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Preparation and Structure of a Gallium Phosphate Framework Enclosing
Isopropylamine: GaPO,-14
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Abstract.  Tetragallium tetrakis(orthophosphate)
hydrate—isopropylamine, Ga,(PO,),OH.C;H (N.-
1.09H,0, GaPO,-14, M,=755.4, triclinic, P1, a
=9.601(2), b=9-757(2), ¢=10-701 (2 A, a=
74.20 (1), B=75-01(1), yp=288.48(1)°, V=
930.7A3, Z=2, D,=270gcm™>, MoKa, A=
0-7107 A, £ =60-5cm~!, F(000)= 732, room tem-
perature, R = 0-034 for 3663 reflections. The structure
is novel with a powder pattern resembling that of
AIPO,-14. Units of five- and six-coordinated gallium
polyhedra are cross linked via gallium and phosphorus
tetrahedra to form a framework enclosing isopropyl-
amine molecules. Three atoms of gallium are coordi-
nated to a hydroxyl group in the framework. Its removal
produces a hypothetical network of interconnected
four-membered rings composed of alternating GaO,~
and PO, tetrahedra outlining a two-dimensional
system of channels in (001).

Introduction. Series of framework structures with
compositions close to AIPO, and GaPO, have recently
been reported (Wilson, Lok & Flanigen, 1982; Wilson,
Lok, Messina, Cannan & Flanigen, 1982; Parise,
1985a). The compounds are crystallized by the hydro-
thermal treatment of synthesis gels which include an
amine added as a templating agent. The amine is found
to be hydrogen bonded to the framework (Parise,
1984a,b,c; Parise, 1985a,b, 1986; Parise & Day, 1985),
suggesting it plays a structure-directing role during the
growth of a particular phase. Depending on the
experimental conditions and the amine used, a variety
of novel structures have been synthesized. These are
distinguished using nomenclature introduced by
workers at Union Carbide as either AIPO,n or
GaPO,-n; here AIPO, and GaPO, refers to the
aproximate framework composition and n refers to a
unique structure type.

Details of the structures of some of the members of
these families have been reported (references mentioned
above) and suggest they can be placed into three broad
categories. All have M/P, where M = Al or Ga, equal
to one, but differ in the type of M-centred polyhedra
and how these are connected to form an open
framework enclosing pores and channels containing the
templating amine. Firstly, there are frameworks con-
taining only MO, octahedra (M"') and PO, tetrahedra.
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These are typified by the dense phases AIPO,.2H,0,
variscite and metavariscite (Kniep, Mootz & Vegas,
1977; Kniep & Mootz, 1973) and the more open
Al[NH,](OH)(PO,),.2H,0 which contains blocks of
edge-shared AlO; octahedra linked via Al-O-P to form
tunnels containing NH,* (Parise, 1984b; Bennett,
Cohen, Artioli, Pluth & Smith, 1985). A second type
consists of corner-linked MO, and PO, tetrahedra;
examples AIPO,-5, -11, -17 and -20 (Bennett,
Cohen, Flanigen, Pluth & Smith, 1983; Bennett &
Smith, 1985; Parise, 1984a). These compounds are
synthesized in the presence of an organic amine. The
amine is believed to behave as a structure-directing
agent since in its absence no open frameworks are
formed. Finally, a group of compounds which contain
elements of the first two are also synthesized in the
presence of organoamine templates (Parise, 1984a;
Parise, 1985a,b, 1986). Types 12 (Parise, 1984c,
1985bh) and 21 (Parise & Day, 1985; Parise, 1986)
contain two distinct structural elements into which
five-coordinated A1V and Al'Y are separated.

During investigation of the GaPO, system a new
structure type was synthesized using isopropylamine
(iPrNH,) as a template (Parise, 1985a). The structure
was found to be related to types 15 (Parise, 1984b) and
12 (Parise, 1984c¢, 1986) and to have a powder pattern
resembling that of AIPO,-14 (Wilson, Lok, Messina,
Cannan & Flanigen, 1982). Although the compound
was designated GaPQ,-14, a full structural analysis of
its AIPO, namesake is required to establish any
relationship between the structures.

Experimental. GaPO,-14 synthesized by combining
H,PO, (85%), water, a source of gallium (Parise, 1986)
and isopropylamine (iPrNH,), to give a gel of com-
position 1-0iPrNH,:Ga,0,:P,0,:40H,0; gel treated
hydrothermally at 473 K for 86 h; sample examined
under optical microscope and found to contain blades
of GaPOQ,-21 (Parise, 1986) and clear crystal tablets of
GaPO,-14 (Parise, 1985a); no chemical analysis
attempted.

Weissenberg and precession photographs indicated
triclinic symmetry. GaPO,-14 (iPrNH,): tablet 0-13 x
0.15 x 0-03 mm; cell parameters determined from 12
fully centred reflexions with 24.7 < 28 < 30-6°; Picker
FACS-1 diffractometer, graphite monochromator
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Table 1. Atomic positional (x10%) and thermal
parameters (A% x10%) for non-hydrogen positions in
GaPO,-14

x y z U*
Ga(1) 2234 (1) 7893 (1) 8332 (1) 8
Ga(2) 4779 (1) 2171 (1) 9360 (1) 1l
Ga(3) 8188 (1) 10480 (1) 6574 (1) 7
Ga(4) 232(1) 5061 (1) 11342 (1) 7
P(1) 4982 (1) 9743 (1) 7873 (1) 9
P(2) 2837(1H 4815 (1) 9024 (1) 8
P(3) 9765 (1) 12074 (1) 3579 (1) 7
P@4) 8184 (1) 2166 (1) 8676 (1) 9
o 1774 (2) 4460 (3) 8311 (2) 11
0(2) 4177 (2) 3934 (2) 8775 (2) 12
0(3) 8140 (3) 1442 (3) 10145 (2) 12
0(4) 4345 (3) 10835 (3) 8623 (3) 23
0(5) 3839(2) 9223 (3) 7364 (2) 11
0(6) 3429 (2) 6372 (2) 8348 (3) 12
o) 10126 (3) 13653 (2) 3003 (2) 10
0®) 9081 (3) 11824 (3) 5081 (3) 18
0(9) 9572(2) 13560 (2) 568 (2) 8
0(10) 12200 (2) 14596 (3) 534 (2) 10
o(l1) 8760 (3) 11456 (3) 2956 (3) 16
0(12) 6696 (3) 2679 (3) 8544 (3) 17
0(13) 8599 (3) 979 (3) 7967 (2) 14
O(14) —6269(2) —409 (3) 13313 (2) 14
O(15) 14440 (3) 1496 (3) 1178 (3) 18
O(16) —741(3) 3413 (3) 8032 (2) 13
o317 —1200(3) 8706 (3) 6598 (3) 19
N —3443 (4) 6164 (5) 7110 (4) 27
C() —3487 (8) 6078 (8) 5764 (6) 59
C(2) —3822(13) 7410(11) 4936 (9) 132
C33) —2288 (10) 5325(11) 5164 (8) 90
o(w1) 1683 (4) 1680 (3) 9986 (4) 34
Oo(W2) 1813 (50) 1695 (53) 7554 (49) t

* U =5(Uy, + Uy + Usy).
t Thermal parameter fixed at 0-05 A2, occupancy refined to 0-09 (1).

(take-off angle 3°), Mo Ka radiation; 8-26 scans, 10 s
background count, 3 < 26 < 55°, scan rate 2° min—!; 3
orthogonal reflexions monitored periodically showed no
significant variation; data collected for 3836 unique
reflexions of which 173 unobserved (I <0) and
excluded from structure solution and refinement;
absorption correction applied (from 0-9102 to 0-7372);
solution in PT using direct-methods package in SHELX
(Sheldrick, 1976); structure of framework refined
isotropically; dp map revealed position of iPrNH,
molecule; other scattering centres located in channels
presumed to be H,O; structure, except hydrogen and
water, refined anisotropically to wR =0-039, R=
0-034, S=1-10; interatomic distances involving
iPrNH, and water molecules constrained during refine-
ment; nitrogen atom assigned on basis of thermal
arameters and hydrogen bonding; function minimized:

w(F, — F,)% w=[0*F) + 0-0005F?]-', ¢ based on
counting statistics; (shift/e.s.d.)y,x = 0-01 for final
cycle of refinement; in final 4p map peaks —0-21 to
+0-21e A-3. Analytical expressions for scattering
factors from International Tables for X-ray Crystal-
lography (1974), corrected for anomalous dispersion.
Calculations carried out on a Digital Equipment Vax
11/750 at The Research School of Chemistry, ANU,
Canberra, using programs SHELX76 (Sheldrick, 1976)
and ORTEP (Johnson, 1965).
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Atomic parameters are given in Table 1* and a list of
selected bond lengths and angles is given in Table 2.

Discussion. Framework. The structure of GaPO,-14
consists of a framework [Ga,(PO,JOH]- enclosing
pores containing protonated isopropylamine (C,H,,N)*
(Fig. 1). Channels, bounded by eight oxygen atoms
(8 rings) lead into these pores. These 8-ring channels
run in the [010] and [100] directions.

* Lists of structure factors, anisotropic thermal parameters,
hydrogen positional parameters and details of hydrogen bonds have
been deposited with the British Library Lending Division as
Supplementary Publication No. SUP 42737 (25 pp.). Copies may
be obtained through The Executive Secretary, International Union
of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.

Table 2. Selected interatomic distances (A) and angles
(°) for GaPO,-14

0(5)-Ga(l) 1-918 (3) 0(7)-Ga(4) 1-909 (3)
0(6)-Ga(l) 1-851(3) O(1)-Ga(4) 1.934 (3)
0(3)-Ga(l) 1-861(3) 0(9)*~Ga(4) 2-084 (3)
0(9)-Ga(l) 2-138(3) 0(16)-Ga(4) 1-910 (3)
O(11)-Ga(l) 1-842 (3) 0(10)-Ga(4) 1.961 (3)
0(9)-Ga(4) 2:053(3)
0(5)-Ga(1)-0(6) 91.2(h) O(7)-Ga(4)-C(1) 98-2 (1)
0(5)-Ga(1)-0(3) 94.0 (1) 0(7)-Ga(4)-0(9)* 174-2 (1)
0(5)-Ga(1)-0(9) 178-9 (1) C(7)-Ga(4)-0(16) 93-9(1)
0O(5)-Ga(1)-0(11) 93-0 (1) 0(7)-Ga(4)-0(10) 92.7(1)
0(6)-Ga(1)~0(3) 115-6 (1) 0(7)-Ga(4)-0(9) 90-5 (1)
0(6)-Ga(1)-0(9) 89.7(1) O(1)-Ga(4)-0(9)* 84.9 (1)
0(6)-Ga(1)-0(11)  123-0(1) O(1)~Ga(4)-0(16) 91.9 (1)
0(3)-Ga(1)-0(9) 85-1(1) O(1)-Ga(4)-0(10)  165-2 (1)
0(3)-Ga(1)-0(11)  120-7(1) O(1)-Ga(4)-0(9) 84.2 (1)
0(9)-Ga(1)-0(11) 87.0(1) 0(9)*—Ga(1)-0(10) 83-4 (1)
0(9)*~Ga(4)-0(9) 84-9 (1)
0(9)*~Ga(4)-0(16)  90-9 (1)
0(16)-Ga(4)-0(10)  97-3(1)
0(16)-Ga(4)-0(9)  174-5(1)
0(10)—Ga(4)—-0(9) 85-7(1)
0(2)-Gal(2) 1-798 (3) 0O(14)-Ga(3) 1-817(3)
0(4)-Ga(2) 1-803 (3) 0O(17)-Ga(3) 1-808 (3)
0(12)-Ga(2) 1-838(3) O(13)-Ga(3) 1-823(3)
0(15)-Ga(2) 1-820 (3) 0(8)-Ga(3) 1.793 (3)
0(15)-Ga(2)-0(2)  115-0(1) O(14)-Ga(3)-0(17)  106:4 (1)
0(15)-Ga(2-0@4)  111-7(2) 0(14)-Ga(3)-0(13)  113-4 ()
0(15)-Ga(2)-0(12)  111-8(1) 0(14)-Ga(3)-0(8)  109-1(1)
0(12)-Ga(2)-0(2) 94.4 (1) O(17)-Ga(3)-0(8)  113.7(1)
0(12)-Ga(2)-0(4)  105-2(1) O(17)-Ga(3)-0(13)  108.6 (1)
0(4)-Ga(2)-0(2) 117-0 (1) 0(13)-Ga(3)-0(8)  105-9 (1)
O(14)-P(1) 1-531(3) O(1)-P(2) 1-519 (3)
O(15)—P(1) 1-546 (3) 0(2)-P(2) 1-534 (3)
0O(4)-P(1) 1-526 (3) 0(6)-P(2) 1.545 (3)
O(5)-P(1) 1-500 (3) O(10-P(2) 1-530 (3)
O(14)-P(1)-0(15) 106-7 (2) 0(10)-P(2)-0(1) 113-8(2)
0(14)—P(1)-0(4) 110-7 (2) 0(10)-P(2)-0(2) 110-2(2)
O(14)-P(1)-0(5) 109-5 (2) O(10)-P(2)-0(6) 109-9 (2)
0O(15)-P(1)-0(4) 109-7 (2) 0(6)-P(2)-0(1) 109-1 (2)
O(15)=P(1)-0(5) 111-4(2) 0(6)-P(2)-0(2) 103-8 (2)
0(4)-P(1)-0(5) 108-9 (2) 0(2)-P(2)-0(1) 109-6 (2)
O(11)-P(3) 1-523(3) O(3)-P(4) 1-529 (3)
O(7)-P(3) 1-508 (3) O(12)-P(4) 1-529 (3)
O(8)-P(3) 1-524(3) O(13)-P(4) 1-540 (3)
O(17)-P(3) 1-550(3) 0(16)-P(4) 1.504 (3)
O(11)-P(3)-0(7) 115-3(2) 0(16)—P(4)-0(3) 113-8(2)
O(11)-P(3)-0(8) 109-7 (2) 0(16)—P(4)-0(12) 108-3(2)
O(11)-P(3)-0(17) 108-9 (2) O(16)~P(4)-0(13) 110-3(2)
O(7)-P(3)-0(8) 106-7 (2) O(13)-P(4)-0(3) 104-1 (2)
O(7)-P(3)-0(17) 107-9 (2) 0O(13)-P(4)-0(12) 109-5 (2)
0(8)-P(3)-0(17) 108-2 (2) 0(12)-P(4)-0(3) 110-8 (2)

* Related to O(9) by the operation —x, 1 —y,2 — z.
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Within the framework there are PO, and GaO,
tetrahedra cross linking tetramers of Ga-centred poly-
hedra. These tetramers consist of edge- and corner-
linked GaO,(OH,) octahedra {Ga(4)] and GaO,(OH)
trigonal bipyramids [Ga(l)]; the average angular
deviations from these ideal geometries being 3 and 5°,
respectively. Similar geometries are to be found in
frameworks of types 15 and 12 (Parise, 19845; Bennett,
Cohen, Artioli, Pluth & Smith, 1985; Parise, 1984c,
1985b). In type 15 this grouping consists of two-
gallium-centred octahedra which share a common edge.
Each of these octahedra then share corners with two
additional octahedra (Mooney-Slater, 1966). The com-
mon edges and corners consist of hydroxyl groups
whilst the remaining atoms coordinating the gallium
metal are oxygens. Hydroxyl groups are shared only by
gallium, and their removal, along with coordinated
water, converts the framework to a hypothetical one
consisting of alternating PO, and GaO, polyhedra (Fig.
2a).

A similar unit exists in the structure of type 12
(Parise, 1985h). Two distinct structural elements,
consisting of Ga tetramers cross linked via
PO, and GaO, tetrahedra, intergrow to build the
framework. The sheet is reminiscent of the structure of
apophyllite [KCa,(Si,0,,), F.8H,0 (Bloss, 1971)]. The
tetramers in this case are composed of trigonal
bipyramids which are cross linked by PO, tetrahedra
(Fig. 2¢). None of the framework oxygen atoms are
protonated and removal of the corner linkage between
three GaO; polyhedra does not lead to a sensible
four-connected net.

In GaPO,-14 an intermediate structure exists. The
tetramer (Fig. 2b) consists of both six- and five-
coordinate gallium. Removal of the hydroxyl corner
linkage leads to a continuous four-connected net with
alternating GaO, and PO, polyhedra in 4 rings. The
dehydrated framework would then outline a two-
dimensional 8-ring channel system in (001) (Fig. 1).

Fig. 1. Stereoscopic ORTEP (Johnson, 1965) drawing of the
structure of GaPO,-14. Gallium atoms (in four-, five- and sixfold
coordination with oxygen) are represented by solid ellipsoids.
Isopropylamine molecules are shown in the channels. The origin
of the unit cell (outlined) is in the back left-hand corner with y
across the page and z up. For clarity, hydrogen atoms are
omitted.

Ga,(PO,),0H.C;H,,N.1.09H,0

Within the framework of GaPO,-14 the GaO, and
PO, polyhedra, which serve to interconnect the
tetramers, are tetrahedra with the following average
interatomic distances (Table 1): Ga(2)-O, 1-81 (2);
Ga(3)-0O, 1.81(1); P(1)-O, 1-53(2); P(2)-O,
1.53 (1); P(3)-0, 1-53 (2); P(4)—0, 1-53 (2) A.

o

(a)

(c)

Fig. 2. Relationship between the tetramers (see text) found in the
structures of (a) GaPO,-15, (b) GaPO,-14 and (c) GaPO,-12.
Gallium atoms are represented by filled circles.
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Fig. 3. ORTEP (Johnson, 1965) drawing of the asymmetric unit in
GaPO,-14 (see Tables 1 and 2). Hydrogen atoms [H(1)-H(3)]
are hydrogen bonded (dotted lines) to oxygen atoms of the
framework.

Template. The isopropylamine molecule is hydrogen
bonded to the framework (Fig. 3) via N—H-..O
linkages. The geometries of these are as follows:
N—H(1)---0(10), 2-29 (3) A, 123 (5)°; N—H(2)---
o), 1-99()A, 166(5°; N—H(3)---0(17),
2-18 2) A, 166 (5)°; the first figure quoted is the
H..-O distance and the second the N—H..-O angle.
This hydrogen-bonding scheme serves to anchor the
amine group, which has a low thermal parameter
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relative to those for the carbon atoms (Table 1 and Fig.
3).

References

BENNETT, J. M., COHEN, P. M., ARrTIOLI, G., PLUTH, J. J. & SMITH,
J. V. (1985). J. Inorg. Chem. 24, 188—193.

BENNETT, J. M., CoHEN, J. P., FLANIGEN, E. M., PLUTH, J. J. &
SMITH, J. V. (1983). Am. Chem. Soc. Symp. Ser. 218, 109-118.

BENNETT, J. M. & SMITH, J. V. (1985). Z. Kristallogr. In the press.

BLross, F. D. (1971). Crystallography and Crystal Chemistry. New
York: Holt, Rinehart and Winston.

International Tables for X-ray Crystallography (1974). Vol. 1V.
Birmingham: Kynoch Press. (Present distributor D. Reidel,
Dordrecht.)

Jonnson, C. K. (1965). ORTEP. Report ORNL-3794. Oak Ridge
National Laboratory, Tennessee.

KNIEP, R. & M00T1z, D. (1973). Acta Cryst. B29, 2292-2294.

KnNIEP, R., MooTz, D. & VEGaASs, A. (1977). Acta Cryst. B33,
263-265.

MOONEY-SLATER, R. C. L. (1966). Acta Cryst. 20, 526-534.

Parise, J. B. (1984a) International Symposium on Zeolites,
Protoroz. Amsterdam: Elsevier Scientific. In the press.

PARISE, J. B. (1984b). Acta Cryst. C40, 1641-1642,

PARrISE, J. B. (1984c). J. Chem. Soc. Chem. Commun. 21,
1449-1450.

PARISE, J. B. (1985a). J. Chem. Soc. Chem. Commun. 9, 606—-607.

PARISE, J. B. (1985b). J. Inorg. Chem. 24, 4312-4316.

PARISE, J. B. (1986). Acta Cryst. C42, 144—147.

PARISE, J. B. & DAY, C. S. (1985). Acta Cryst. C41, 515-517.

SHELDRICK, G. M. (1976). SHELX. Program for crystal structure
determination. Univ. of Cambridge, England.

WiLsoN, T., Lok, B. M. & FLANIGEN, E. M. (1982). US patent no.
4310 440.

WiLsoN, T., Lok, B. M., MEssina, C. A., CanNan, T. R. &
FLANIGEN, E. M. (1982). J. Am. Chem. Soc. 104, 1146-1147.

Structural Comparison of (o-Phenylenediaminetetraacetato)zinc(II) with its Protonated
Complex, X,ZnC,,H,,N,0;.nH,0 (X =K or H)

BY SHIGEKI AZUMA, NORIYUKI NAKASUKA* AND MOTOHARU TANAKA*

Laboratory of Analytical Chemistry, Faculty of Science, Nagoya University, Chikusa, Nagoya 464, Japan

(Received 1 November 1985; accepted 12 December 1985)

Abstract. (1) X=K, n=3, M,=533-9, monoclinic,
P2,/a, a =24-140 (3), b=8-551 (1), c=9-684 (1) A,
B=97-11(1)°, V=1983.7(4)A%, Z=4, D,=
1.780, D,=1-788gcm~3, u=159-9 cm~!, F(000)=
1088, final R = 0-037 for 3113 observed reflections. (2)
X=H,n=2,M,=439.7, triclinic, P1, a = 12-851 (3),
b=15-366(7), c=9-583(2) A, a=103-48 (4), =

* Authors to whom correspondence should be addressed.
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89.-28 (2), y=108-67 (4)°, V=1739 (1) A3, Z =4,
D,=1-682, D,=1.678gcem™3, u=23.2cm™},
F(000) =904, final R=0-046 for 5469 observed
reflections. For both cases A(CuKo)=1-5417 A,
T = 293 K. In the potassium complex (X = K), the zinc
ion is hexacoordinate but the coordination environment
deviates markedly from O,. In the diprotonated
complex (X =H), a coordinated carboxylate O is
replaced by a water molecule and the coordination
polyhedron retrieves the octahedral geometry.
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