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A mixed solution of ethanol and water containing EOgoPO3¢oEQg, was combined with a solution
prepared by the reaction between (HO),OPC,H4,O(OH), and AICIl; in ethanol-water in order to
obtain clear precursor solutions for the synthesis of ordered mesoporous aluminium

organophosphonate (AOP) films with high transparency. The amount of EOgyPO3oEQg, in the
precursor solution strongly influenced the mesostructural ordering of the AOP films, which was
mainly investigated through TEM observations. Ordered mesoporous AOP films can be obtained
and their high porosity was proved by direct N, adsorption—desorption measurement. High
adsorption capacity of acetaldehyde molecules over such films was also confirmed.

1 Introduction

Fabrication of surfactant templated mesoporous materials is
important for their application in the formation of ordered
mesoporous films for optical, electronic and photonic de-
vices' ™ in combination with the compositional variation of
pore walls.>® In recent years, triblock copolymer templating
has been developed and expanded the possibility to synthesize
non-silica-based mesoporous films."™ A wide variety of non-
silica-based mesoporous oxide films such as TiO,, ZrO,,
Nb,0s, CeO,, V,05, WO;, ZnO and SnO,, including phos-
phates such as TiPO and AIPO have been synthesized and
several research groups have attempted to investigate their
unique properties due to the inorganic frameworks surround-
ing ordered mesopores.” "

Highly ordered mesostructured films are produced during
evaporation of solvents which induces the self-assembly of
surfactant molecules. Accordingly, reactivity of inorganic
species attached with the surfactant molecules strongly influ-
ences the ordering and transparency of the mesostructured
films and its control is necessary for the formation of high-
quality mesoporous films because non-silica-based inorganic
species are condensed much faster than silicate species. Be-
sides, as in the case of silica-based materials,'* !¢ organic
modification of TiO,, ZrO, and AIPO is also started by using
organosilanes and related compounds.'”® Especially, facile
surface modification of phosphate-based materials is possible
by using monophosphonic acids and the porosity and the
number of organic groups are controllable according to the
proportion of the monophosphonic acids to phosphoric
acid.?'"? In silica-based mesoporous materials, photochemical
and electrochemical properties are imparted to the frame-
works by incorporating organic groups in the pore walls; such
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hybrid frameworks are constructed through the reaction of
bridged silsesquioxanes.'>'® However, it is difficult to synthe-
size similar non-silica-based hybrid mesoporous films with
integral inorganic—organic frameworks because of the lack of
appropriate precursors such as organically bridged metal
alkoxides. There have been only a few reports on the synthesis
of non-silica-based hybrid mesoporous materials without sur-
factants through the preparation of bridged organotin com-
pounds.?®7

A synthetic strategy of non-silica-based hybrid mesoporous
materials by using organically bridged diphosphonic acids has
been proposed.”® The actual synthesis of 2-D hexagonal
mesoporous aluminium organophosphonates (AOPs) by using
alkylene diphosphonic acids proved the suitability of the
synthetic strategy.?® 3% In accordance with the strategy, the
use of diphosphonic acids is applicable to further composi-
tional variation of non-silica-based mesoporous hybrids.?® 3>
It is also found that transparent AOP films can be prepared
through the reaction of aluminium chloride and ethylenedi-
phosphonic acid in the presence of EO,,PO,,EO,-type triblock
copolymer.** The resulting films contain wormhole-like meso-
pores exposed at the film surfaces as confirmed by TEM, high-
resolution SEM, and in-plane XRD.

In the present study, the synthesis of mesoporous AOP films
is presented as a candidate for the fabrication of non-silica-
based hybrid materials using EO,PO,,EO,-type triblock
copolymer. Mesostructural control of the AOP films was
mainly investigated by TEM of the films prepared from clear
precursor solutions containing different amounts of the tri-
block copolymer. The preparative method of the clear pre-
cursor solution through the reaction of ethylenediphosphonic
acid with aluminium chloride was modified to obtain ordered
mesoporous AOP films. On the basis of reactivities between
other metal species (chlorides, alkoxides, etc.) and diphospho-
nic acids and/or diphosphonates, the method is potentially
applicable to the synthesis of a wide variety of metal
phosphonate-based mesoporous films.
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2 Experimental
2.1 Materials

Pluronic F68 (EOg)PO3(EQgy) was obtained from Sigma-
Aldrich and used as EO,PO,,EO,-type triblock copolymer.
Ethylenediphosphonic acid ((HO),OPC,H4,PO(OH),) was
purchased from AZmax Co. Ltd. Aluminium chloride (AICl3)
and ethanol were obtained from Wako Chemical Co.

2.2 Synthesis of AOP films using triblock copolymer

In a typical synthesis, 1.6 g of EOgoPO39EOgq was dissolved in
a mixed solvent of ethanol (10 mL) and water (I mL).
Separately, (HO),OPC,H4PO(OH), (0.96 g) was dissolved in
another mixed solution of ethanol (10 mL) and water (1 mL).
Then, AICl; (0.67 g) was added to the clear solution under
vigorous stirring in order to react with the diphosphonic acid
beforehand (Al : 2P = 1 : 1). After reaction for 15 min, the
latter solution was added to the surfactant solution under
stirring and the stirring was maintained for another 2 h. The
resultant clear solution was spin-coated at a spinning rate of
3000 rpm. Similar clear precursor solutions containing differ-
ent amounts of EOgoPO3¢EOg, (0.8-3.2 g) were also prepared.
Air-dried transparent films were heated up to 250 °C with a
heating rate of 1 °C min~" and kept for 1 h at this temperature
in nitrogen flow, followed by calcination at this temperature
for 2 h in oxygen flow. Complete retention of ethylene groups
in the aluminium organophosphonate (AOP) framework after
calcination at 250 °C has already been reported in our
previous paper.>?

2.3 Characterization

X-Ray diffraction (XRD) patterns of the films on glass sub-
strates were obtained by using a Rigaku RINT 2100 diffracto-
meter with monochromated Fe Ko radiation. Transmission
electron microscopic (TEM) images, which were obtained
from corresponding samples scraped off from the glass sub-
strates, were taken using a JEOL JEM 2010 (200 kV). N,
adsorption—desorption data were directly collected from the
film coated on Si(100) substrate by using a Quantachrome
Autosorb-1 at 77 K. The film was preheated at 110 °C for 6 h
under vacuum. Specific surface area and average pore dia-
meter were calculated by the BET method®* and the density
functional theory (DFT) method based on the data on carbon,
respectively. Adsorption measurement of acetaldehyde was
conducted at room temperature (at around 27 °C) in a closed
glass line with a total volume of 372.1 cm’. The initial
concentration of acetaldehyde vapor was 10 ppm and 4.2 x
1073 cm? of the dried films were placed in the closed line.

3 Results and discussion
3.1 Synthesis of ordered mesoporous AOP films

The XRD patterns of calcined AOP films prepared from clear
precursor solutions containing different amounts of EQOg,-
PO3oEOgq (0.8-1.6 g) are shown in Fig. 1. In the calcined
AQP film prepared using 0.8 g of EOgoPO3yEOgg, the XRD
pattern showed a broad peak with a d-spacing of 5.5 nm. The
XRD pattern of the calcined AOP film prepared in the
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Fig. 1 XRD patterns of calcined (at 250 °C) AOP films prepared
using (a) 0.8 g, (b) 1.2 g and (c) 1.6 g of EOgyPO3oEOg.

presence of 1.2 g of EOgyPO39EQOg, also showed a broad
peak with a d-spacing of 5.9 nm. The representative TEM
image of the calcined AOP film is shown in Fig. 2. Disordered
mesopores and very small domains of ordered structure were
observed over the entire film. The mesostructural ordering
was gradually improved with an increase in the amount of
EOgoPO3oEOg in the precursor solutions. A sharp peak was
observed in the XRD pattern of the calcined AOP film
prepared using 1.6 g of EOgyPO3yEOg, and the d-spacing
was 6.9 nm, revealing that the reactivity of the resultant
solution was improved for obtaining ordered mesoporous
AOP film, possibly with 3-D hexagonal structure, which is
suggested from the TEM observation. The TEM images of
the calcined AOP film are shown in Fig. 3. Hexagonally
arranged mesopores were observed by the TEM observation
(top image in Fig. 3). Different images were also taken as
shown in bottom images in Fig. 3. However, there were no
striped patterns showing clearly separated pore and wall
regions that are typically observed for 2-D hexagonal meso-
phase silicates.>>7 Small striped images with some direc-
tions were observed with unclear contrast in the same film.
The result is possibly related to the fact that small domains of

100 nm

Fig.2 Representative TEM image of a calcined (at 250 °C) AOP film
prepared using 1.2 g of EOgoPO3(,EOg.
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100.nm:

Fig.3 TEM images of a calcined (at 250 °C) AOP film prepared using
1.6 g of EOgyPO3oEOg,.

cage-type mesoporous structures such as 3-D hexagonal
structures are not accumulated over the whole calcined film.
The film showed substantial shrinkage on heating as con-
firmed by XRD in Fig. 4. A sharp peak with a d-spacing of
9.1 nm with higher order diffraction was observed for the
XRD pattern of the as-synthesized AOP film. The position of
the peak was considerably shifted to higher diffraction angles
during the drying process at 50 °C and subsequent calcina-
tion process at 250 °C. In general, mesostructured films are
shrunk perpendicular to the substrates, largely by calcina-
tion, but do not contract parallel to the substrates so dras-
tically because of the presence of covalent bonds at the
interface between the film and the substrate.>® *° Thus, highly
ordered images would not be observed through the TEM
observations.
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3.2 Investigation on mesostructural ordering and porosity of
AOP films

In silica-based materials prepared using EO,PO,,EO,-type
triblock copolymers, the EO : PO ratio and molecular weight
of the triblock copolymers is quite important for the meso-
phase control.*"* Initially, it was reported that the use of
triblock copolymers with low EO : PO ratios leads to the
formation of lamellar phases and higher ratios promote the
formation of cubic phases. The use of EOgoPO30EQOg leads to
the preferential formation of cubic Ja3d phases and cage-type
ones with Fm3m and Pm3m structures because of the high
EO : PO ratio.**** On the basis of the results on the synthesis
using some EO,PO,,EO,-type triblock copolymers, it can be
summarized that lower and higher EO/(EO + PO) ratios are
found to favor the formation of hexagonal and cubic meso-
phases, respectively. In the case of AOP, 2-D hexagonal phases
are preferentially obtained using EO,PO,,EO,-type triblock
copolymers in spite of the molecules structures.*® This would
be related to the fact that the AOP frameworks are not
condensed adequately and then the geometrical packing of
the EO,PO,,EO, molecules containing inorganic species at-
tached with EO moieties could be different from those of
EO,PO,,EO,-silica mesophases.

The N, adsorption—desorption isotherm and pore size dis-
tribution of the calcined AOP film prepared using 1.6 g of
EOgoPO30EOg, was directly measured by using the corre-
sponding film on Si substrate (ca. 95.1 cm?) with a thickness
of 0.58 £ 0.05 um. The isotherm is shown in Fig. 5. This type
1V isotherm measured is typically observed for ordered meso-
porous materials. A hysteresis loop was also observed in the
isotherm, which is usually confirmed in those observed for
materials with larger mesopores (such as SBA-15) or with
windows of cage-type mesopores (such as SBA-16).*° The
shape of the isotherm is not analogous to that generally
observed for SBA-15 with one-dimensional large mesopores.*!
In SBA-15, the slope due to capillary condensation in the
adsorption branch is similar to that in the desorption blanch.
However, the slope in the desorption branch, possibly due to
the pore blocking of cage-type mesopores, is not so large
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Fig. 4 XRD patterns of (a) as-synthesized AOP film prepared using
1.6 g of EOgyPO3oEOg,, the AOP film (b) dried at 50 °C and (c)
calcined at 250 °CH.
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Fig. 5 N, adsorption—desorption isotherm and pore size distribu-
tion of calcined (at 250 °C) AOP film prepared using 1.6 g of
EOgoPO30EOg.
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compared with those observed for cage-type mesoporous
materials such as SBA-16 and FDU-12.4"> Therefore, it is
considered that cage-type mesopores are not connected over
the whole films so regularly, this being in good agreement with
the result by the TEM observation (see Fig. 3). Although the
mass of the film cannot be measured correctly and the density
of the AOP framework is unclear, the BET surface area and
the pore volume were roughly estimated to be approximately
460 m> cm > and 0.72 cm® cm ™3, respectively. The average
pore diameter calculated using adsorption data was ca. 5.4 nm.

Mesoporous materials with aluminophosphate-like units are
reported to be useful for removing harmful organic molecules
such as acetaldehyde.?® Thus, direct adsorption measurement
of acetaldehyde on an AOP film prepared using 1.6 g of
EOgoPO3oEOgq was investigated in a closed vessel. The pres-
sure due to acetaldehyde gas in the vessel (initial; 4.8 mmHg,
10 ppm) became constant within 10 s (final; 4.2 mmHg). The
result suggests that acetaldehyde molecules are adsorbed
quickly on the film and ca. 0.5 mg of the molecules can be
eliminated by using the films with a total volume of 4.2 x 10~
cm?® (0.12 g of acetaldehyde per film volume of 1 cm?). It is
considered that highly ordered AOP films with active surfaces
is applicable to sensing devices to detect or remove harmful
organic molecules.

3.3 Influence of the amount of the triblock copolymer in the
precursor solution on mesostructural ordering of AOP film

AOP films were also synthesized when clear precursor
solutions containing larger amounts of EOgyPO3,EOg,
(2.0-3.2 g) were used. The XRD patterns are shown in
Fig. 6. In the case of the calcined AOP film prepared in the
presence of 2.0 g of EOgoPO30EQOg, the peak observed in low
diffraction angles was broadened, though the d-spacing
(6.9 nm) was similar to that observed for the calcined AOP
film prepared using 1.6 g of EOgyPO30EOgy,. When further
EOgoPO30EOg, was added under the same conditions, the
mesoporous films became impure and finally no mesostructur-
al ordering was observed by TEM. Representative TEM
images of calcined AOP films prepared using different
amounts of EOgyPO3oEQOg, (2.0-3.2 g) are shown in Fig. 7.
The TEM image of the film prepared in the presence of 2.0 g of

Intensity (a. u.)

26 1° (Fe Ka)

Fig. 6 XRD patterns of calcined (at 250 °C) AOP films prepared
using (a) 2.0 g, (b) 2.4 g, (¢) 2.8 g and (d) 3.2 g of EOgoPO3¢EQOxg,.

100 nm

1100 nm

Fig. 7 Representative TEM images of calcined (at 250 °C) AOP film
prepared using (a) 2.0 g, (b) 2.4 g, (c¢) 2.8 g and (d) 3.2 g of
E080P030E0g0.

EOgoPO30EOg, showed the presence of periodic structure but
the periodicity in some directions does not have a long-range
ordering (as similarly occasionally observed for the film pre-
pared using 1.6 g of EOgyPO30EQOg,) (see bottom images in
Fig. 3). The mesostructural ordering was gradually decreased
with an increase in the added amount of EOgyPO3¢EQOg,
leading to the formation of other phases that are not defined
by assemblies of EOgoPO3;0EOgo. Much larger pores were
formed over the entire films and would be formed through a
phase separation by the presence of excess EOggPO3¢EOg.
Including the above data on the AOP films prepared using
0.8-1.6 g of EOgoPO3¢EQOgy, the variation in the mesostructur-
al ordering of the AOP films can be summarized as a function
of the amount of EOg)PO3oEQg,. With an increase in the
amount of EOggPO3yEQOgq in the precursor solutions, mesos-
tructural ordering is increased and cage-type mesopores pos-
sibly form in the AOP film according to the molecular
structure of EOgoPO30EQgo. Further increase of EOxg,.
PO30EQg, in the precursor solutions leads to the distortion
of the mesostructural ordering, and finally a number of
intercrystalline spaces are formed containing
EOgoPO3(EOg, over the whole films.

€XCESs

4 Conclusions

Ordered mesoporous AOP films with a unique property to
adsorb aldehydes can be successfully prepared by the reaction
of (HO),PC,H4,O(OH), and AICI; in ethanol-water contain-
ing EO,PO,,EO,-type triblock copolymer. The mesostructural
ordering is strongly influenced by the amount of the triblock
copolymer contained in the precursor solution. The synthetic
method should be applicable for the development of synthetic
procedures of other metal phosphonate-based mesoporous
films with integrated inorganic—organic hybrid frameworks,
promising the intentional design of hybrid frameworks to
afford versatile mesoporous films.
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