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The self-assembly of polymeric inorganic materials in the phases is that adjacent inorganic sheets are in perfect registry
presence of organic species has led to the synthesis of many novetlespite the large interlayer distance (equal/toof the ¢ axial
microporous materials such as aluminosilicate zeolites and length). The periodicity along the hexagomadxis is unusually
microporous aluminophosphates. Recently, a new family of long and ranges from approximately 51 to 62 A.
mesoporous materials with pore sizes beyond 100 A have been UCSB-51 was synthesized by preparing a mixture of aluminum
prepared through the templating of lyotropic liquid crystal isopropoxide (3.17 g), 85%4RQ; (3.48 g), ethylene glycol (25.30
phase$® Much of the work has been focused on silicate g), and 1,10-diaminodecane (1.68 g). The mixture had a pH of
materials, but there has been an increasing interest in extending7.0 and was subsequently heated at 4B@or 4 days in a Teflon-
mesoporous materials into other compositional domains such ascoated steel autoclave. UCSB-50, -52, and -53 could be synthe-
aluminophosphates and transition metal oxitiés. sized under similar conditions, but with 1,9-diaminononane, 1,11-

One of the most distinct structural characteristics of meso- diaminoundecane, or 1,12-diaminododecane as the structure-
structured materials is their amorphous wall structure. For directing agent, respectively. Qualitative elemental analyses were
example, for 1-D ordered MCM-50 type lamellar phases, even performed on a JEOL JSM-840A scanning electron microscope
though the interlayer spacing is well defined, there are no registriesequipped with an X-ray energy dispersvie system. The thermal
between adjacent layers. The amorphous nature of the inorganicanalysis in the static air on UCSB-51 shows that the loss of lattice
wall is also true for hexagonally ordered mesostructures with 2- water molecules happens at temperatures between 100 and 150
or 3-D ordering or cubic phases with 3-D ordering. In short, these °C whereas the decomposition and burning of diamine molecules
materials have no periodic ordering in any direction at the atomic occur at temperatures between 250 and 50T he total observed
scale. The reason for the formation of these amorphous walls iSweight loss at 800C is 44.0%, in agreement with the calculated
in part related to the loosely assembled structure of micelles andvalue of 43.3%.
liquid crystals compared to smaller and more rigid molecular  The jnorganic sheet in UCSB-50, -51, -52, and -53 consists of
templates. As a result, the communication between self-assemblyiq - and six-membered rings (excluding bridging oxygen atoms,
processes occurring at different ends of micelles or liquid crystals rigyre 1) and is oriented perpendicularly to the rhombohegral
is not adequate to generate atomically ordered structures. axis!! Because there is a terminating=® group on each of the

To enhance communication between polymerizing species sohree phosphate groups (F0), all phosphate groups are 3-con-
that the information about the structural ordering at one location nected to other parts of the sheet. In comparison, two-thirds of
can be transmitted to other sites, one synthesis strategy is t0 US| sites are 4-connected as in zeolites and one-third of Al sites
long-chain diamines as templates. One advantage of theseyre 6.connected in a pattern similar td'Zin well-known layered
diamines is that they can form relatively strong-N---O type ~ zjrconjum phosphates. Thus, mathematically, the inorganic sheet
hydrogen bonding with the inorganic host and the information s 3 mixed 3-, 4-, and 6-connected 2-D net. To our knowledge,
about such an interaction can be passed from one end of thegych a novel net has not been previously observed in other
structure to the other side through the-C backbone. _materialsi2 The structural details obtained here may help elucidate

Here, we report hydrothermal syntheses and characteriza-stryctures of noncrystalline, mesostructured aluminophosphates.

tions of four crystalline lamellar aluminophosphates denoted as Thei ; —
; e inorganic sheets are separated by monolayers of diamines
UCSB-50, UCSB-51, UCSB-52, and UCSB-53. These materials perpendicular to the axis with an interlayer distance equal to

have the same inorganic composition and architecture, but they
have different interlayer spacings because of the different chain
lengths of diamines. One of the most distinct features of these

(11) Crystal data for all four compounds: rhombohedral, space grRBug
= 3, temp= 298 K, transparent plate, Bruker SMART diffractometer,
Mo Ko radiation ¢ = 0.710 73 A), By = 45°, refinement onF2,
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Crystal data for UCSB-50: [NECH,)sNH3]7(H20)s [Al 13(POs)16H], a
=16.593(2) A,c = 51.617(9) A,V = 12307.3(3) &, 0.31x 0.20 x
0.040 mnd, u = 0.34 mn1?, R(F) = 7.30%,R,(F?) = 21.8%, GOF=
1.02 for 228 parameters and 2518 unique reflections Wwith2.00(1).
Crystal data for UCSB-51: [N CHz)loNH3]7(H20 3 [Al 13(PO4)18H],
a=16.538(2) A,c = 55.622(9) A,V = 13174(3) &, 0.24 x 0.23 x
0.026 mnd, u = 0.32 mmY, R(F) = 7.29%,R,(F?) = 24.2%, GOF=
1.06 for 228 parameters and 2598 unique reflections With2.0o(1).
Crystal data for UCSB-52: [NKCH,)1:NH3]7(H20)s [Al 13(POy)1gH], @
=16.574(2) Ac=58.493(8) AV = 13915(3) &, 0.37x 0.20x 0.026
mm?, 1 = 0.31 mnT%, R(F) = 6.26%,R\(F?) = 21.4%, GOF= 1.05
for 228 parameters and 2849 unique reflections With2.0s(1). Crystal
data for UCSB-53: [N CHz)lzNH3]7(Hzo)g [AI 13(PO4)18H], a
=16.536(3) Ac = 62.22(2) A,V = 14735(6) &, 0.40x 0.20 x 0.013
mm?, u = 0.29 mmL, R(F) = 7.78%,R,(F) = 23.9%, GOF= 1.03
for 228 parameters and 2687 unique reflections with 2.00(1).

(12) Crystal structures of some lamellar aluminophosphates are known, but

they have different sheet structures. See, for example: Bircsak, Z.;
Harrison, W. T. A.Chem. Mater1998 10, 3016-3019.
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aluminophosphates with an approximatespacing of 29 A4
Both hexagonal and lamellar mesostructured aluminophosphates
have been made by Feng et al. using the cationic surfactant
C16H33(CHz)3NBr. None of these materials, however, possesses
the periodic ordering in any direction at the atomic scale. A similar
lack of the atomic-level ordering is also observed in transition
metal oxides or lamellar silica prepared from neutral diamihés.
The success of our synthetic strategy is supported by structural
features such as the location of diamines. While it is difficult to
determine the atomic positions of all carbon atoms in the
backbone, the terminal nitrogen atomic positions are well defined.
Also the carbon atoms that are directly attached to the nitrogen
atoms can be readily located. The ordering of nitrogen atoms is
clearly due to the strong interaction between amine groups and
the inorganic sheet. In addition to the electrostatic interaction,
the N—H---O type hydrogen bonding plays an essential role. The
Figure 1. Projected down the crystallographicaxis, a mixed 3-, 4-, presence of the hydrogen bonding is supported by the short
and 6-connected 2-D net. Larger circles represent aluminum sites, andN***O distance. The shortest-NO distances for three ordered
smaller circles represent phosphorus sites. The terminal and bridgingN-atom positions in UCSB-50 are 2.76, 2.82, and 2.83 A,
oxygen atoms are omitted for clarity. respectively.
In conclusion, organic diamines have been employed in a

22 ' ' strategy that is designed to enhance hagtest interactions and
also to promote the effective communication between different
21 - : o 7 interaction sites. A new family of lamellar aluminophosphates
// with large interlayer separations and with 3-D periodicity at the
20 - e 7 atomic scale have been obtained. The formation of these new
= // materials is driven by several factors including nanoscale phase
é 9 o 7 separation and hydrogen bonding. It is expected that the synthesis
8 18 / | strategy described here can be extended to include even larger
3 B - structure-directing agents and to more complex inorganic systems
5 so that mesoporous materials with atomically ordered frameworks
7 7 can be more readily prepared.
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Figure 2. Approximate linear relationship between the number of C

atoms in a diamine and the interlayer spacing. Supporting Information Available: Tables of crystal data, atomic

coordinates, bond lengths and angles, and anisotropic thermal parameters
and four figures showing ORTEP diagrams. This material is available
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A. The interlayer distance is consistent with thepacing of the
strongest peak observed in the X-ray powder diffraction of each 1€991026Y

sample. An approximate linear correlation is observed between 5 "c. " “vio drakovski, 1: Reddy, J. Ghem. Mater1996 8, 2080-
the chain length of diamines and the interlayer spacing (Figure 2088.

2). Sayari et al. reported the synthesis of lamellar alumino- (14) Oliver, S.; Kuperman, A.; Coombs, N.; Lough, A.; Ozin, G.Mature

phosphates withd spacing from 20 to 36 A using primary or (15) S ?78Y$Z_39'YAngew. Chem., Int. EA998 37, 664-667.
tertiary amines with a long alkyl chain such aghsNH,.»3 Using (16) Tanev, P. T.; Liang, Y.; Pinnavaia, T.dl.Am. Chem. S0d.997, 119,

CioH21NH,, Ozin et al. reported the synthesis of lamellar 8616-8624.





