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By using the hydrothermal method, a new large-pore three
dimensional aluminophosphate Al (PO),,(C,Hg,N,o) - 17H,0O
has been synthesized. The compound crystallizes in the cubic
space group I-43m with a =16.7963(13) A, V = 4738.5(6) A°,
and Z=2. The P/Al ratio of this compound is 4:3 and the
structure consists of Al-centered and P-centered tetrahedra in
which all the AlO, tetrahedra vertices and three of PO, tet-
rahedra corners are shared. The framework contains unique
12-membered ring channels, which intersect each other with
12-membered ring windows in three dimensions, and almost
spherical cavities, in which water and amine ions are located. The
window containing three P=0 groups selectively interacts with
4-(2-aminoethyl)diethylenetriamine by the effect of recognition
in the hydrothermal condition. The compound could exist up to
260°C. At higher temperature, the amine was decomposed and
released, and the compound was transferred into amorphous
phase. The component Al of the compound can be partly sub-
stituted with other elements, such as Sn, Zn, Mg, Co, Mn,
and Cd, by which the charge of the framework can be adjusted.
© 1999 Academic Press
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INTRODUCTION

Zeolites and microporous compounds are interesting not
only due to their great surface/volume ratio, which may be
useful in the field of gas absorption, but also due to their
special channel or cavity structures, which may be applied
in the fields of catalysis, ion exchange, molecular recogni-
tion, optics, electronics and so forth (1-7). Since the dis-
covery of microporous aluminophosphates in 1982 (8, 9),
the elements consisting of the microporous materials are not
limited in Si, Al, and O, but include many other elements,
such as most transition metal elements and main group
elements (10, 11). Some interesting compounds with special
structures, such as five-coordinated Ti (12), chiral 3D phase
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(13), 20, 18, 14, and 12-membered ring channels (14-18), and
mesoporous structure (19, 20), have been found. These com-
pounds have been synthesized with special structure-direc-
tion agents or under special conditions. The relationship
between the structures and the structure-direction agents
for these compounds is not very clear. In fact, the com-
pounds with different structures can be synthesized with the
same structure-direction agent and the same compound can
be synthesized with different structure-direction agents,
which indicates a complication in hydrothermal synthesis.
Here we report an open framework aluminophosphate with
unique 12-membered ring channels intersecting each other
with 12-membered ring windows in three dimensions, and
this compound selectively contains 4-(2-aminoethyl) di-
ethylenetriamine (TREN) as a guest by the interaction of
molecular recognition in the hydrothermal condition.

EXPERIMENTAL
Hydrothermal Synthesis and Analysis Methods

All starting materials were reagent grade purchased. The
compound was prepared by hydrothermal synthesis from
a mixture of aluminum phosphate gel containing TREN as
a structure-directing template and charge balance ions. The
empirical aluminum phosphate gel was prepared by mixing
NaAlO,, H;PO, (85%), TREN:HCI, and water in a mole
ratio as Al,O3:4P,05:6(TREN):200H,O with pH = 6-7
which was adjusted by adding dropwise 6 mol/l NaOH
solution. The mixture was sealed in a stainless autoclave
with Teflon-liner and heated at 140°C for 5 days. The
product was filtered, washed with distilled water, and dried
at ambient temperature.

The elemental analysis was performed on a PE 240C
elemental analyzer. The infrared spectrum (IR) was re-
corded on a Fourier Nicolet FT-170 SX spectrophotometer
with pressed KBr pellets. Simultanecous differential thermal
analysis and thermogravimetric analysis (DTA-TG) were
performed on a SDT 2960 simultaneous DTA-TGA thermal
analyst instrument in flowing air at a heating rate of 10°C/min.
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Structure Determination and Refinement

A football-like colorless crystal with dimensions 0.2 x
0.2 x 0.2 mm was selected from the product for indexing and
intensity data collection at 293(2) K on a Siemens P4 four-
circle diffractometer using monochromated MoKo (4 =
0.71073 /OX) radiation from a rotating-anode generator oper-
ating on 50kV and 90 mA. As a check on crystal and
instrument stability, three representative reflections were
measured every 100 points. Intensity data were collected
using the 0-20 scan mode with a variable scan speed
5.0-50.0/min in . The data were corrected for Lorentz
polarization effects during data reduction using XSCANS
(21). An empirical absorption correction based on /-scan
measurements was applied.

The structure was solved by direct method and refined on
F? by full-matrix least squares using SHELXTL (22). All
computations were carried out on a PC-586 computer using
the SHELXTL package. Analytical expressions of neutral-
atom scattering factors and anomalous dispersion correc-
tions were incorporated (23). All the nonhydrogen atoms
were refined anisotropically. The hydrogen atoms of the
water were not found from the fourier-difference map due to
the larger isotropic U of the oxygen atoms. The hydrogen
atoms of the amine were placed in calculated positions
(C-H 0.96 /QX) and allowed to ride on their respective parent
atoms and the hydrogen atoms were assigned by fixing
isotropic thermal parameters of 1.2 times the equivalent
isotropic U of the atoms to which they were attached. The
contributions of these hydrogen atoms were included in the
structure-factor calculations except the hydrogen atoms of
the water which were not considered. Details of the data
collection and structure refinement can be found in Table 1.
Atom positions are listed in Table 2 and some selected
distances and angles are given in Table 3.

RESULTS AND DISCUSSION
Composition and Structure

Elemental analysis found: 12.38 wt% C, 4.89 wt% H,
and 9.44 wt% N. Calculation for Alg(PO,);2(C,4Ho1Ny¢)-
17H,0: 12.6 wt% C, 5.0 wt% H, and 9.8 wt% N. The single
crystal X-ray diffraction study demonstrates that the color-
less football-like crystal has a novel open framework con-
sisting of corner sharing TO, tetrahedra with unique
12-membered ring channels in three dimensions.

In this compound, there are two crystallographic inde-
pendent aluminum atoms and three independent oxygen
atoms which are combining with one phosphorous atom.
Two different Al sites in the independent unit are in special
positions. The phosphorous atom and three oxygen atoms
are in general positions (Table 2). In the unit, there are also
two different N sites as well as two different C sites, which
are bonding together and belonging to amine. All of the

TABLE
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1

Crystal Data and Structure Refinement for 1

Identification code x3

Empirical formula C,4H;15AI6N{6045P1 5
Formula weight 2282.78

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Cubic

Space group 143m

Unit cell dimensions

a =16.7963(13) A alpha = 90°
b =16.7963(13) A beta = 90°
¢ =16.7963(13) A gamma = 90°

Volume, z 4739.5(6) A3, 2
Density (calculated) 1.600 Mg/m?
Absorption coefficient 0.412mm ™!

F (000) 2376

Crystal size 0.20 x 0.20 x 0.20 mm
0 range for data collection 2.43 to 24.97°

Limiting indices

—1<h<l16, —1<k<19,
—-1<1<19

Reflections collected 2696

Independent reflections 523 (Rin = 0.0471)

Absorption correction None

Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 523/0/62

Goodness-of-fit on F? 1.122

Final R indices [1 > 20(I)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole
R1 =% |[Fol = | Fell/X1Fol

WR2 =[Y[w(F§ —F2)*1/x[w(F§)11"?

R1=0.0627, wR2 = 0.1476
R1 = 0.0627, wR2 = 0.1555
0.9(6)

0.582 and —0.426¢A 3

N and C sites are in general position. There are also three
independent oxygen atoms in the unit. One is located in
a special position and two are located in general positions,
all of which belong to the water in the compound.

TABLE 2
Atomic Coordinates [X 10*] and Equivalent Isotropic Dis-
placement Parameters [A>Xx10°] for 1. U(eq) is Defined as One
Third of the Trace of the Orthogonalized U; Tensor

X y z Uleq)
Al(1) 0 5000 0 24(1)
P(2) —1222(1) 4336(1) 1222(1) 30(1)
Al(2) 0 5000 2500 29(1)
o(1) —1410(2) 3471(3) 1410(2) 51(1)
0(2) —904(3) 4800(2) 1941(2) 63(1)
0(3) —575(2) 4374(3) 575(2) 41(1)
N(1) —2000(3) 2000(3) —2000(3) 30(2)
C(1) —1795(5) 2447(5) —1275(6) 40(2)
Q) —1449(3) 3290(4) —1449(3) 39(2)
N(2) —1968(2) 3759(3) —1968(2) 37(1)
O(1W) 0 0 0 97(8)
O2W) —935(4) 935(4) 935(4) 96(4)
O(3W) —495(6) 2421(8) 495(6) 198(6)
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FIG. 1. The bigger building unit and the network structure and cage of the compound. (a) The bigger building sheet; (b) the unit cell (without amine
ions and water); (c) the spherical cage.
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TABLE 3
Selected Bond Lengths [A] and Angles [°] for 1

1(1)-0(3)° 1.724(4) Al(1)-0(3)° 1.724(4)
Al(1)-O(3) 1.724(4) Al(1)-0(3) 1.724(4)
P(2)-O(1) 1.520(5) P(2)-P(2) 1.534(3)
P(2)-0(2)* 1.534(3) P(2)-0(3) 1.537(4)

(2)-0(2)° 1.816(4) Al(2-0(2) 1.816(4)

(2)-0(2)° 1.816(4) Al(2-0(2) 1.816(4)

1)-C(1) 1.471(10) C(1)-C2) 1.559(9)
C(2-NQ) 1.462(8)

0(3)-Al(1)-0(3)"  104.9(3) 0(3)*-Al(1)- ( ) 111.8(2)

O(3)-Al(1)-03)F  111.8(2) 0(3)-Al(1)-O 111.8(2)
0(3)-Al(1-0(3)  111.8(2) O3)-Al(1)~ ( ) 104.9(2)
O(1)-P(2)-0(2) 113.22) O(1-P2)-02)  113.2(2)
0(2-P(2)-0Q2)  107.0(3) o(1)- P(2) 0(3) 109.4(3)
0(2)-P(2)-0(3) 106.8(2) OQy-P(2-0(3)  106.8(2)
0(2)-Al(2)-0(2)  105.49(10) 0(2)° A1(2) 02  105.49(10)
OQ)-Al2-02)F  117.8(2) 0(2)-Al(2)-0Q2)°  117.8(2)
0(2)-Al2-0(2)  105.49(10) 0(2-Al(2)-0(2)  105.49(10)
P2)-OQ)-Al2)  1424(3) PQ)-O(3)-Al(l)  144.8(3)
C(LE-N(D-C(1)*  110.3(4) C(LE-N(D-C(1)  142.19)
C()-N(1)-C(1)  110.3(4) C()-N(1)-C1y  110.3(4)
C(1y-N(1)-C(1y  110.3(4) C(LE-N(1)-C(1)*  110.3(4)
C(LY-N(1)-C(1)*  110.3(4) C(L-C(1)-C(1)*  120.000(2)

N(D)-C(1)-C(2) 113.3(7) NQ)-CQ)-C1y  112.3(5)

N(Q2)-C(2)-C(1) 112.3(5)

Note. Symmetry transformations used to generate equivalent atoms:
"—x—y+lz bex, —y+l, -z ‘—x,y,—z Y—zy,—x;
C—y—1/2, —x +1/2, —z +1/2; ffy +1/2,x +1/2, —z +1/2; %z, y,x;
", —z, =y =y, — X, —x, — =y, — X,z

Four units of Al,POj; are joining together by sharing the
same Al(1) atom to form a bigger building unit AlsP, (Fig.
1a). To the Al5P, building unit, the five aluminum atoms are
in one plane, two P atoms are located below the plane, and
two are above the plane with the same distance of 1.1175 A.
So the AlsP, building unit is a square building sheet. The
AlsP, building sheets are vertically linked together by shar-
ing corner aluminum atoms to form an open framework
structure (Fig. 1b). Eighteen building sheets of AlsP, are
linking together to form a cubic cell, among which six sheets
are lying in the cubic faces and 12 sheets are vertically
connecting with them, and a big cage is formed inside. In the
cubic cell corner, six buildings sheets of AlsP, are linking
together and form a 12-membered ring window; these win-
dows are connecting together to form a 12-membered ring
channel in the {111} direction. These channels intersect
each other with 12-membered ring windows, in which
a great spherical cavity is formed (Fig. 1c), and form an
opening framework in three dimensions with unique 12-
membered ring channels. The channels are filled with water
and amine ions. Water is lying inside the cavities, and amine
ions are located around the windows.

Figure 2 shows the 12-membered ring window with
amine ions and water, which are hydrogen-bonding with the
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FIG. 2. The 12-membered ring window with amine and water. The
hydrogen bonds are shown as dashed lines.

free oxygen O(1) atom of the PO, group. Each free oxygen
atom O(1) of the PO, groups is hydrogen-bonding with two
terminal N(2) atoms of amine with the distance of
O(1)---H—N(2) 2837A and one water with O(1)---
H—O(3w)2.799 A. So the amine ions are stably anchored in
the windows. The windows have special form with C; sym-
metry with three free oxygen atoms of PO, groups portrud-
ing into the channel, which are hydrogen-bonding with
terminal N atoms of amine. This may be the reason why it
selectively included TREN by molecular recognition in the
hydrothermal condition. The size of the window is gauged
by O(1AE)-O(1D) of 4.899 A and O(1AE)-P(2C) of 8.942 A.
Based on the charge balance criterion of the compound, it is
clear that there are two kinds of amine ions, (C¢H,oN,)? "
and (C¢H,;N,)3*. They are disordered in the compound in
the ratio of 3: 1. The water inside the cages is also hydrogen-
bonding each other with the distance of O(1w) --- H—O(2w)
2720A, O(Qw)---H—O@Bw) 2.707A, and OQG3w)--
H—O(3wA) 2.351 A. The latter is shorter than the others
and this may be attributed to the influence of the special
position in the channel. These water and amines as well as
the free oxygen atoms of PO, groups together form a net
structure by hydrogen-bonding each other (Fig. 3). The
mount of H™ ions in the cage can also be changed by
substituting the Al atom with other elements, such as Mg,
Co, Zn, Cd, Sn, and Mn. For example, the crystals of
Mn,Als(PO4)12  (CaHoiNyg)- 14H,0,  Co,Als(POy)1,
(Ca4Ho7N50) - 13H,0,  MgsAl(PO,)1,R - (R =TREN,
water, etc.), ZnyAls(POy);, (Cy4H1goN,y4) - 9H,0, which
had the same structure as that of the title compound, had
been prepared.
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FIG. 3. The amine ions and water located in the channel. The hydro-
gen bonds are shown as dashed lines.

However, the compound has no the second harmonic
generation (SHG) property, although it is crystallized in the
space group of I-43m, which has noncentric symmetry.

IR Spectrum

The IR spectrum of the compound showed the character-
istics of amine and phosphate. The broadened absorption
band with several peaks between 2300-3800cm ™! is at-
tributed to the stretching vibration of water and amine. The
two absorption bands at 1647 and 1627 cm ! are ascribed

TABLE 4 .
Anisotropic Displacement Parameters [A*x10°] for 1. The
Anisotropic Displacement Factor Exponent Takes the Form:
—27% [(ha*)*Uy + --- +2hka*b*U;; ]

Uy U, Uss U,s Uis Ui,
Al(1) A1) 242)  24(1) 0 0 0
P() 29()  311)  29(1) 4(1) () —4(1)
AlQ2) 2 32 22(1) 0 0 0
o(l) 582) 392 58(2) 102 212 —102)
0(2) 96(3)  60(2)  33(2) —62) —4(2) 5(2)
0oQ3) 40(1) 410 40(1) (1) 182) =71
N(1) 302 3002) 32) —1(2) 12 -1
c(l) 374)  36(4)  48(5) 25 20(4) 3(4)
CQ) 392)  383) 392 —132) =33 —13Q2)
NQ) 202 212) 920 —-72) 12 =72

XU ET AL.

TABLE 5
Hydrogen Coordinates (X 10“)) and Isotropic Displacement
Parameters (A”x10°%) for 1

X y z U (eq)
H(1A) —1403(5) 2146(5) —988(6) 48
H(1B) —2260(5) 2496(5) —947(6) 48
H(2D) —938(3) 3234(4) —1701(3) 47
H(2E) —1375(3) 3583(4) —966(3) 47
H(2A) —1753(2) 4239(3) —2062(2) 56
H(2B) —2031(2) 3492(3) —2422(2) 56
H(2C) —2445(2) 3823(3) —1726(2) 56

to the bending vibration of water. The absorption bands at
1549 and 1475 cm ™! are assigned to the bending vibration
of the N-H group of amine. The weak absorption bands
between 1310-1400 cm ~ ! are referred to the bending vibra-
tion of C-H group of amine. The weak absorption band at
1293 cm ™! is ascribed to the stretching vibration of HPO,
group, indicating that the free oxygen of the PO, group is
partly protonated caused by hydrogen bonding with amine,
which is confirmed by the result of crystal structure analysis.
The strong absorption bands between 900-1200 cm ! are
referred to the stretching vibration of PO, tetrahedra. The
two weak absorption bands at 848 and 870cm ™! are
assigned to the wagging vibration of the NH group of
amine. The medium strong absorption bands between
400-800 cm ™! are attributed to the bending vibration of
PO, tetrahedra. The more complex absorption bands be-
tween 2500-3000 cm ! indicate that TREN in this com-

pound is protonated and located in a certain position.

Thermal Property

The DTA-TG curves of the compound (Fig. 4) showed
that there were two steps of weight loss. There are three
endothermic peaks in the DTA curve at 107, 216, and
252°C, respectively, and about 12.65 wt% weight loss in the
TG curve between 50-273°C, which are attributed to the
water of the compound. Between 280-754°C, there is about
24.16 wt% weight loss and several exothermic peaks and
endothermic peaks, which are ascribed to the amine. In this
process, amine was oxided by oxygen and decomposed into
smaller molecules. It was also found that carbon was formed
in this process and partly left in the bulk which appeared
black in color. Between 754-1000°C, there are some
exothermic peaks, endothermic peaks, and weight loss. This
is referred to the left carbon oxidation and losing and the
aluminophosphate decomposition with loss of P,O5 and
water. Powder X-ray diffraction analysis shows that the
titled compound was transferred into an amorphous phase
when it was heated at 550°C for 5 h.



OPEN FRAMEWORK ALUMINOPHOSPHATE: Alo(PO,);5(C,sHo;Nye)- 17H,0

225

120 1.5

100 - - 1.0
o
<
]
£
_ 2
= ]
3 80 - -05 £
= g
2
£
L
o~

60 - ~ 0.0

40 T LI ¥ T -0.5

0 200 400 600 800 1000
Temperature (°C)
FIG. 4. The DTA-TG curves of the compound.
CONCLUSIONS REFERENCES

A novel opening framework aluminophosphate with
unique 12-membered ring channels in three dimensions has
been hydrothermally synthesized using TREN as a struc-
ture-directing template. It shows the selective inclusion of
TREN by molecular recognition in hydrothermal con-
dition. The compound, Aly(PO,),(Cs4HoNy)-17H,0,
which has unique intersecting 12-membered ring channels
in three dimensions with great spherical cages, can be stably
existing up to 260°C. The content of Al in this compound
can be partly substituted with other elements such as Mg,
Cd, Mn, Co, and Zn, by which the charge of the framework
can be adjusted.
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