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Recent findings of periodic mesoporous organosilicas
(PMOs) prepared by using bridged silsesquioxanes
((RO)3Si-R′-Si(OR)3, R, R′; organic group) show the
possibility to control mesostructures of various inorganic-
organic hybrid materials by surfactant-templating
strategy.1-3 However, almost all of the corresponding
research studies have focused on the synthesis of PMOs
with a variety of functional organic groups.4 Inorganic
components of the hybrid frameworks are limited to only
silica because the preparation method of organically
bridged metal alkoxides ((RO)3Me-R′-Me(OR)3, Me;
metal) has not been developed so far.5,6 Then, non-silica-
based inorganic-organic hybrid porous materials have
been developed by using alkylene and aryldiphospho-
nates,7-9 leading to the formation of porous zirconium
diphosphonates composed of zirconium phosphate-like
layers cross-linked by the bridged organic groups.
However, the covalently bonded organic groups are
present between the sheets but not within the inorganic
frameworks. Here, surfactant-templated hexagonal me-
sostructured and mesoporous non-silica-based materials
containing homogeneously distributed and covalently
bonded organic groups within the frameworks can be
successfully prepared by using organically bridged

diphosphonic acids. However, the formation of P-O-P
bonds between the diphosphonates is difficult in aque-
ous solution and thus hexagonal mesostructured alu-
minum organophosphonate was synthesized by utilizing
the formation of Al-O-P linkages. The synthetic strat-
egy to provide non-silica-based hybrid frameworks is
widely applicable for the compositional variation of both
inorganic and organic components because a large
number of metals react with P-OH groups and phos-
phonate groups can be connected by a wide variety of
organic groups.7-10

A mesoporous aluminum organophosphonate (named
AOP-2) was synthesized by using methylene diphos-
phonic acid ((HO)2OPCH2PO(OH)2, AZmax Co. Ltd.) in
the presence of octadecyltrimethylammonium (C18TMA)
surfactant. In a typical synthesis, 5.16 g of C18TMACl,
10.79 g of 25 mass % tetramethylammonium hydroxide
(TMAOH), 5.36 g of (HO)2OPCH2PO(OH)2, and 8.75 mL
of distilled water were mixed until a clear solution was
obtained. After the addition of 6.14 g of Al(OiC3H7)3 to
the clear solution under stirring, the stirring was
maintained for 24 h. The resultant solution (Al:P:C18-
TMACl:TMAOH:H2O ) 1:2:1:2:65, pH ) 6.8) was dis-
persed in distilled water, leading to the formation of a
white solid. The solid was washed with distilled water
repeatedly and dried at 50 °C. The product was heated
at 400 °C for 1 h in flowing N2, followed by calcination
at the temperature for 6 h in flowing O2. Extraction of
only a C18TMA molecule by acid treatment has not been
achieved yet because as-synthesized AOP-2 was dis-
solved in acidic ethanol solution useful for the removal
of surfactants from PMOs.1

The XRD patterns of as-synthesized and calcined
AOP-2 are shown in Figure 1. In the as-synthesized
product, four peaks assignable to a 2-D hexagonal phase
were observed at low scattering angles and the d100
value of the main peak was 4.4 nm though the peaks
were ill-resolved. The TEM image of the as-synthesized
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Figure 1. XRD patterns of (a) as-synthesized and (b) calcined
AOP-2.
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product is shown in Figure 2, indicating the presence
of ordered hexagonal arrangements in the as-synthe-
sized AOP-2. However, the orderings are in short range,
being in agreement with the ill-resolved XRD peaks. In
addition, striped patterns were also observed, meaning
that the as-synthesized product has one-dimensional
arrangements originating from the 2-D hexagonal struc-
ture. The XRD peaks were broadened upon calcination
(d ) 3.0 nm), revealing that the periodicity of pores
deteriorates. The N2 adsorption isotherm of the calcined
product showed behavior between types I and IV (Sup-
porting Figure S1, see Supporting Information). The
BET surface area, the pore volume, and the average
pore diameter (l) were 738 m2 g-1, 0.32 cm3 g-1, and
1.8 nm, respectively.

The successful removal of C18TMA molecules by
calcination without decomposition of the methylene
groups is related to the difference of thermal stabilities
between the methylene groups and the C18TMA mol-
ecules. For example, the TG-DTA analysis (in air)
showed that the combustion of the C18TMA molecules
in the as-synthesized product was started by heating
at around 245 °C (Supporting Figure S2, see Supporting
Information). In the calcined product, mass loss except
for desorption of adsorbed water (∼150 °C) was not
observed below 450 °C. The decomposition of methylene
diphosphonates was started at around 470 °C with
exothermic reaction mainly due to the oxidation of P
atoms and then the diphosphonates were decomposed
up to 650 °C completely. The decomposition of organic
groups in mesoporous silica-based materials such as t
Si-CH3 and tSi-C2H4-Sit starts at around 470 °C11

and 280 °C12 (in air), respectively. Removal of surfac-
tants at very low temperature (250 °C in N2) is required
to obtain PMOs without decomposition of the bridged
organic groups.13 Similar organic groups in aluminum
organophosphonates such as tP-CH3 and tP-C2H4-
Pt are decomposed above 550 °C14 and 380 °C15 (in O2),
respectively. This comparison may reveal the improve-
ment of the thermal stability of organic groups bonded
to P atoms as phosphates are well-known as anti-

combustion agents. Thus, bridged methylene groups
remain in the hybrid framework, even after calcination
at 400 °C.

The carbon and nitrogen contents of the as-synthe-
sized and calcined AOP-2 were investigated by the CHN
analysis. The as-synthesized product contained 38.4
mass % of carbon atoms and 2.0 mass % of nitrogen
atoms. The result means that 45.3 mass % of C18TMA
molecules and 2.2 mass % of methylene groups are
present in the as-synthesized product. Even after cal-
cination, 3.8 mass % of carbon atoms remained in the
product while nitrogen atoms were not detected by
CHN. The 13C CP/MAS NMR spectrum of the calcined
product showed that two peaks are observed at 11 and
28 ppm (Supporting Figure S3, see Supporting Informa-
tion). The presence of the peak at 28 ppm proves that
the carbon atoms remained as in the methylene (-CH2-)
groups. The peak at 11 ppm is assignable to carbon
atoms in methyl (-CH3) groups16 that are formed
through the degradation of diphosphonate groups (t
P-CH2-Pt f tP-CH3 + O-Pt). The 31P MAS NMR
spectrum of the calcined AOP-2 also showed the pres-
ence of both phosphonate (centered at 6 ppm) and
phosphate groups (centered at -18 ppm) (Supporting
Figure S3, see Supporting Information). When 3.8 mass
% of carbon atoms is derived from methylene and
methyl groups, the density of the organic groups is
calculated to be 2.6 per nm2. The number of the
remaining methylene groups in the calcined AOP-2 is
now under investigation.

The Al/P molar ratio (0.73) was checked by ICP. On
the basis of the ICP and CHN analyses, the formula of
the as-synthesized AOP-2 is represented as Al6(O3PCH2-
PO3)4‚3.8C18TMA‚21.0H2O but does not balance the
charge. Negatively charged OH- species such as termi-
nal Al-OH groups would be required in this formula.
The 27Al and 31P MAS NMR spectra of the as-synthe-
sized and calcined AOP-2 are shown in Figure S2. The
27Al MAS NMR spectrum of the as-synthesized product
showed that a peak was observed at -11 ppm, indicat-
ing that Al atoms are six-coordinated (Al(OP)6-x-y(H2O)x-
(OH)y). The AlO6 species were partly converted to four-
coordinated species (38 ppm) by calcination and the
four-coordinated species can be assigned to Al(OP)4 and/
or Al(OP)4-x(OH)x species on the basis of the chemical
shift and the asymmetric profile.17 In the 31P MAS NMR
spectrum of the as-synthesized product, a broad signal
was observed centered at 11 ppm, being assignable to
phosphorus atoms in O3P-C species.18c By the forma-
tion of Al-O-P bonds, the framework structure of
AOP-2 is considered as being composed of alternative
aluminophosphate-like domains and the bridged organic
groups.

After the first preparation of aluminum methylphos-
phonates (AlMepO-R and -â),18 layered aluminum or-
ganophosphonates were synthesized by using meth-
ylphosphonate14,16,19 and ethylene diphosphonate.15 In
the latter case, Al-F-Al chains are bridged by ethylene
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Figure 2. TEM image of as-synthesized AOP-2.

Communications Chem. Mater., Vol. 15, No. 20, 2003 3743



diphosphonate groups. In the present system, methylene
diphosphonate groups can be successfully incorporated
within the framework of the mesostructured product.
Although water adsorption isotherms of microporous
AlMepO-R and -â show type II behavior due to hydro-
phobic surfaces,18c the isotherm of calcined AOP-2 was
type IV despite the presence of hydrophobic organic
groups within the framework. This is an indication that
the surfaces of AOP-2 are hydrophilic.

In the research fields of periodic mesoporous materi-
als, hybrid frameworks have attracted much attention
to their applications to novel reaction media.1-4 The use
of bridged silsesquioxanes leads to the formation of
alternative networks of inorganic units and organic
groups within silica walls of periodic mesopores. Be-
cause the non-siliceous frameworks are useful for wide-
ranging applications to electronics, optics, and so on,
the preparation of non-siliceous mesoporous materials
composed of inorganic-organic hybrid frameworks has
been expected by surfactant templating. Recently, or-
ganically modified hexagonal mesostructured alumino-
phosphates have been successfully prepared by using
alkyltrimethoxysilanes.20 The organic groups are present
at the surface of the frameworks but all the organic
fractions are eliminated by calcination. The present

system is the first example for the synthesis of surfac-
tant-templated non-silica-based mesoporous materials
with inorganic-organic hybrid frameworks.

In conclusion, surfactant-templated porous aluminum
organophosphonate is synthesized by using organically
bridged diphosphonates and the organic moieties are
distributed within the framework of the material ho-
mogeneously. Despite the potential and interest ap-
plications of metal phosphonates (ion exchangers, cata-
lysts, nonlinear optics),21 diphosphonates have been
used as only linkers through the substitution of phos-
phates in layered compounds to date. In the present
system, the use of organically bridged diphosphonic
acids in the presence of surfactants is simply applicable
for the synthesis of non-silica-based inorganic-organic
hybrid mesoporous materials, showing the possibility
of designing a wide variety of porous materials with
various compositions and pore sizes in the range from
micro- to meso- and macroporous regions.
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