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PKU-6, a new aluminoborate (HAI,B3Og), has been synthesized
in a closed system at 400 °C. The structure of PKU-6, character-
ized by using powder and single-crystal X-ray diffraction, consists
of AlOs square-pyramidal chains and B;O; groups, which are
interconnected and form a three-dimensional framework. The /Al
NMR study indicates that the isotropic chemical shift of pyramidal
Al is 34.6 ppm with a large quadrupolar coupling constant (Co =
4.2 MHz), mainly due to a nonspherical coordination environment.

Al is an essential component in many microporous

Al ions are 5-coordinated in regular square-pyramidal
geometry.

PKU-6 was synthesized by the direct reaction of AICI
with excess BOs/H3BOs in a closed system at 40C for 1
week! The reaction temperature is crucial for the formation
of PKU-6. At lower temperatures, other aluminoborates, such
as PKU-2 or PKU-52 appear. The obtained crystals of
PKU-6 were, in general, small (see the Supporting Informa-
tion); thus, the structure was first established by an ab initio
method with powder X-ray diffraction datayhich was then
further confirmed and refined by single-crystal X-ray dif-
fraction techniques on a small crystal (86 x 30 um x

compounds. Generally, Al atoms adopt 4- or 6-fold coordi- 100 ;m) 11

nation. In zeolites, for example, Al atoms are 4-coordinated

in tetrahedral geometry. The 6-coordination Al is common
in condensed and microporous oxides; in APIB! for

example, Al octahedra and P tetrahedra share corners
forming a porous structure. Purely octahedral frameworks

were also found in aluminoborates, PKBand PKU-53 in

which the Al octahedra share edges, forming extended porou
frameworks. In contrast, 5-coordinated Al is rare in extended

ionic arrays. In addition, the 5-coordinated Al atoms identi-
fied in amorphous aluminatéand microporous compourfds

have mostly trigonal-bipyramidal geometries, and distorted

square-pyramidal geometry is ré&rélere we report a new
hydrated aluminoborate HAB3;Og (PKU-6), in which the
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PKU-6 contains nine crystallographically independent
atoms: one Al, five O, two B, and one H. Figure 1 shows
a fragment of the structure, where one can see that the Al
atom is 5-coordinated in square-pyramidal geometry, while
the B atoms are triangularly coordinated. Noted that O1, O2,
B1, and H1 reside on a mirror plane, that is, the fragments
are connected along theaxis, forming a one-dimensional
AlOs chain and BO; groups (Figure 2a). Table 2 lists the
selected bond distances and angles. The bond distances and
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A typical preparation of PKU-6 was to charge a mixture of AICI
(1.10 g), BOs (4.50 g), and HBO3 (2.55 g) to a 25 mL platinum
autoclave. After the system was heated at ZD@or 1 week, a single-
phase product could be isolated by removing excess boric acid and
boron oxide with hot water (82C). The chemical formula established
by structure determination is AOH)B3O;, which is further confirmed
by chemical analysis (ICP; B:AF 1.57) and TGA analysis (weight
loss at 700°C, obsd 3.95 wt %, calcd 4.0 wt %).
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Figure 1. Fragment in the structure of PKU-6. Symmetry transformations
used to generate equivalent atoms:—a, —y, —z b, X, =y + Y5, z ¢, —x

+ 1/2, -V, Z + 1/2.
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Figure 3. 27Al 3Q MAS NMR spectrum of PKU-6. The obtained isotropic
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chemical shift is 34.6 ppm with a quadrupolar coupling consGa#= 4.2

(b)

Figure 2. (a) One-dimensional Al®square-pyramidal chain and the
linkage to the BO; borate groups in PKU-6 (Al§) red polyhedra; BQ
dark-blue triangles; O, cyan; H, green balls). (b) Projection of the PKU-6
structure along thé axis.

MHz and an asymmetry parameter= 0.38.

The AIOs square-pyramidal chains are interconnected by
B30, groups, forming a three-dimensional framework struc-

ture (Figure 2b). The five terminal O atoms (02, 04, O4,

05, and O5) on the 8 group are shared with Al§xhains,
among which O2 and the two O4 atoms are chelately
coordinated to Al, forming three-membered rings (ARB),

and the two O5 atoms are bonded axially to the Al pyramids
of the neighboring chain. It is known that the AI2B three-
ring unit is a fundamental building unit in octahedra
containing frameworks and, additionally, is crucial to

stabilizing porous aluminoborate framewofKsterestingly,
the two bridged O atoms (both O3) on® are located just

above the basal square planes of the Ad@ramids, as if to
complete the octahedral coordination for Al ions. However,

these A-0O3 distances (about 3.51 A) are too long to be an

actual A0 bond. Consequently, such structural arrange-
ment prevents any further coordination to Al, so that the
coordination geometry of Al in PKU-6 is a square pyramid
instead of an octahedron.

PKU-6 contains a single square-pyramidal Al site, so it is
a suitable model compound to study the local symmetry

Table 1. Crystallographic Data of PKU-6 Obtained from a
Single-Crystal X-ray Diffraction Study

formula HAILB3Og
fw 215.40
cryst size (mm) 0.0% 0.03x 0.1
color colorless
space group Pnma

a(A) 7.4832(15)
b (A) 10.528(2)
c(A) 8.8525(18)
V (A3) 697.4(2)

v 4
Pcalcd(glcrrﬁ) 2.052
u(Mo Ka) (mm™2) 0.424
indep reflns 682

I > 20(1) 616

6 range (deg) 3.0125.48
R1[l > 20(1)]2 0.0311
WR2 (all data} 0.1373

angles are regular. As shown in Figure 2a, the £AéQuare

pyramids share opposite basal edges in the chain; thus, it

can also be considered an edge-sharing sA6©tahedral
chain, but the axial corners are removed alternatively on each
side for a pair of AlQ octahedra.

(8) Powder X-ray diffraction data was collected at room temperature on
a Bruker D8 diffractometer with a curved Ge primary monochromator
(Cu Kouy; 4 = 1.5406 A). The tube voltage and current were 40 kV
and 40 mA, respectively. Transmission mode was used, and the sample
was monitored on a planar plastic film. The diffraction pattern was
recorded with a PSD detector with step scan size/time of 0024/
40 s. The powder pattern was indexed wibwderX® which yielded
an orthorhombic cell:a = 7.4723(3) Ab = 10.5285(5) A, andt =
8.8625(5) A. The systematic absences narrowed the possible space
groups toPnma and Pna2;. The structure model was therefore
established inPnma by using a model annealing technique with
TOPAS! All of the non-H atoms were located, and the structure was
refined with the Rietveld method. A six-term Chebyshev polynomial
and a 1/2 term were used to model the background. The peak shapes
were modeled with the pseudo-Voigt function. Soft restraints were
applied to the thermal displacement parameters of the atoms. The final
refinement converged t, = 0.033,R,p = 0.048, and GOF= 3.61.
(9) Dong, C.J. Appl. Crystallogr.1999 32, 838.

(10) TOPAS V2.1: General Profile and Structure Analysis Software for
Powder Diffraction Data Bruker AXS: Karlsruhe, Germany.

(11) Single-crystal diffraction data were collected on a small single crystal

of PKU-6 (30um x 30um x 100um) at 293 K on a Rigaku AFC6S

diffractometer with graphite-monochromated MatKadiation ¢ =

0.710 73 A) by using thev—26 scan method. According to the

systematic extinctions, the space groBpsnaandPna2; were derived.

The centrosymmetric group was found to be correct during the

structure refinement, while the noncentrosymmetric solution led to

negative anisotropic displacement parameters. The structure was

refined onF 2 with full-matrix least-squares methods usiBBELXS-

97 and SHELXL-972 programs.

Inorganic Chemistry, Vol. 46, No. 12, 2007 4773



COMMUNICATION

Table 2. Selected Bond Distances (A) and Angles (deg) for PKU-6

Al—-05 1.7447(17) 05AI-01 108.33(11) 02B1-03 121.43(15)
Al—-01 1.8025(15) 05AI—-02 101.88(10) 02B1-03 121.43(15)
Al—04 1.8359(17) 05-Al—04 103.74(8) 03B1-0% 117.1(3)
Al-04 1.8607(17) O5Al—04 107.43(9) 03-B2-04 118.6(2)
Al—02 1.8850(17) OXAI-02 77.11(8) 03-B2-05 121.2(2)
B1-02 1.358(4) OLAI-04 96.79(8) 02-B2-05 120.2(2)
B1-03(x2) 1.372(3) 02-Al—04 90.79(8)

B2-03 1.395(3) 04Al -0 79.50(8)

B2-O4 1.401(3) OL-Al-04 143.88(11)

B2-05 1.327(3) 02-Al-04 154.29(9)

spectrum. Figure 3 shows tA&\l 3Q-MAS NMR spectrum van der Waals radius of O is considered (see the Supporting
of PKU-6. The central band-(/, — ¥,) exhibits a complex  Information). The BrunauerEmmett-Teller surface area
pattern consisting of several overlapped peaks. However, the(N,) of the as-synthesized PKU-6 sample is about %gm
isotropic dimension of the two-dimensional spectrum un- indicating that N molecules may not reside in the channels.
ambiguously shows that there is only one Al site with an However, the sample may adsorb a small amount of water
isotropic chemical shift of 34.6 ppm. The observed chemical molecules, as indicated by the weight lossl(2 wt %) at
shift is just between the Al octahedrom~@ ppm) and low temperature€<300°C) (see the Supporting Information).
tetrahedron 50 ppm) and thus can be attributed to Although the composition of PKU-6 (HAB3Og) is close
5-coordinated Al. For a square-pyramidal geometry, one to that of PKU-5 (ALBsOss), the structures are completely
expects a large electric field gradient at the central atom in different. In PKU-5, Al atoms are all octahedrally coordinated
comparison with other more spherical geometries, such asand form a (10,3p-type octahedral framework by sharing
octahedron or trigonal bipyramid, which may result in a large edges’ while in PKU-6, the AIQ square pyramids form one-
quadrupolar coupling constan€4). The observedCq of dimensional chains, which are further interconnected by
PKU-6 is about 4.2 MHz, which is larger than those observed B3;O;, forming a pyramidal/triangular mixed framework. In
in regular octahedral systertisLargely because of the practice, PKU-6 was often found as an impurity in the PKU-5
orientation dependence of the second-order quadrupolarproducts. Noting that the anhydrous aluminoborate PKU-5
interaction, theé’Al MAS NMR spectrum of PKU-6 exhibits ~ was synthesized at 35C, it is mysterious that the hydrated

a complex pattern. The asymmetry parameter calculated fromaluminoborate PKU-6 can only be obtained at higher
the MAS spectrum is about = 0.38. temperature (400C).

The bond valence sum (BVS) calculation (based on non-H In summary, PKU-6 represents an interesting framework
sites) indicated that most of the atoms in PKU-6 have regular structure that contains AKXquare pyramids. Generally, Al
BVS values, i.e., 2.89 for Al, 3.03 for B1, 2.99 for B2, and tends to adopt closo coordination, such as tetrahedron,
nearly 2 for O atoms, except O1 (BVS 1.22). As shown octahedron, and trigonal bipyramid. An interesting example
in Table 1, O1 is the only O atom that does not bond to B is the layered aluminophosphate UiG<The Al atom is
in the structure. It bridges to two Al atoms with an-AD1 octahedrally coordinated in as-synthesized UiO-15, including
distance of 1.803(2) A. A significantly low BVS value a coordinated water molecule. Sintering at 225removes
implies that O1 is bonded to a proton as a hydroxyl group. the water molecules, resulting in a square-pyramidal Al, but
This hydroxyl group is characterized by a sharp IR absorption the layers were topologically retained. Further increasing the
band at 3552 cnit, and a weight loss (exptl 3.95 wt %) at  sintering temperature led to a tetrahedral Al. In PKU-6, the
about 700°C is observed on the thermogravimetric (TG) unsaturated square-pyramidal Al may originate from geo-
curve because of dehydration (calcd 4.0 wt %). Thus, the metrical restriction. As indicated above, the bridged O atoms
structural formula of PKU-6 can be expressed ag@H)- (both O3) on the BO; group are located just above the square
B3O;. Additionally, a high-temperature X-ray powder dif- basal plane of the Al pyramids. The rigid nature and steric
fraction shows that the framework of PKU-6 collapses at factor of the BO; group prevent the formation of the sixth
700°C and converses into a known condensed aluminoborateAl —O bond with O3 or with other resided molecules. Finally,
Al 4B, (see the Supporting Information). although PKU-6 does not evidently show microporous

As shown in Figure 2b, the structure of PKU-6 contains behavior, it does provide useful information to understand
one-dimensional, eight-ring channels along theaxis the coordination behavior of Al atoms in various solid-state
composed of four B triangles and four Al@ square materials.
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