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Mesostructural control of aluminum organophosphonates (AOPs) with methylene groups inside the
inorganic-organic hybrid frameworks was performed by using oligomeric surfactan¢E Qg and Ge-
EO,0) and triblock copolymers (E£&POs;0EOsp, EO10PO0EO105, and EQoPO,EO,g). The templating
by oligomeric surfactants with hexadecyl chains that directed the formation of 2-D hexagonal
mesostructured and mesoporous AOPs (BET surface arég&9 nt g%, pore volumes~0.53 cn?
g1), especially highly ordered materials, can be obtained by usigi§@3, Mesoporous materials with
2-D hexagonal phases-279 n? g%, ~0.76 cn? g~!) were also prepared through triblock copolymer
templating. The pore diameters (6:9.2 nm) were largely expanded by using triblock copolymers as
compared with those of oligomeric surfactant templated materials—-®88& nm). Low-temperature
calcination of the mesostructured AOPs was useful for removing surfactant molecules to afford periodic
non-silica-based hybrid mesoporous materials. Once internal organic moieties are eliminated by calcination
at high temperatures, the frameworks are composed of only inorganic units containing two adjacent
phosphate groups-P—OH + HO—P-). Further condensation in the inorganic frameworks is therefore
not preferable. Inorganic units are supposed to be restructured to form aluminophosphate-like frameworks
(—Al—0O—P—) composed of alternating AlOand PQ units and then the mesostructures collapse.
Therefore, mesostructural stabilities of AOPs are related to stabilities of methylenediphosphonate groups
(=PCH,P=) and the inner organic groups of the hybrid frameworks.

Introduction for synthesizing mesoporous silicls!® Alkylamine mol-

Ordered mesoporous silicas prepared by using surfactantseCU|eS are not interacted with silicate species strongly and

have attracted much attention because of the interestingthere}(Ore the surfactant molecules are easy to recover by

applications to catalysts, catalyst supports, and adsorbentseXtraCt'on and the surfactants can be reused. However, it is

for relatively large moleculeSThe mesoporous silicas have difficult to obtain highly ordered mesoporous silicas because

also been developed as electronics and optics combined withthe \{veek mteracﬂon encourages condensation of S'“C‘T"te
the insertion techniques of functional molecules. The syn- SP€¢'€S durlr(';g the syntheses. Another negtral tgmplat!ng
thesis of ordered mesoporous silicas was initially conducted pathway (NI) has been suggested by using oligomeric
by using alkyltrimethylammonium (MA) surfactants> surfactants such as p_olyoxyethylene glycol alkyl ethers
Since then, a wide variety of ammonium-type surfactants (Ct"#ZI"“(PEIO)")I alndktrlbllock coE)onm(Trs T’UICh kas Ipoly-
have been utilized for controlling mesostructures of silfcas. (ethylene glycol)b (IJDCE_QF;JOP)g,?ISI)Epr elqisgl_ﬁcofb oc ;.po y- ¢
According to the synthetic conditions, two electrostatic (ethylene glycol) ( ) € formation 0

interactions between silicate species and cationic surfactantdlsordered mesoporous silicas was reported in the first paper

molecules are proposed aslS under basic conditions and on oligomeric surfactant and triblock copolymer syntheses
S*X-1* under acidic condition&? A neutral templating route of silicas!* After that, it was found that acidic syntheses using

. . ligomeric surfactants are useful for obtaining silicas with
19 by using alkylamine surfactants has also been proposed.
(S1%) by gaky prop highly ordered mesoporous structures such as 2-D hexagonal

* E-mail: t-kimura@aist.go.jp. (p6mm), cubic Pm3m), and 3-D hexagonal phaseB6g/
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mmn).%é Triblock copolymers syntheses of silicas are also physical properties concerned with catalytic supports and
conducted through a neutral synthetic pathway similar to that adsorbents.
of (N°H™)(X~1*) and highly ordered mesoporous silicas with  The preparation of a mesoporous aluminum organophos-
2-D hexagonalgémmn) and cubic (m3m) structures can be  phonate (AOP) containing internal methylene groups by
obtained under acidic conditioA%!”In addition, expansion  using GTMA molecules was reported as a first example of
of ordered mesopores up to 30 nm was achieved by usingsurfactant templated and non-silica-based inorgaoiganic
auxiliary additives in the presence of triblock copolymErs.  hybrid mesoporous materiatsthough a large number of
Moreover, oligomeric surfactants and triblock copolymers hybrid porous materials showing interesting properties had
are commercially available, low cost, nontoxic, biodegrad- been reporte@¢However, internal methylene moieties are
able, and extractive. Mesostructural and morphological partly decomposed during calcination at low temperatures
controls including pore size control of MSU-type mesoporous which possibly decompose only,TMA molecules?* Hask-
silicas prepared by using oligomeric surfactants have alsoouri et al. have reported the synthesis of a pure mesoporous
been investigated in detdf:2® Accordingly, oligomeric AOP with ethylene group¥.®® Surfactant molecules were
surfactant and triblock copolymer syntheses of materials aresuccessfully removed by acid treatment. They also synthe-
useful for mesostructural and pore size controls, as well assized a pure mesoporous AOP composed of aluminophos-
C,TMA-type surfactant templated syntheses. phate (AIPO)-like frameworks with surface methyl groups
Mesostructural control by nonionic PEO-based surfactants Y Using methylphosphonic acit®* However, those materi-
such as @Hony1(PEO), and PEQPPQPEQ, is not limited als including the or|g|n_al mesostrgctgred AOPs are Q|sor-
to silical42425A mesoporous alumina which is expected as dered and the Nadsorption-desorption isotherms contained

different catalytic supports and adsorbents from mesoporousySteresis loops. One-pot synthesis of organically modified
silicas was prepared by using a triblock copolyrifer. materials whose frameworks are mainly composed of AIPOs
Likewise, the preparation of a larger number of ordered have al??o been conducted by using organosilane com-
mesoporous metal oxides has been reported by using triblockPounds:*“ Recently, the preparation of a highly ordered

copolymerg425From the viewpoint of potential applications MeSoporous AOP with a 2-D hexagonal structure (designated

according to chemical properties such as electric and optical®S AOP-2) was succeeded under acidic conditions by using
devices, fuel cells, nonlinear optics, and so?onon-silica- CnTMA surfactants, which are eliminated by low-temperature

based metal oxides should be paid much more attention tharfalcination’* _ _ _
silica-based materials which have usually been applied to !N the present study, oligomeric surfactant and triblock
catalysts, catalytic supports, and adsorbéRistous materials ~ Copolymer syntheses of AOPs by using methylene diphos-
design of inorganie-organic hybrid materials is a promising Phonic acid were investigated to obtain highly ordered
strategy to deal with unique functions including combined Mesoporous materials as typical non-silica-based inorganic
properties due to inorganic species and organic gréups. °rganic hybrid mesoporous materials. Mesoporous AOPs

Although there have been many reports on the preparationWith different pore sizes and wall thicknesses can be obtained
of hybrid mesoporous silicas composed of a wide variety of and then mesostructural stabilities of AOPs were investigated

organic groupg%-33 the functions of silica are limited to
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in detail.

Experimental Section

Materials. Oligomeric surfactants and triblock copolymers were
obtained from Sigma-Aldrich. Polyoxyethylene glycol hexadecyl
ethers (GgH3z3(OCH,CH,),OH, C;6EOy) such as Brij 56 (GEOg)
and Brij 58 (G¢EO,g) were used as oligomeric surfactants. Poly-
(ethylene glycol)blockpoly(propylene glycol¥lockpoly(ethylene
glycol) (H(OCHH2))[OCH(CHs)CHz] m(OCH,CH;),OH, EQPQy-
EQ,) such as Pluronic F68 (B@ O3;0EOg0), Pluronic F127 (EQys
PO;0EO10¢), and Pluronic P123 (EQPO,EQ,) were used as
triblock copolymers. Methylene diphosphonic acid ((HOPCH-
PO(OH}) was purchased from AZmax Co. Ltd. Aluminum chloride
(AICI3) and ethanol were obtained from Wako Chemical Co.

Synthesis of Aluminum Methylenediphosphonates Using
Oligomeric Surfactants. On the basis of the acitbase pair routes
to prepare a wide variety of metal phosphéfed? mesostructured
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aluminum organophosphonates (AOPs) were synthesized by using
(HO),OPCHPO(OH) and AICkL in the presence of {EO,
surfactants. In a typical synthesis, 1.5 g &€, was dissolved

in a mixed solvent of ethanol (10 mL) and water (5 mL) and then 4.4nm
0.97 g of (HO)OPCHPO(OH) was added to the surfactant
solution. After the diphosphonic acid was dissolved completely,
0.98 g of AICk was added to the solution very slowly under
vigorous stirring (Al:2P= 1:0.75). The stirring was maintained
for 30 min and then a clear solution was obtained. The clear solution
was transferred into a dish to evaporate the solvents at room
temperature and the solid product was completely dried &C50

(100)

Intensity (a. u.)

(110)
(200)

(b)

The product was calcined at 40C, which is possibly useful for 8.5nm

removing only surfactant molecules because methylene groups in /L (a)

2-D hexagonal mesoporous aluminum methylenediphosphonate . . . . .

(AOP-2) are thermally stable up to 45@.343° Therefore, the 0 2 4 6 8 10 12
product was heated at 40C for 1 h inflowing Ny, followed by 20 1° (Fe Ka)

calcination at this temperaturerfé h in flowing O.. Figure 1. XRD patterns of (a) as-synthesized and (b) calcined (at*@®)0

Synthesis of Aluminum Methylenediphosphonates Using aluminum methylenediphosphonates prepared in the presenceED{.

Triblock Copolymers. Triblock copolymer (EQPOEQ;,) synthe-
ses of AOPs were also conducted by using (MPCHPO(OH)

and AICkL. In a typical synthesis, EPO.EO, (Pluronic F68; 1.2

g, Pluronic F127; 1.1 g, Pluronic P123; 1.0 g) was dissolved in
ethanol/water (30 mL/5 mL). (HQPPCHPO(OH) (0.88 g) was
also dissolved in the solution of tribrock copolymer. A/Q0.67

g) was added to the solution very slowly under vigorous stirring
and the stirring was maintained for 30 min (Al:2P 1:1). The
solvents were removed at room temperature, followed by drying
at 50 °C. Finally, triblock copolymers were removed from the
mesostructured AOPs by calcination at 4@

Characterization. Powder X-ray diffraction (XRD) patterns were
obtained by using a Rigaku RINT 2100 diffractometer with
monochromated Fe & radiation. Transmission electron micro- . } ; ) )
scopic (TEM) images were taken by a JEOL JEM 2010, operated 0 2 4 6 8 10 12
at 200 kV. Solid-staté’Al and 3P MAS NMR measurements were 26 /° (Fe Ka)
performed on a JEOL JNM CMX-400 spectrometer at spinning Figure 2. XRD patterns of (a) as-synthesized and (b) calcined (at@)0
rates of 10 kHz and 9 kHz and resonance frequencies of 104.17aluminum methylenediphosphonates prepared in the presencef®5G.
and 161.84 MHz with 4% pulse lengths of 4.0 and 44s and
recycle times of 5 and 30 s, respectively. Solid-st&&CP/MAS
NMR measurements were performed at a spinning rate of 5 kHz

and a resonance frequency of 100.54 MHz with a recycle time of materials was investioated. The XRD patterns of aluminum
5 s. The organic contents of the products were measured by CHN 9 ) P

(Thermo Finnigan Flash EA 1112). Nitrogen adsorptiolesorption methylenediphosphonates PrePared in the presence§0f C
isotherms were measured by using a Quantachrome Autosorb-1 afE O10and GéEOy are shown in Figures 1 and 2, respectively.
77 K. All of the samples were preheated at P@Mfor 6 h under A main peak at thel-spacing of 5.5 nm was observed for
vacuum. Specific surface areas were calculated by the BET the product prepared in the presence @fEDio. The peak
method*® Pore size distributions of oligomeric surfactant templated was maintained at®= 2.53 (d = 4.4 nm) after calcination
materials were calculated by the-# method® using adsorption at 400°C. According to the considerable increase of the peak
data. Average pore diameters of triblock copolymer templated intensity, broad peaks appeared in the range of-3.8°.

Intensity (a. u.)

(b)

(@)

oligomeric surfactants such as Brij 56 6E0:0) and Brij
58 (CisEOsg) and the conversion to periodic mesoporous

materials were estimated on the basis of TEM observations. The peaks are consistent with (110) and (200) reflections
_ _ when the peak at2= 2.53 is assigned to a (100) reflection
Results and Discussion of a 2-D hexagonal phasefm, a unit cell parameterj =

5.1 nm,di00 = 4.4 nm). The result was also confirmed by
the TEM observation and the ;Nadsorptionr-desorption
Or]neasurement of the calcined material. The presence of one-
dimensional (1-D) mesopores was clearly observed by TEM

: : : (Figure 3a). The BET surface area, the pore volume, and
(42) g'_ag'_;Bz';h;';' g_'&;fdreB'M;fér_czgg;g: Jl.égyang, L; Xie, S.; Stucky,  the pore diameter were 579°g, 0.53 cnt g%, and 3.3
(43) Wang, L.; Tian, B.; Fan, J.; Liu, X.; Yang, H.; Yu, C.; Tu, B.; Zhao, Nm, respectively.

Oligomeric Surfactant Templated Mesoporous Alumi-
num MethylenediphosphonatesMesostructured aluminum
methylenediphosphonates were prepared in the presence

D. Microporous Mesoporous Mate2004 67, 123. A hiahlv ordered m r luminum methvlenediphos-
(44) Yu, C.; Tian, B.; Zhao, DCurr. Opin. Solid State Mater. Sc2003 ghly ordered €soporous aluminu ethylenediphos
7. 191, phonate can be obtained by usingE,. A sharp peakd
(45) Sing, K. S. W.; IIZver_ett_, D.H; Halli(l. R.AW,; I}llosr?ou, L.; Pierotti, = 6.6 nm) was observed in low scattering angles in the XRD
GR(')Q" Rouquerol, J.; Siemieniewska, ffure Appl. Chem1985 57, pattern of the as-synthesized aluminum methylenediphos-

(46) Holvah, G.; Kawazoe, KJ. Chem. Eng. JpriL983 16, 470. phonate. The XRD pattern of the calcined aluminum meth-
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Figure 4. N; adsorption-desorption isotherms of aluminum methylene-
diphosphonates prepared in the presence gEG, calcined at (a) 400
and (b) 550°C.
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Figure 3. TEM images of calcined (at 400C) aluminum methylene-
diphosphonates prepared in the presence of (@i and (b) GeEOxo.

ylenediphosphonate showed the presence of well-resolved
peaks assignable to (100), (110), and (200) reflections dueFigure 5. (a) #Al, (b) *'P, and (c)**C(CP) MAS NMR spectra of as-

_ synthesized and calcmed (at 400, 550, and fPaluminum methylene-
to a 2-D hexagonal structuregm, a = 5.7 nm, hoo = 5.0 diphosphonates prepared in the presencegEGy. Spinning sidebands
nm). The TEM image of the calcined aluminum methylene- are marked with asterisks.
diphosphonate is shown in Figure 3b. Well-ordered hexago-
nal arrays of 1-D mesopores were observed. The N trum of the as-synthesized material exhibits a broad peak
adsorption-desorption isotherm of the calcined material is centered at 9 ppm. The peak is assignable to diphosphonate
shown in Figure 4. The isotherm was type IV, typical for groups &PCH,P=)%3"34and no other peaks were ob-
ordered mesoporous materi4fand a capillary condensation ~ served for the as-synthesized material. The NMR results
started at arounB/P, = 0.3. The BET surface area, the pore indicate that degradation of methylenediphosphonic groups
volume, and the pore diameter were 530 gnt, 0.48 cn3 has never proceeded during the synthesis.
gL, and 3.8 nm, respectively. After calcination at 40C0C, all of the peaks due to the

The'3C CP/MAS NMR spectra of the as-synthesized and Surfactant molecules disappeared in t#@& CP/MAS NMR

calcined materials are shown in Figure 5. In the spectrum Spectrum. Additionally, methylenediphosphonate groups were
of the as-synthesized material, several peaks due to poly-decomposed to some extent and then new peaks appeared
oxyethylene glycol hexadecyl ethers;{EQ,¢) were mainly ~ in the *C CP/MAS and®’P MAS NMR spectra. A peak at
observed. Peaks at 73.0 and 71.4 ppm can be assigned td0.8 ppm in thé*C CP/MAS NMR spectrum can be indexed
carbon atoms in polyoxyethylene moieties and carbon atomsto carbon atoms in methyl groups attached to phosphorus
in hexadecyl chains were observed in the range of3%  atoms &PCHg),*%* though the peak due t&=PCH.P=
ppm (mainly at 30.9 ppm). A small peak centered at around groups was observed distinctly. In addition to the peak due
28 ppm is due to carbon atoms in methylenediphosphonate

groups €PCH,P=).3541The?’Al and 3P MAS NMR spectra

of the as-synthesized and calcined materials are also show
in Figure 5. Thé&’Al MAS NMR spectrum indicates that all

of the aluminum species{12 ppm) are six-coordinated in
the as-synthesized materfat> The 3'P MAS NMR spec-
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1998 22, 115.
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(51) Carter, V. J.; Wright, P. A. Gale, J. D.; Moriss, R. E.; Sastre, E.;
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Table 1. Organic Contents of As-Synthesized and Calcined (at 400
°C) Aluminum Methylenediphosphonates Prepared in the Presence 121 nm
of C16EOn and EO,PONEO,
surfactant C/mass % H/mass %
Al3(OsPCHPO;)4 calculated 6.25 1.05
C16EOn0 as-synthesized 30.4 6.9 )
calcined 3.2 25 S (c)
C16EO20 as-synthesized 28.2 6.4 > 121 nm
calcined 2.9 24 %
Al(OsPCH,PO;) calculated 6.04 1.01 = b
EOs0PO30EOs0 as-synthesized 26.2 5.9 (b)
calcined 4.1 2.0 9.9 nm
EO1068P O70EO106 as-synthesized 24.9 5.7 :
calcined 4.6 2.1 (a)
EO,0POrEOz0 as-synthesized 26.3 6.1 . . ' ' .
calcined 5.8 2.1 0 P 2 5 8 10 12

20 1° (Fe Ka)
to =PCH,P= groups (at around 3 ppm), a peak at around Figure 6. XRD patterns of calcined (at 400C) aluminum methylene-
—25 ppm assignable to phosphate grolR8,§ was observed  diphosphonates prepared in the presence of (a)E®EOso, (b) EOwoe
in the 3P MAS NMR spectrunt’-5° The results mean that ~ P©EOws and (¢) EQPOrECz0

the mesoporous material is not composed of aluminum .
methylenediphosphonate completely and contains meth-
ylphosphonate and phosphate groups. 7A¢ MAS NMR
spectra showed that the AlBpecies were partly changed
into four-coordinated species (38 ppm) such as Al¢@Ry/

or Al(OP),—x(OH), by calcination through dehydratidf.*°
However, a peak at15 ppm due to the Al@species was
largely retained even after calcination at 4@ The result
reveals that a large amount of hydratedOHmolecules
cannot be eliminated by low-temperature calcination. Con-
densation between phosphonate groups and Al species does
not make progress adequately in the hybrid frameworks. The
organic contents of the as-synthesized and calcined materials
prepared in the presence of¢EQ, are shown in Table 1.

The amounts of carbon atoms in methylene groups
(=PCH,P=) including methyl ones =PCH3;) were ap-
proximately 3 mass %. This value is smaller than that
calculated on the basis of the empirical formula 3(®k-
PCHPG;)4, 6.25 mass %), indicating that some methylene
groups are eliminated. However, the calculated value of the :

carbon content should be estimated to be smaller because,;_igﬁre 7h TEM images c?f ca;:cined (at 40251&;12&11 ?g')etggene-
this calculation ignores the presence of a large amount of diPhosphonates prepared in the presence o o=Cko, 06
hydrated HO molecules as well as OH groups which are POrEOkos and (¢) EQuPOroECz

not condensed yet. (OH), and AICk in the presence of E&POsEOso, EOws

The hybrid frameworks contain couples of aluminum PQ,EOQ,u and EQPPO,EC,. The XRD patterns of calcined
methylphosphonatessPCH;) and aluminum phosphates  aluminum methylenediphosphonates prepared in the presence
(POy) as well as aluminum methylenediphosphonates of EQgyPOsEOso, EO10POr0EOios and EQPO;EO,, are
(=PCHP=). However, further removal of the organic shown in Figure 6. Main peaks with largesspacings more
moieties (methylene and methyl groups) directed to the than ca. 10 nm were observed in all of the XRD patterns. In
formation of aluminophosphate (AIPO) framework composed addition, broad peaks were observed as higher order reflec-
of alternating AIQ and PQ units and then mesoporous tions possibly related to 2-D hexagonal phases. The TEM
structures collapsed, as described later. Extraction.¢f C  images of the calcined materials are shown in Figure 7. The
EO, molecules by acid treatment is not possible at present presence of 1-D large mesopores and the hexagonal arrange-
as in the case of previously reported aluminum organophos-ments were observed. For example, thg ddsorption-
phonates (AOPs) prepared in the presence of alkyltrimethyl- desorption isotherm of the calcined material prepared in the
ammonium (C,TMA) surfactants".“"‘lTherefore, a calcination presence of E@QPO;EOs is shown in Figure 8. The
process at low temperatures which allows elimination of Only isotherm showed a type IV behavior, which is typ|ca||y
surfactant molecules is quite important for obtaining meso- gphserved for 2-D hexagonal SBA-15 prepared in the presence
porous AOP-based materials in the present study. of triblock copolymers such as Pluronic P1#37 The BET

Triblock Copolymer Templated Mesoporous Alumi- surface areas, the pore volumes, and the pore diameters of
num MethylenediphosphonatesTriblock copolymer syn-  the calcined materials prepared in the presence giEQ-
theses of AOPs were conducted by using (HIHCHPO- EOs0, EO10dP OrgEOn06, and EQoPO,0EOy are listed in Table
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Figure 8. N2 adsorptior-desorption isotherms of aluminum methylene-

k ; ; Figure 9. (a) ?’Al, (b) 3P, and (c)'3C(CP) MAS NMR spectra of as-
diphosphonates prepared in the presence afBQEOs, calcined at (a) . : : i
400, (b) 550, and (c) 708C. synthesized and calcined (at 400, 550, and A0Paluminum methylene

diphosphonates prepared in the presence o§BQEOs. Spinning
sidebands are marked with asterisks.

-
o
o

2. The unit cell parameters (calculated by XRD) and the wall

thicknesses are also estimated. Because of the thicker wallsever, the presence of OH groups in the as-synthesized
the BET surface areas of the triblock copolymer templated material have not been shown because of the presence of a
materials seem to be smaller than those of the oligomeric large number of hydratedJ® molecules. The Al@species
surfactant templated materials. The pore volumes are muchwere partly converted to four-coordinated species (36 ppm)
more than those of oligomeric surfactant templated materials by calcination at 400C; however, a large number of the
because the pore diameters are twice or three times largesix-coordinated Al species{17 ppm) were maintained even
than those of oligomeric surfactant templated materials.  after calcination.

The?’Al MAS, 3P MAS, and'*C CP/MAS NMR spectra The organic contents of the as-synthesized and calcined
of the as-synthesized and calcined materials prepared in thenaterials prepared in the presence of,EQ.EQ, are also
presence of EgPO;EOgy are shown in Figure 9. The NMR  shown in Table 1. The amounts of carbon atoms in the
results are similar to those observed for the oligomeric calcined materials prepared in the presence o0gEOs¢-
surfactant templated materials (Figure 5). In the as- EOso, EO10POrEO106 and EQPO,0EO, were 4.1, 4.6, and
synthesized material, several peaks due to triblock copolymer5.8 mass %, respectively. Compared with a calculated carbon
(ECsoPOs0EQs) Were observed at 76.2, 74.2, 71.5, and 18.6 content (AI(QPCHPOs), 6.04 mass %), considerable amounts
ppm and a peak at 28.2 ppm is assignable to carbon atom®f carbon atoms were retained in the calcined materials.
in methylenediphosphonate grougsRCH,P=).344!In ad- Considering the presence of hydrategOHmolecules and
dition to the peak (28.7 ppm), a new peak appeared at 11.50H groups in the hybrid mesoporous materials, methylene
ppm after calcination at 400C as carbon atoms in methyl groups are not discharged from the hybrid frameworks of
groups attached to phosphorus atomBCHs).3851 Although triblock copolymer tempated materials during calcination so
only one broad peak was observed at around 9 ppm in themuch, though methylenediphosphonate groups are slightly
3P MAS NMR spectrum of the as-synthesized material, decomposed into couples of methylphosphonate and phos-
peaks at 4 ppm=fPCH,P= and =PCH) and —28 ppm phate groups.

(PO4) were observed after calcination at 400D. The results Mesostructural Stabilities of Aluminum Methylene-
indicate that diphosphonate groups are partly converted todiphosphonates.Mesostructures of aluminum methylene-
methylphosphonate and phosphate groups during calcinationdiphosphonates were almost maintained after calcination at
The?’Al MAS NMR spectrum of the as-synthesized material 400°C and then various mesoporous aluminum methylene-
showed a broad peak at around3 ppm. The asymmetric  diphosphonates can be obtained by using oligomeric surfac-
profile reveals that six-coordinated Al atoms are surrounded tants and triblock copolymers as well agT®A surfac-

by PG; groups, OH groups, and.B ligands*#"-5° How- tants34**However, mesostructural orderings were gradually

Table 2. Porous Structures of Calcined Aluminum Methylenediphosphonates Prepared in the Presence ofgEO, and EO,POLEO,

unit cell BET pore pore wall
d-spacing parameter surface area volume diameter thickness
surfactant (nm) (nm) (m2g™h (cmigd) (nm) (nm)
C16EO10 (400°C) 4.4 5.1 579 0.53 3.3 1.8
C16EO20 (400°C) 5.0 5.8 530 0.48 3.8 2.0
EOgoPO30EOgo (400°C) 9.9 11.4 279 0.76 6.0 5.4
(550°C) 239 0.51
EO106PO70EO106 (400°C) 12.1 14.0 249 0.59 8.2 5.8
(550°C) 150 0.34
EO,0PO70EO (400°C) 12.1 14.0 185 0.47 9.2 4.8

(550°C) 169 0.36
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lost by increasing the calcination temperature. The impor-
tance of thermal stabilities of inner organic groups was
already reported in a previous pagérwWhen thermally
unstable organic groups such as propylene ones are present @)
in the hybrid frameworks, mesostructures of AOPs collapse
even by calcination at 408C. Here, framework structures
after the complete removal of inner organic groups are
discussed to investigate the mesostructural stabilities of AOPs
in more detalil.

The?’Al MAS, 3P MAS, and'*C CP/MAS NMR spectra
of calcined (at 550 and 708C) materials prepared in the
presence of GEO, are shown in Figure 5. The change of
the 27Al MAS NMR spectra according to the calcination
temperatures indicates that four-coordinated Al species were
formed through dehydration and condensation. ¥Aeand ®)
3P MAS NMR spectra reveal the frameworks were com- (N (a)
posed of alternative AlQand PQ units with the complete . ) | ! .
removal of organic moieties inside the hybrid frameworks. 0 2 e /°(6Fe Ka) 8 012
Methylenediphosphonate groupssHCHP=) are partly _ _ _
decomposed into couples of methviohosphonse F_|gure 10. XRD patterns of (a) as-synthesized aluminum meth_ylene-

p p ylp p (CHs) diphosphonate prepared in the presence afoEOs0EOgp and the materials

and phosphate groups (B)@t 400°C. Once organic groups calcined at (b) 400, (c) 550, and (d) 700.
within the hybrid frameworks are eliminated completely, two
phosphate groups are adjacent to each othd?—OH + g™ Y. The difference in the mesostructural stabilities between
HO—P-). In silica-based hybrid materials, ordered meso- the oligomeric surfactant and triblock copolymer templated
porous silicas can be obtained after the complete removalmaterials is related to wall thicknesses. It is difficult to
of organic moieties within the hybrid frameworksFurther ~ assume that rearrangement of the frameworks to form
condensation is possible for constructing new silica networks uniform AIPQO, frameworks occurs in thin inorganic walls.
(Si—O—Si). However, in the present study, it is said that Therefore, triblock copolymer templated materials are more
further condensation leads to the formation of P stable than oligomeric surfactant templated materials.
bonds. This is not preferable because the framewod ¢ Mesostructures of the oligomeric surfactant templated
O—P—-0—P—-0—AI—-0-) is not homogeneous and has materials were lost by calcination above 58I while those
never been found among mesoporous AIPO-based materi-of the block copolymer templated materials were maintained
als?253so rearrangements within the frameworks must have even after calcination at 550C. With the increase in the
occurred to afford uniform AlP©frameworks Al—0O— calcination temperatures, methylenediphosphonate groups are
P—O—AlI—-0—P—0-). Therefore, mesostructures of alumi- decomposed and organic moieties are eliminated, so the
num methylenediphosphonates were lost by the completeframeworks must be changed into homogeneous inorganic
removal of methylene groups. frameworks such as AIPO-based ones. Therefore, it is

The?’Al MAS, 3P MAS, and*C CP/MAS NMR spectra  considered that wall thicknesses effect on the mesostructural
of calcined (at 550 and 70TC) materials prepared in the stability of aluminum methylenediphosphonates despite the
presence of EQPO;EOg are shown in Figure 9. Those complete removal of methylene groups destroys the meso-
changes in the NMR spectra were quite similar to that structural orderings eventually. Because of the thick walls,
observed for calcined materials prepared in the presence ofiriblock copolymer templated mesoporous silicas such as
C16EO. However, the changes in the XRD patterns accord- SBA-15 show higher stabilities than MCM-41Even when
ing to the calcination temperatures were different. Inthe C  silicate frameworks of SBA-15 are attacked by water
EO,—AOP system, the XRD peaks almost disappeared after molecules, only surface silicate frameworks are hydrolyzed
calcination at 550C and completely disappeared at 7@ and the mesostructures are maintained. All of the silicate
The N, adsorption-desorption isotherm showed that the frameworks of SBA-15 are not hydrolyzed. Similarly, the
material calcined at 550C is not porous (Figure 4b). In  presence of POH groups would be allowed in thicker walls
contrast, in the EEQPO30EOgg—AOP system, the XRD peak  of mesoporous AOPs.
was maintained even after calcination at 530 and
disappeared at 700C (Figure 10). The K adsorption- Conclusions
desorption isotherms of the materials calcined at 550 and
700°C are shown in Figure 8. The isotherm of the material
calcined at 550C was still type IV. A slight decrease of
the surface area (239°ng 1) and the pore volume (0.51
cm? g~1) was confirmed compared with those observed for
the material calcined at 40TC (279 nf g~ and 0.76 cr#

(c)

9.9 nm

Intensity (a. u.)

Oligomeric surfactant (GEO,) and triblock copolymer
(EGPOLEO,) syntheses of aluminum organophosphonates
(AOPs) with ordered mesoporous structures have been
achieved and the mesostructural stabilities of AOPs were
investigated. Because of the stabilities of methylenediphos-
phonate groups and the inner organic groups of the hybrid
(52) Tiemann, M.; Fiba, M. Chem. Mater2001 13, 3211. frameworks, mesoporous materials composed of non-silica-
(53) Kimura, T.Microporous Mesoporous Mate2005 77, 97. based inorganieorganic hybrid frameworks can be obtained
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through low-temperature calcination. Thicknesses of the have already been propos®d!the successful synthesis of

hybrid frameworks are also important for mesostructural ordered mesoporous AOPs by using organically bridged
stabilities of AOPs. In comparison with the pore diameters diphosphonic acids in the presence of several types of
(ca. 2 nm) of previously reported 2-D hexagonal AOPs with surfactants will open a new route to obtain compositionally

methylene groups prepared by using @A surfactant}* controlled non-silica-based hybrid mesoporous materials.
the successful synthesis of ordered mesoporous AOPs with

uniform large mesopores (3-3.8 nm for G¢EQ,, 6.0-9.2
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