–organic hybrid frameworks.15 Synthesis by using
(HO)2OPC2H4PO(OH)2 was also conducted under similar con-
ditions in the presence of C16TMACl. The XRD patterns of
products obtained at room temperature and 150 �C (Figure S5)
give us the following insights.15 A main peak at a d-spacing of
4.5 nm was observed with the high order diffractions, revealing
the formation of a lamellar phase at room temperature. However,

there were no peaks arising from crystalline framework in higher
diffraction angles. In the product obtained at 150 �C, in addition
to a peak shift of the main peak to 5.1 nm, several humps, which
were possibly related to crystallinity of the hybrid framework,
appeared. Further crystallization by extension of the reaction
time led to collapse of the mesostructure.

In summary, a crystalline lamellar mesostructured AOP
(AOP-1) can be synthesized by using (HO)2OPCH2PO(OH)2
in the presence of CnTMA (n � 14) surfactants. The insight
strongly suggests the possibility for obtaining mesostructured
materials with integrated hybrid frameworks constructed by var-
ious inorganic units such as transition-metal phosphate-like units
and organic groups originating from diphosphonic acids.
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Figure 2. Typical TEM image of lamellar mesostructured
AOP-1.

Figure 3. (a) 27Al and (b) 31PMASNMR spectra of lamellar
mesostructured AOP-1.

Chemistry Letters Vol.38, No.9 (2009) 917

Published on the web (Advance View) August 22, 2009; doi:10.1246/cl.2009.916


