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Rb,[Gas(HPO,4)(PO4)4]-0.5H,0: A New Gallium Table 1. Crystallographic Data for RfGas(HPQy)(PQy)4]-0.5H0

Phosphate Containing Four-, Five, and empirical formula  GgH2020PsRb;  V, A3 898.45(6)
v i i fw 934.685 z 2
Six-Coordinated Gallium Atoms color; habit colorless; acicular Dcale, g cnT3 3.455
size, mm 0.05¢< 0.05x 0.65 T,°C 23
Kwang-Hwa Lii cryst syst monoclinic A(Mo Ka), A 0.71073
space group P2; (No. 4) u(Mo Ka), cm™t  118.7
Institute of Chemistry, Academia Sinica, Taipei, Taiwan a, 5.0607(1) Trminy Trmax 0.551, 0.941
b, AA 21.6431(6) Re 0.048
: c, 8.2067(2) RuP 0.056
Receied May 8, 1996 5. deg 91.768(1)

AR = JIFol = IFcll/ZIFol- ° Ry = [ZW(IFo| — [Fcl)3wIFo*2
Weighting schemev = ¢%(F) + gF?, whereg = 0.000 652.

Aluminum phosphates have been extensively studied because
they find applications in such diverse fields as catalysis, quenched to room temperature by removing the autoclave from the
corrosion protection, and medicideGallium phosphates have furnace. Equant GaRQrystals were formed as the major product at
also been the subject of numerous studies in order to discoverthe Rb:P ratio of 0.4. Energy-dispersive X-ray fluorescence analysis
new materials with Open_framework structures. The rep|ace_ of several acicular crystals established the presence of Rb, Ga, and P.

Introduction

ment of aluminum by gallium yields both novel structé#rés
and phases that are analogous to known aluminum phosphtes.

Gallium phosphates have a rich structural chemistry due to the
propensity of gallium to adopt a more variable and expanded
coordination environment compared to alluminum. Most of the

The distinct shape of RfGas(HPOy)(PQy)4]-0.5H:0 crystals allowed

for hand sorting of enough sample for further measurements. The X-ray

powder pattern of a powdered sample of manually selected acicular

crystals agreed well with that calculated from single-crystal data.
Thermogravimetric analysis (TGA) for FBas(HPQy)(PQy)4]-0.5HO

was performed on a Perkin Elmer TGA7 thermal analyzer: the sample

gallium phosphates reported to date have Ga:P ratios of 1:1.,ya5 heated to 958C at 10°C/min in air. Infrared data were collected

Recently, a novel gallium phosphate, [piH(CH,).NHMe,]-
[GayPsOo0H]-H20 8 with a Ga:P ratio of 4:5 was reported. Its
3D framework consists of GaQetrahedra, Gagoctahedra,

on a Perkin-Elmer 882 infrared spectrometer (KBr method). Second
harmonic generation (SHG) response of powder[®ay(HPO,)-
(PQy)4]+0.5H,0 was measured in a reflection mode. A Q-switch pulsed

and phosphate tetrahedra which, by sharing corners, form anNd:YAQ_Iaser (Continuum Powerlite 8020_) operating at 1064 nm with
open structure containing large cavities that house the organica repetition rate of 20 Hz and a pulse width of & ns was used as
cations. Here | report the synthesis and characterization gf Rb Source radiation. The average power incident on the reflector was 10

[Gay(HPOy)(PQy)4]+0.5H,0, of which the structure is unique

and consists of four-, five-, and six-coordinated gallium atoms,

although its framework stoichiometry is identical with that of
the organically templated gallium phosphate.

Experimental Section

Synthesis and Initial Characterization. High temperature, high

20 mW before focus. The sample was loaded in a capillary of inner
diameter 1 mm.

Single-Crystal X-ray Diffraction. Most of the acicular crystals
were not suitable for single-crystal X-ray structure analysis as indicated
from peak profile analysis. Many were selected before a satisfactory
crystal was obtained. A crystal of dimensions 0.050.05 x 0.65
mm was mounted on a Siemens Smart-CCD diffractometer equipped
with a normal focus, 3 kW sealed tube X-ray source. Intensity data

pressure hydrothermal synthesis was performed in gold ampuleswere collected in 1271 frames with increasiag(width of 0.3 per
contained in a Leco Tem-Pres autoclave where pressure was providedrame). The orientation matrix and unit cell dimensions were deter-

by water. Colorless acicular crystals of Rbays(HPQy)(PQy),4]-0.5H,0
with a small amount of colorless equant crystals of GaR@re
obtained by heating RoiRO, (0.375 mL, 3 M), HPQ, (0.375 mL, 3
M) and GaO; (0.0937 g) (molar ratio Rb: P 0.5) in a sealed gold
ampule (7 cmx 0.485 cm inside diameter) at 60C and an estimated
pressure of 35000 psi for 40 h, cooled at’G/h to 275°C, and
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mined by a least-squares fit of 3440 reflections with=5®@6 > 5°.
Octants collected:th,£k,+I. 20 range: 2-53.5. Agreement between
equivalent reflectionsRn): 0.033. Absorption correction was based
on 2377 symmetry-equivalent reflections using the SHELXTL PC
program packagelfin, Tmax= 0.551, 0.941). The structure was solved
by direct methods (SHELXTL-PLUS): the metal and phosphorus atoms
were first located, and all the oxygen atoms were found in difference
Fourier maps. The O(21) position, which was at a distance of 2.76
and 2.93 A from Rb(2), refined to an occupancy of 0.48(4). Bond-
valence calculations indicated that O(20) and O(21) had valence sums
of 1.36 and 0.43, respectively, and all other oxygen atoms had values
close to 2. These values indicated that O(20) was a hydroxo oxygen
and O(21) was the oxygen atom of a half-occupied water molecule.
The hydrogen atoms could not be located from difference Fourier maps.
The presence of hydrogen bonding was not detected because the
observed O(26)-O and O(21)--O distances were longer than the van
der Waals contact distance, 2.81A. Refinement (2197 unique
reflections and 184 parameters) was performed by full-matrix least-
squares analysis, with anisotropic thermal parameters for all metal and
phosphorus atoms and isotropic thermal parameters for all oxygen
atoms. Neutral-atom scattering factors for all atoms were ifsed.
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Notes

Table 2. Atomic Coordinates and Thermal Parameterd) far
Rb[Gay(HPO,)(PQy)4]-0.5H,0

Inorganic Chemistry, Vol. 35, No. 25, 1996441

Table 3. Bond Lengths (A) for REGay(HPQy)(PQy)4]:0.5H,0

Rb(1)-O(10)  2.991(0.011)  Rb(BHO(3) 3.145(0.013)
atom X y z W Rb(1)-0(6) 3.213(0.009)  Rb(BHO(9) 2.972(0.012)
B osezg o s ooz Lo SH0R  mnony oo
Rb(2) 0.0067(4)  0.7241(1) 0.4274(2)  0.0292(6) Rb(1-O(20)  3.141(0.011) Rb(HO(20)  2.900(0.011)
Ga(1) 00423(3)  0.6795(1)  0.9800(2)  0.0102(5)  ppoy 5y’ 37171(0.012) Rb(PO(2)  3.466(0.012)
Ga(2) 0.4625(3)  0.5872(1) 0.5384(2)  0.0099(5)

Rb(2)-0(8) 3.316(0.013) Rb(3)O(14)  2.949(0.011)
Ga(3) 0.9666(3)  0.9230(1) 0.3399(2)  0.0111(8) Rb(2}-O(15) 3401(0012) Rb(BO(7)  3.038(0.010)
Ga(4) 0.4771(3)  0.8430(1) 0.8359(2)  0.0119(6) Rb(2)-O(18) 3.398(0.012) Rb(BOEL}  2.930(0.028)
ﬁgg _gggf‘?(%) g?gg&%’ 8%‘892((55)) 88391((11)) Rb(2)-O(14)  3.087(0.012) Rb(JO(16)  3.158(0.011)
PE) 0.5072(8)  0.9371(2) 0.5451(4)  0.011(1) Rb(2)-0(19)  2.954(0.011) Rb(O(21}F  2.760(0.029)
P(4) 0.5401(8)  0.7102(2) 0.7407(5)  0.010(1) Ga(1)-0(7) 1.960(0.013) Ga(HO(13)  1.908(0.011)
P(5) —0.4609(7)  0.6249(2) 0.1743(5)  0.011(1) Ga(1)-0(1) 1.941(0.014) Ga(HO(16)  1.936(0.011)
O(1) 0.088(2) 0.7633(6) 0.060(1) 0.022(3) Ga(1}-0O(17)  1.959(0.010) Ga(HO(19)  1.986(0.011)
0(2) 0.074(2) 0.8612(6) 0.214(1) 0.017(3) Ga(2)-0(8) 1.872(0.010) Ga()0(14)  1.926(0.014)
O(3) 0.153(2) 0.8637(6) —0.085(1) 0.022(3) Ga(2)-0(5) 1.836(0.011) Ga()O(10)  1.984(0.013)
O(4) —0.297(2)  0.8389(6) 0.008(1)  0.015(2) Ga(2-O(18)  1.836(0.011) Ga(3)0(12)  1.845(0.013)
O(5) —0.332(2) 0.5602(6) 0.712(1) 0.014(2) Ga(3)-0(2) 1.785(0.012)  Ga(3)O(6) 1.829(0.011)
0(6) 0.069(2)  0.4938(5) 0.780(1)  0.008(2) Ga(3)-O(11)  1.846(0.010)  Ga(4)0(9) 1.863(0.012)
o(7) 0.027(2)  0.5931(6) 0.909(1)  0.013(2) Ga(4)-0(15)  1.797(0.014)  Ga(4)0(3) 1.836(0.012)
0O(8) 0.109(2) 0.5874(6) 0.600(1) 0.013(3) Ga(4)-0(4) 1.792(0.010)

0(9) 0.561(2) 0.9131(6) 0.717(1)  0.017(3)
0(10) 0.609(2) 0.0021(6) 0.541(1)  0.016(2) P(1)-0(1) 1.497(0.015)  P(HO(2) 1.550(0.012)
0O(11) 0.205(2) 0.9319(6) 0.513(1) 0.014(2) P(1)-0(3) 1.548(0.013)  P(1)O(4) 1.557(0.011)
0(12) 0.651(2) 0.8969(6) 0.423(1)  0.021(3) P(2)-0(5) 1.539(0.011)  P(%O(6) 1.544(0.012)
0O(13) 0.369(2) 0.6838(6) 0.870(1) 0.015(2) P(2)-0(7) 1.516(0.012)  P(2)O(8) 1.544(0.012)
0(14) 0.498(2) 0.6745(6) 0.579(1)  0.017(2) P(3)-0(9) 1517(0.012)  P(3)0(11) 1.547(0.011)
0O(15) 0.472(2) 0.7780(7) 0.699(1) 0.023(3) P(3)-0(12) 1.527(0.013)  P(3)O(10) 1.499(0.014)
0(16) 0.837(2) 0.7082(5) 0.792(1)  0.014(3) P(4)-0(13) 1.505(0.012)  P(4)0O(14) 1.544(0.013)
0(17)  —0.258(2) 0.6694(5) 0.123(1) 0.009(2) P(4)-0(15) 1.542(0.015)  P(4)O(16) 1.546(0.011)
O(18)  —0.375(2)  0.5983(5) 0.344(1)  0.017(3) P(5)-0(17) 1.480(0.011)  P(5)0(18) 1.553(0.012)
0(19) —0.738(2) 0.6517(5) 0.171(2) 0.015(2) P(5-0(19) 1.517(0.011)  P(5)0(20) 1.585(0.013)
0(20)  —0.459(2) 0.5648(6) 0.064(1) 0.015(2) a -
0@21p  -0.517(5) 0.771(2) 0.328(3) 0.037(8) The occupancy factor for O(21) is 0.5.
@ Ueq is defined as one-third of the trace of the orthogonaliZgd r":
tensor. All oxygen atoms were refined with isotropic thermal param- b

eters.” The occupancy factor for O(21) is 0.5.

Anomalous dispersion and secondary extinction corrections were
applied. The absolute configuration could not be determined from the
results of refining a parametep, which multiplied all Af" values.

The reliability factors converged & = 0.0480 andR, = 0.0562. The
value of extinction parameter was 0.00181. The crystallographic data
are summarized in Table 1.

Results and Discussion

Physical Measurements. Thermogravimetric analysis in air
showed weight loss in two steps near 250 and 600 The
first weight loss (0.95%) corresponds to the loss of water of
hydration and can be compared with the calculated value of
0.963%. The second weight loss of 1.04% occurs at higher
temperature and is attributed to the dehydration of fPThe
infrared spectrum shows three distinct bands at 3640, 3570, an
3350 cntl. The sharp band at 3640 cfncan be assigned to
the v(OH)-stretching of HP® and suggests the absence of
hydrogen bonds. The bands at 3570 (w) and 3350%c(fr)
are attributable to the lattice water molecule. The[RBbs-
(HPQOy)(POy)4]-0.5H,0 powder sample had a SHG signal about
the same as that of quartz. The sample gave a clearly positivetwo tetrahedrally coordinated (range of 6@ bond lengths
SHG, indicating that the structure had no center of symmetry. 1.785-1.846, 1.792-1.863 A; O-Ga—0 bond angles 107-5

Crystal Structure. The atomic coordinates, thermal param- 112.5, 102.6-116.6), and one trigonal bipyramidally coordi-
eters and bond lengths are given in Tables 2 and 3, respectivelynated (axial Ga(2}O bond lengths 1.926, 1.984 A; range of
The structure of RGay(HPOy)(POr)4]+0.5H:0, viwed along equatorial Ga(2)-O bond lengths 1.836.872 A). All the
the [100] direction, is shown in Figure 1. It consists of a vertices of GaO polyhedra are shared with phosphate units.
network of Ga-O polyhedra and phosphate tetrahedra which, All phosphate oxygen atoms except for the hydroxo group of
by sharing corners, form an open structure containing infinite HPO, are coordinated to gallium atoms. Two types of channels
channels in which the rubidium cations and water molecules with eight-membered windows are formed along [100]. Each
reside. Of the four crystallographically distinct Ga atoms, one window is formed by the edges of one Ga@rtahedron, one
is octahedrally coordinated to oxygen (range of Ga@@)bond GaG trigonal bipyramid, two Ga@ tetrahedra, three RO
lengths 1.9081.986 A; O-Ga(1)}-0 bond angles 85:296.1°), tetrahedra, and one HR@roup, and shows a strict alternation

d:igure 1. Stereoscopic view of the structure of RBay(HPOy)-
(POy)4)-0.5H,0 along the [100] direction. The polyhedra, in order of
increased shading, are phosphate tetrahedra, Ga@)® Ga(4)Q
tetrahedra, Ga(2)Otrigonal bipyramids, and Ga(1)}Ooctahedra.
Stippled circles are Rb(1); large open circles are Rb(2); small open
circles are water oxygen atoms.
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higher than those of the other atoms in the structure, consistent
with them being extra-framework atoms.

The structure of RGay(HPQy)(PQy)4]-0.5H0 is unique and
is the second gallium phosphate reported to date with Ga:P ratio
of 4:5. One of the most interesting structural features is the
presence of Gafoctahedra, Ga®trigonal bipyramids and
GaQ tetrahedra. In other microporous gallium phosphates most
frameworks are composed of some combinations of four-, five-,
or six-coordinated Ga atoms and pP@trahedra. GaP£L4
was the only known phosphate in which gallium atoms have
mixed four-, five-, and six-co-ordinatich.Although the organi-
Figure 2. Windows of two types of channels in the RBas(HPQy)- cally templated gallium phosphate [M¢H(CH,),NHMe,]-
(PQy)4]+0.5H,0 structqr_e viewed_along [100]. Thermal ellipsoids are [GayPsO20H]-H-O and the title compound have the same
shown at 60% probability. O(20) is the hydroxo oxygen of HFRO(21) framework stoichiometry, they adopt considerably different
is the water oxygen. ! .

structures. The former compound contains Gadd PQ

of gallium and phosphorus atoms (Figure 2). The hydroxo tetrahedra and Gactahedra, which are linked in an alternat-

group of HPQ is directed into the channel which is occupied N9 manner to give a 3D framework structure, enclosing large
by Rb(1) (type 1). The second type of channel has more open cavities in Wh!ch the dlprotgnated amine and occluded water
space in which Rb(2) and occluded water molecule reside. TheMmolecules reside. Another interesting structural feature of the
shortest &-O distances across the windows of type 1 and type [Me2NH(CH;):NHMe] salt is the large elliptical channels with

2 channels are 5.34 and 5.43 A, respectively. Adjacent channelspuckered 16-membered windows.

are interconnected through two types of lateral six-membered )

windows: one windiw is formed by the edges of three GaO Acknowledg_men_t._The author thanks the Insntute of Ch(_am-
and three P@tetrahedra, and the other by the edges of one istry, Academia Sinica and the National Science Council for
GaQ,, two GaQ, one PQ and two HPQ units. These lateral ~ Support, Professor S.-L. Wang at National Tsing Hua University
windows do not form straight channels. Cations Rb(1) and for X-ray intensity data collection, and Dr. H.-C. Lin at
Rb(2) are nine- and ten-coordinate with repect to neadby (  Academia Sinica for SHG measurements.

3.42 A) oxygen atoms witll(Rb—0O),, = 3.089 and 3.106 A
and bond-valence suffsof 1.03 and 1.08, respectively. The
temperature factors of rubidium and water oxygen atoms are

Supporting Information Available: Tables giving crystal data,
anisotropic thermal parameters, and bond lengths and angles (3 pages).
Ordering information is given on any current masthead pages.
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