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The compound [AIP,04]*"[NH;CH,CH,NH;]**[NH,]* (desig-
nated ALPO-enA, where enA stands for ethylenediammonium
and ammonium cations) has been synthesized from the non-
aqueous system H;PO,-Al(Oi-Pr);-NH,CH,CH,NH,-HOCH,
CH,0H-H,0. The structure of the compound has been charac-
terized by single crystal X-ray diffraction to be orthorhombic
with space group Pccn and unit cell dimensions a = 8.0330(10),
b = 16.989(2), ¢ = 8.740(2) A and Z = 4. The final R, and
wR, values were 0.0309 and 0.0706. The structure consists of
macroanionic [AIP,Os]*~ chains built up from AlO, and PO,
tetrahedra, in which all AlO, vertices are shared but each PO,
has two terminal P-O groups. The cations which balance the
negative charges of the chains are [NH;CH,CH,NH;]** and
[NH,]*, the latter being believed to arise from the fragmentation
of the former during crystallization. Additional characteriza-
tion of the compound by powder XRD, SEM, IR spectroscopy,
inductively coupled plasma analysis (ICP), TGA, and DTA are

also described. 01996 Academic Press

INTRODUCTION

Three-dimensional microporous aluminophosphates
(AIPOy-n with n representing a particular structure type)
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were discovered by Wilson and others (1-3) in the 1980s.
Since then, much effort has been directed toward synthesis
and structural characterization of novel but AIPOy-n re-
lated materials. Structurally, most AIPO,-n phases are ex-
clusively composed of PO, and AlO, primary building units
although a few contain AlOs and AlOg units (4, 5). Re-
cently, several layered aluminophosphates (6—8) have been
synthesized with various P: Al ratios (e.g.,3:2 (6) and 4:3
(7, 8)) and a range of ring sizes within the layer. Stacking
of the rings can result in microporosity in some of these
materials (8). A 1-dimensional chain aluminophosphate
with P: Alratio of2: 1 has also been found (9), and contains
P=0 - - - HO-P internal hydrogen bonds. Here we report
another chain aluminophosphate [AIP,Og]>~ [H3NCH,
CHLNH;**[NH,]* (designated ALPO-enA), during the
crystallization of which the templating agent (ethylenedi-
amine) is fragmented, leading to the coexistence of
[H;NCH,CH,NH;]?>* and [NH,]* between the inorganic
[AIP,Og]?~ chains of the compound. There are no P=0
.-+ HO-P internal hydrogen-bonds in the present chain
aluminophosphate.

EXPERIMENTAL

Synthesis of [AlP,Og]> [HsNCH,CH,NH;]** [NH,4]*
(ALPO-enA)

ALPO-enA was synthesized from a mixture of H;PO,—
(i-PrO);Al-ethylenediamine—ethylene glycol-water. (i-
PrO);Al was first slurried with the solvent ethylene glycol
(EG), then ethylenediamine (en) was added with stirring.
Phosphoric acid was slowly added to the mixture until the
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TABLE 1
Crystal Data and Structure Refinement for ALPO-enA

Empricial formula C,H 4,N;AIP,Og4

Formula weight 297.08
Collection temperature (K) 293(2)
Wavelength (A) 0.71069
Crystal system Orthorhombic
Space group Pccn

a (A) 8.0330(10)
b (A) 16.989(2)
c(A) 8.740(2)
alpha (°) 90.000
beta (°) 90.000
gamma (°) 90.000
Volume (A?) 1192.8(3)
V4 4

Density (calculated) (Mg m~3) 1.654
Absorption coefficient (mm™") 0.469

F(000) 616

Crystal size (mm) 0.1 X 0.2 X 0.15

Theta range for data collection 2.40 to 25.08°

Index ranges -8=h=8,-19=sk=19,
-8=1=10

4498

963 [R(int) = 0.0699]

Full-matrix least-squares on F?

963/0/102

0.902

R1 = 0.0309, wR2 = 0.0706

R1 = 0.0544, wR2 = 0.0729

0.362 and —0.313

Reflections collected

Independent reflections

Refinement method

Data/restrains/parameters

Goodness of fit on F?

Final R indices [I > 2 sigma(I)]

R indices (all data)

Largest difference peak and hole
(e A7)

R1 = S(AF)/S(Fo).
WR2 = [S[w(Fo? — Fc?)2)/IZ[w(F3)?]]2.
w = 1o?[Fo?].

molar composition 1.0A1,03:3.0P,0s5:5.0en: 90.0EG :12.3
H,O was reached. The final reaction mixture was stirred
until a homogenous gel was formed. The gel was sealed
in a Teflon-lined stainless-steel autoclave and heated under
autogenous pressure at 180°C for 20 days. The colorless
crystalline product was filtered, washed with distilled wa-
ter, and dried at ambient temperature.

Characterization

X-ray powder diffraction (XRD) data were collected on
a Rigaku D/MAXIII diffractometer with Ni-filtered CuKo
radiation (A = 1.5418 A). Element analyses were per-
formed on a Perkin—Elmer 240C element analyzer. Induc-
tively coupled plasma analysis (ICP) was carried out on a
Jarrell-Ash 800 Mark-II ICP instrument. The scanning
electron micrographs (SEM) were taken with a Hitachi X-
650B electron microscope. The IR spectra were recorded
on a Nicolet SDX FTIR spectrometer using KBr pellets.
A Perkin—-Elmer DTA 1700 differential thermal analyzer
was used to obtain the differential thermal analysis (DTA)
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TABLE 2
Atomic Coordinates (x10%) and Equivalent Isotropic Dis-
placement Parameters (A? X 10°) for Nonhydrogen Atoms, and
Isotropic Displacement Parameters for Hydrogen Hydrogen
Atoms for ALPO-enA

X y z U(eq/iso)
P(1) 613(1) 1478(1) 1378(1) 17(1)
Al(1) 2500 2500 —1137(1) 15(1)
o(1) 1294(2) 663(1) 1509(2) 34(1)
0(2) 1322(3) 1875(1) —44(2) 43(1)
0(3) 1127(3) 1976(1) 2767(2) 42(1)
0O(4) —1255(2) 1501(1) 1294(2) 31(1)
N(1) —2500 2500 3810(5) 29(1)
N(2) —2858(3) 101(2) 855(3) 23(1)
c(1) —4483(4) 353(2) 214(4) 26(1)
H(1A) —5027(37) 683(21) 993(35) 45(9)
H(1B) —4249(32) 701(18) ~765(33) 34(8)
H(5A) —1858(45) 2148(21) 3257(36) 60(12)
H(5B) —1947(45) 2820(21) 4330(37) 57(12)
H(6A) —2290(36) 508(20) 1074(28) 29(9)
H(6B) 1953(35) 201(17) 3232(32) 35(9)
H(6C) 2274(41) 231(19) —226(37) 56(11)

Note. U(eq) is defined as one third of the trace of the orthogonalized.
U;; tensor.

and a Perkin-Elmer TGA 7 thermogravimetric analyzer
was used to obtain the thermogravimetric analysis (TGA)
curves in an atmospheric environment. The heating rate
was 20°C min~.

Structure Determination

The crystal selected for X-ray work had dimensions of
200 X 150 X 100 wm and was mounted with Araldite
on a glass fiber. Cell dimensions and intensity data were
recorded at 293 K, as previously described (10) using a
FAST TV area detector diffractometer mounted at the
window of a rotating anode operating at 50 KV, 50 mA
with a molybdenum anode (AMoKa) = 0.71069 A). The

TABLE 3
Bond Lengths (A) for ALPO-enA

P(1)-O(1) 1.493(2) P(1)-0(2) 1.525(2)
P(1)-0(3) 1.537(2) P(1)-O(4) 1.503(2)
Al(1)-0(2) 1.713(2) Al(1)-OQ2)#3 1.713(2)
Al(1)-O(3)#1 1.711(2) Al(1)-O(3)#2 1.711(2)
N(1)-H(5A) 0.93(4) N(2)-H(6A) 0.85(3)
N(1)-H(5B) 0.84(3) C(1)-H(1A) 0.99(3)
N(2)-C(1) 1.483(4) N(2)-H(6C) 0.89(4)
N(2)-H(6B) 0.95(3) C(1)-H(1B) 1.06(3)
C(1)-C(1)#5 1.506(6)

Note. Symmetry transformations used to generate equivalent atoms:
#1x, -y +05,z—-05# —x +0.5,y,z — 0.5 #3 —x + 0.5, —y + 0.5,
z;#4x, -y +05,z+05# —x -1, -y, —z.
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TABLE 4
Bond Angles (°) for ALPO-enA

O(1)-P(1)-0O(4) 113.24(12) O(1)-P(1)-0(2) 109.68(12)
0(4)-P(1)-0(2) 108.74(13) 0(1)-P(1)-0(3) 110.57(12)
O(4)-P(1)-0(3) 106.97(12) 0(2)-P(1)-0(3) 107.44(12)
OB)#1-Al(1)-0(3)#2  111.9(2) OB)#1-Al(1)-0Q)#3  110.22(11)
OB3)#2-Al(1)-0Q2)#3  106.17(11) 0(3)#1-Al(1)-0(2) 106.17(11)
0(3)#2-Al(1)-0(2) 110.22(11) 0(2)#3-Al(1)-0(2) 112.22)
P(1)-0(2)-Al(1) 159.3(2) P(1)-0(3)-Al(1)#4 154.4(2)
H(5A)-N(1)-H(5B) 114(4) C(1)-N(2)-H(6A) 109(2)
N(2)-C(1)-C(1)#5 110.4(3) N(2)-C(1)-H(1A) 107(2)
C(1)#5-C(1)-H(1A) 112(2) N(2)-C(1)-H(1B) 108(2)
C(1)#5-C(1)-H(1B) 110(2) H(1A)-C(1)-H(1B) 109(2)
H(6A)-N(2)-H(6B) 108.2(2) H(6A)-N(2)-H(6C) 112.8(3)
H(6B)-N(2)-H(6C) 103.1(3) C(1)-N(2)-H(6C) 111.4(4)

Note. Symmetry transformations used to generate equivalent atoms: #1 x, —y + 0.5,
z—05# —x +05,y,z — 05 #3 —x + 0.5, —y + 05, z; #4 x, —y + 0.5, z + 0.5;

#-—x -1, -y, —z.

crystal-to-detector distance was 50 mm and the detector
260 swing angle was 20°. Slightly more than one hemisphere
of data were recorded. Following normal data processing,
the space group was determined as Pccn from analysis of
the systematically absent reflections. The structure was
solved via direct methods (11) and refined by full matrix
least squares (12). A correction for absorption was made
using the program DIFABS (13), the maximum, minimum,
and average correction factors were 1.097, 0.894, and 1.010.
Nonhydrogen atoms were refined anisotropically; hydro-
gen atoms were located in a difference map and were
successfully refined with individual isotropic displacement
factor coefficients. Refinement was based on F?, and in-
volved a total of 102 parameters. Crystal data, details of
data collection, and refinement are given in Table 1.

RESULTS AND DISCUSSION

Description of the Structure

The atomic coordinates, bond distances and bond angles
are listed in Table 2, Table 3, and Table 4, respectively.

ALPO-enA consists of macroanionic chains (empirical
formula [AIP,Og]*"), separated by [NH,]" and [H;NCH,
CH,NH;]** cations. In the asymmetric unit there is one
crystallographically independent P atom and one special
position Al atom. Figures 1, 2a, and 2b show the crystal
structure as viewed in the a and c¢ directions. Each Al atom
is tetrahedrally coordinated by four O atoms with Al-O
contacts varying between 1.711 and 1.713 A and O-Al-O
angles lying between 106.2 and 112.2°. These values are in
good agreement with those found in the mineral berlinite
(14). Each P atom is also tetrahedrally coordinated to four
O atoms. Two of these atoms are bonded to aluminum
atoms with P-O bond lengths of 1.525 and 1.537 A. The

remaining P-O bonds (i.e., P(1)-O(1) and P(1)-O(4) of
lengths 1.493 and 1.503 A, respectively) both clearly have
multiple bond character, and are comparable with those
in, for example, H;PO, - 0.5H,0O (1.485 and 1.495 A, re-
spectively) (15). No P-OH bond is present, the bond length
of which should be between 1.55-1.56 A as found in
H;PO, - 0.5H,O and o-zirconium phosphate (16). The
multiple-bond nature of the P-O bonds is also reflected
in the O --- P --- O angle (113.2°) which is greater than
the O-P --- O and O-P-O angles (107.0(1)-110.6(1)°),
as expected on the basis of elementary VSEPR (valence
shell electron pair repulsion) theory.

This structure is different from that of [AIP,OgH,]”

FIG. 1.
down the a axis. O(4) is situated directly below P(1) and the NH, group
directly below Al(1).

SNOOPI (31) drawing of the structure of ALPO-enA viewed
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FIG. 2. (a) SNOOPI (31) drawing of the structure of ALPO-enA viewed down the ¢ axis. Hydrogen bonds are dotted. (b) SNOOPI (31)

drawing of part of the structure of ALPO-enA viewed down the c axis and showing the labeling of the asymmetric unit.

[EtsNH]*, (9) in which two of the PO, vertices are linked
to adjacent AlO, units, and of the remaining two, one is
a P=0 bond and the other a P-OH group. The latter two
types of function form P=O0 --- HO-P hydrogen bonds
within the inorganic chain. It follows that the number of
the hydrogen atoms on each chain unit depends on the
bulkiness of the template: the bulkier the template, the
more hydrogen atoms on the inorganic chain. Ethylenedi-
ammonium and ammonium cations are smaller than trieth-
ylammonium, and as a result, two cations instead of one
for each [AIP,Og]*~ unit are present between the inorganic
chains. The cations are held in place by single hydrogen
bonds between each of the hydrogens of the R—-NHJ and
NHZ groups and the terminal oxygens O(1) and O(4) of
the framework. These are shown in Table 5 (17) and Fig. 2a.

It is unusual that the occluded cations are of two types,
[NH,]* and [HsNCH,CH,NH;]?*, whereas the template
used in the reaction mixture is ethylenediamine only. Obvi-
ously, the [NH,]* must have arisen from the fragmentation
of ethylenediammonium at a pH as low as about 3.5 in
the reaction mixture. Template fragmentation were also
observed previously (18, 19).

Characterization of ALPO-enA

The crystals appear as long rods and the crystal size is
considerably homogenous (ca 200 X 150 X 100 wm). ICP
analysis indicates that ALPO-enA contains 8.9 wt% Al
and 20.9 wt% P, in agreement with the result of EDAX

(ca molar ratio Al:P = 0.5). Element analysis indicates
that the C, H, and N contents are 7.28, 4.27, and 11.40
wt%, respectively, corresponding to an empirical molar
ratio C:H:N = 1.00:7.05:1.34. The analysis results are
in accordance with the formula [AIP,Og]>"[H;NCH,CH,
NH, > [NH,]".

ALPO-enA exhibits an X-ray powder diffraction pattern
(Fig. 3) different from that of [AIP,OsH,] [Et;NH]*
though the inorganic chains for these two compositions
are similar. On the basis of the framework vibration model
for microporous aluminophosphates, the absorption bands
for ALPO-enA (Fig. 4) are assigned as follows (21-23):
1159, 1117, and 1033 cm ™! are associated with the asymmet-

TABLE 5
Possible Hydrogen Bonds
dl a2 da3 Angle
Interaction S (A) (A) (A) ©)
N(1)-H(5A) - -+ O(4) 0.950  2.087 2953 150.83
N(1)-H(5B) - - - O(4) 1 0880 2093 2929 15845
N(2)-H(6A) - -+ O(4) 0.866  1.875 2731 169.12
N@)-H(6B) ---O(1) 2 0955 1790 2729  167.10
N(2)-H(6C) - -+ O(1) 30902  1.870 2743 16255

Note. S, Symmetry operator; 1, x, —y + 0.5,z + 0.5;2, x — 0.5, —y,
-z +0.5;3, —x, -y, —z. d1, N-H; d2, H --- O; d3, N --- O; angle
N-H --- O.
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FIG. 3. X-ray powder diffraction patterns for (a) ALPO-enA and

(b) [AIP,OgH,] [Et;NH]*.

ric stretching vibrations of PO, units whereas those at 794
and 723 cm™! correspond to symmetric stretching vibra-
tions of PO, groups; the bands at 639, 548, 513, and 449
cm™! are related to bending vibrations of PO, groups or
the vibration modes of the 4-membered rings of the alumi-
nophosphate chain. Compared with [AIP,OgH,]~
[EtsNH]*, the stretching vibrations of PO, for ALPO-enA
are shifted toward lower frequency, indicating that the
presence of the internal P=0 - - - HO-P hydrogen bonds
plays a key role in determining the strength of the P-O
bonds. Bands arising from (24-26) the template cations
[NH3CH,CH,NH;]** and [NH,]" are also seen. The bands
at 1652 and 1553 cm™' may be due to Sx_g (in plane) of
the -NHj or NHj, and the bands at 1448 and 1370 cm™
are assigned to asymmetric stretching vibration of -CH,-.
The broad band at 2756 cm™! is due to »n_p.

The TGA curve (Fig. 5) shows that the weight loss of
ALPO-enA is about 27.7 wt%, less than that (36.6 wt%)
for [AIP,OgH,] [Et;NH]*. This is also reflected by the
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FIG. 4. IR Spectra of (a) ALPO-enA and (b) [AIP,OgH,] [Et;NH]*.

density difference between these two compounds based
on the structural analysis: for ALPO-enA, d = 1.654 mg/
cm?®; whereas for [AIP,OgH,] [Et:NH]*, (9) d = 1.548 mg/
cm?®. From the derivation of the TGA curve, we can see
that there are two weight losses for ALPO-enA: the loss
of [NH,]" is at ca 230°C and that of the ethylenediammo-
nium ions occurs at ca 350°C, suggesting that the decompo-
sition of ethylenediammonium is more difficult than that
of the ammonium cations. The weight loss of [NH,]* is ca
6.0 wt% and that of [H;NCH,CH,NH;]** is ca 21.7 wt%

100.0 s
g 87.5
2
75.0
E
[
o
=
62.5
50.0
110 270 430 590 750
Tr°C
FIG. 5. Thermal analysis curves: (a) derivation of TGA, (b) DTA,

(c) TGA curve for ALPO-enA, and (d) TGA for [AIP,OsH,]| [Et;NH]*
as a comparison.
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100.0
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625 | [AIP0g]3 [HaNCHaCHoNHg 2+ [NH, I+
[AIP,0gHo ] TEtgNH]*
50.0 ! ! L L 1
110 270 430 590 750
TG

FIG. 6. TGA curves for AIPO,-41, AIPO,-17, JDF-20, ALPO-enA,
and [AleOgHz]i[Etg,NH]?

in agreement with the formula [A1P,OxH,]* [H;NCH,CH,
NH;]**[NH,4]". The total weight losses for both (Fig. 6)
ALPO-enA and [AIP,OgH,] [Et;NH]* are larger than that
for 3-dimensional microporous aluminophosphates, such
as AIPO,-41 with a 1-dimensional medium-pore frame-
work (27), AIPO417 (28) with a cage-containing frame-
work and JDF-20 (29, 30), an aluminophosphate possessing
20-member ring channels. It can be concluded that 1-
dimensional chain aluminophosphates have larger void
contents than 3-dimensional materials.

CONCLUSIONS

The successful synthesis of the 1-dimensional chain
aluminophosphate [AIP,Og]* [H;NCH,CH,NH;]**[NH,]*
further reveals the advantage of alcoholic systems for the
formation of aluminophosphates with low Al/P ratios.
With variation of templating agent and crystallization con-
ditions, new compounds with novel structural features
are obtainable.
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