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QD-3, a novel aluminoborate (TETA)o[Al:B1o Ox]-0.25H,0 (TETA
= triethylenetetramine), has been solvothermally synthesized and
characterized by IR, thermogravimetric analysis, power X-ray
diffraction, elemental analysis, and single-crystal X-ray diffraction.
This compound crystallizes in the orthorhombic system, space
group Pna2; (No. 33), a = 25.9174(2) A, b = 7.4028(5) A, ¢ =
17.013(4) A, V= 3264.2(2) A3, and Z = 4. Its structure consists
of AlOy tetrahedra and BsO+, clusters, which are interconnected
and form a three-dimensional framework with large 11-, 12-, and
14-ring channels.

Borate materials have long been a focus of research for
their variety of structure types and potential applications in
mineralogy, luminescence, and nonlinear optical materials.’
The chemistry of inorganic borates is widely studied and
quite complex. For example, versatile structural motifs in
borate minerals, synthetic hydrated and anhydrous borates,
were characterized in the past 50 years. This complexity
arises, in part, from the flexibility of boron to adopt either
trigonal or tetrahedral oxygen coordination. Especially, the
BO; and BO, units may further link together by sharing
common oxygen atoms to form isolated rings and cages or
polymerize into infinite chains, sheets, and networks.'>2
Therefore, predicted or controlled synthesis of specific borate
species is problematic.

In recent years, attempts to incorporate heteroatoms into
a pure borate framework have resulted in some intriguing
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systems, such as B—0—-Al> B—-0-P* B-0-V,
B—0—Co,”® B—0—Zn,° B—0—Ga,” and B—O—Ge.* In the
specific field of aluminoborates, it was expected that a series
of new materials with novel topologies and useful properties
would be realized by the combination of the borate group
and aluminum in flexible coordination geometries (tetrahe-
dral, trigonal bipyramidal, square-pyramidal, and octahedral).
Unexpectedly, however, only a few aluminoborates and
aluminum boron oxide chlorides were known® and almost
identified as semicrystallites or polycrystallites thus far. This
is, in part, due to synthetic difficulties associated with the
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Figure 1. Labeled ORTEP plot of the asymmetric unit of QD-3 (50%
probability ellipsoid).

very low solubility of aluminum oxide and the subsequent
problem of preparing a homogeneous starting mixture, which
is essential to the formation of desirable crystalline materials.
By using hydrothermal methods analogous to those employed
for production of zeolites and related crystalline materials,
here we report the synthesis and structure of the first
organically templated aluminoborate, (TETA),[Al:BoOx]*
0.25H,0 (QD-3; TETA = triethylenetetramine). X-ray
diffraction (XRD) analysis revealed that the crystal structure
of QD-3 could be described as a three-dimensional open
framework constructed by BsO,¢ clusters and AlO, units.

QD-3 was solvothermally synthesized under autogenous
pressure. In a typical synthesis, 0.104 g of Al,O3; and 0.186
g of H3;BO; were dissolved in a mixture solution of 0.54
mL of H,O and 4.40 mL of pyridine; then, 0.76 mL of TETA
was slowly added under constant stirring. The final mixture
with a pH of 8.0 and a composition of 1:3:5:54:30 Al,Os/
H3;BO3/TETA/pyridine/H,O was sealed in a Teflon-lined
autoclave, heated at 170 °C for 8 days, and then cooled to
room temperature. Colorless prismlike crystals were obtained
by filtration, washed with distilled water, and dried in air
(26% yield based on Al). Anal. Calcd (found) for QD-3: C,
18.42 (18.38); H, 5.15 (5.09); N, 14.32 (14.27). IR (KBr
pellet, cm™"): 3447, 3288 (H,0), 1556 (TETA), 1364 (BOs),
1230 (AlO,), 1054 (BO4) cm ™! (Figure S1 in the Supporting
Information).

XRD analysis’ reveals that the crystal structure of QD-3
contains two diprotonated template cations [H,TETA]*", one
[Al,B10O2]*" anion, and one-quarter lattice—water molecule,
as shown in Figure 1. The [Al,B;oO]* anion, featuring
one large cyclic eight-membered ring with internal dimen-
sions of 8.320(2) x 4.215(5) A, is composed of two BsOg
groups and two AlQy tetrahedra that are connected alternately
by common oxygen atoms. Each BsO,¢ group is made up of
one BO, tetrahedron and four BOj triangles, which are linked
to form two planar B;O; rings that are almost perpendicular
to each other. Different from the [BsO¢s(OH)4]™ group
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Figure 2. (a) View of a three-dimensional structure of QD-3 along the b
axis. (b) Elliptical 14-ring opening. (c) Four windows of the 14-ring opening.

commonly found in isolated pentaborates,Za each B5O; unit
here is connected to four AlO, tetrahedra through four
terminal bridging oxygen atoms. Similarly, each AlO4
tetrahedron is also connected by four BsO, groups. So, there
is no Al—O—AIl connection in the structure. The B—O
distances are in the range of 1.313(9)—1.416(9) A (av 1.362
A) and 1.436(9)—1.490(8) A (av 1.468 A), and the O—B—O
bond angles span from 116.4(6) to 123.1(6)° and from
107.6(5) to 111.2(5)° for BOs and BOj units, respectively.
The Al—O distances are in the range of 1.706(6)—1.758(5)
A (av 1.727 A), and the O—Al—0 bond angles are in the
range of 106.1(2)—115.1(2)°, in agreement with other related
mateials.’

The open framework of QD-3 is constructed from strictly
alternating BsO, clusters and AlQ, tetrahedra, which are
arranged in parallel 14- and 8-ring channels extending along
the crystallographic b axis (Figure 2a). The openings of the
14-ring channels are elliptical in shape and delimited by 10
BO4 and BOj; units and 4 AlO, tetrahedra with an ap-
proximate free-pore diameter of 12.8 x 7.5 A (Figure 2b).
Each pore wall of the 14-ring channels is built from two
12-ring windows with the AlO;—2(BO3;)—AlO;,—2(BO;)—
AlO4—2(B0O3)—AlO4—2(BO3) sequence along the [001]
direction and two 1l-ring windows with the AlOs—
BO;—B0O,—B0O;—AlO0,—2(B0O3)—AlO4—BO;—B0O,—BO; se-
quence along the [100] direction (Figure 2c), which results
in the formation of an unprecedented three-dimensional
intersecting-channel framework. It is worth noting that the
odd rings are rare among the known zeolite topologies, with
the exception of the 5-ring channel.®® QD-3 represents the
first example of aluminoborate materials with the largest odd
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11-ring channel that was only present in [ICMM6'° and XA-
1.7¢ The charge of the macroanionic [Al,B¢Ox],*~ frame-
work is balanced by protonation of two terminal NH, groups
in each TETA molecule. Moreover, there also exist extensive
hydrogen bonds between the NH;" groups of TETA mol-
ecules that are located in the 14-ring channels and the
framework oxygen atoms, with N-O distances in the range
of 2.753(6)—3.134(7) A.

It is of interest to compare the structural features of QD-3
and other aluminoborate analogues. In PKU-1°" and PKU-
5,3 for example, the aluminum atoms are all octahedrally
coordinated to form purely octahedral frameworks by sharing
edges; in PKU-6,>? the aluminum atoms adopt a relatively
rare square-pyramidal geometry in the formation of an
extended structure. In the present QD-3 structure, however,
aluminum atoms adopt typically tetrahedral coordination
modes and the BsO;( groups also connect with four neigh-
boring AlO, units as mentioned above. Thus, the overall
framework topology is four-connected and is just like the
ABW type of zeolites.'' To the best of our knowledge, such
a zeolite topology was first observed in the B—O—Al system.
The thermogravimetric analysis (TGA) of QD-3 (in N,)
shows a minor weight loss from 30 to ~80 °C corresponding
to the removal of the water molecules per formula unit. Then,
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a gradual weight loss occurs in the range of 240—920 °C,
which is assigned to the decomposition of the template TETA
(found, 36.76%; calcd, 37.36%). The structure collapsed and
converted to an amorphous phase, suggesting that the
framework of QD-3 was not stable to the thermal removal
of the template.

In summary, a novel aluminoborate of the composition
(TETA),[Al,B19020]°0.25H,0 (QD-3) has been synthesized
under mild hydrothermal conditions. Besides providing the
first example of an organically templated aluminoborate,
QD-3 also possesses a novel three-dimensional open frame-
work with large 11-, 12-, and 14-ring intersecting channels.
The successful synthesis of QD-3 not only enriches the
existing field of microporous materials but also opens
possibilities for synthesizing other novel aluminoborates
using different templates, as well as the combination of
versatile B—O groups with Al—O units under desirable
conditions. Further investigation on this work is in progress.
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