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Black crystals of NH4[Mo2P20to] . H,O, (l), can be isolated by reacting MOO,, MO, (NH,),HP04, 
HjP04, and Hz0 in a mole ratio of 3 : 1.1 : 2 : 4 : 120 for 16 hr at 360°C. The structure of phosphate (1) 
was determined and refined from single crystal data collected on a 35 x 20 x 10 pm3 crystal at beamline 
XlOA at NSLS, Brookhaven National Laboratory. Compound (1) is monoclinic, space group P2,in 
with a = 9.780(10), b = 9.681(5), c = 9.884(8) A, /3 = 102.17(8)“, V = 915(l) A3 and R(R,,) = 
0.029(0.024) and contains MOO, octahedra and PO, tetrahedra. The structure is built up from Mod 0x0 
units that have two edge-sharing Mo4+06 octahedra that contain MO-MO double bonds (2.453(2) A), 
with the same two oxygens that bridge the MO 4+ also serving as a corner for two additional Mo5+06 
octahedra. The MO, units are connected by phosphate groups into a 3-D array which generates several 
types of tunnel which are filled with NH; cations and H,O. The material is isotypic with the mineral 
leucophosphite, K[Fe2(OH)(H,0)(P0,),] HzO. Water absorption isotherms show that (1) is micropo- 
rous and has about lo-12 ~01% internal void space that can be filled by water. o 1991 Academic PXSS, IX. 

We have discovered several new mixed absorption isotherms. The material is iso- 
octahedral-tetrahedral frameworks in the typic with the mineral leucophosphite, 
molybdenum phosphate system that can be K[Fe,(OH)(H,O)(PO,),] . H,O (5), as well 
rendered microporous such as (Me,N),,, as GaPO, . 2H,O (6) and NH,[Al,(OH) 
(H,O),,,[Mo,O,(PO,),l - 2&O (0, (NH& @&W’QM . J&O (7). 
Mo,P,O,, (2)> %O=WM’,%,(OHh * 7H,O When MOO,, MO, (NH,),HPO,, H,PO,, 
(3, and (CH,),NH,[Mo,P,O,,(OH),l (0 and H,O are reacted in mole ratios of 
Here we describe the synthesis, strut- 3 : 1.1: 2 : 4 : 120 for 16 hr at 36o”C, 
ture, and sorption properties of NH, NH,[Mo,P,O,,] . H,O is obtained in varying 
[Mo,P,O,,] . H,O, (l), a new phosphate yields and is often contaminated by small 
containing edge-sharing Mo4+06 octahedra, amounts of an amorphous white solid. We 
with MO-MO double bonds, that are con- performed over forty reactions using this 
netted to corner sharing Mo’+O, octahedra stoichiometry (or various perturbations on 
and an open framework containing IO-12 the reaction conditions) but only obtained 
~01% void space as determined from water (1) about 15% of the time. These reactions 

are run on a 10e3 mol scale at very high 
* To whom correspondence should be addressed. pressures, the MO starting materials are 
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insoluble solids, and there is no way to 
stir the reactions. When (1) did not form, 
either (NH,),Mo,P,0i6 (2) or NH,[Mo,P, 
O,,(OH),] formed as essentially single phase 
products. These observations all suggest 
that the species that initially nucleates deter- 
mines which product forms. When (1) did 
form, the sample also often contained small 
amounts of an amorphous white solid. We 
have observed that the heating rate during 
the initial phases of the reaction can have a 
large effect on the product obtained and are 
currently investigating this aspect. 

Since the small size of the crystals avail- 
able (35 x 20 x 10 ,um3) precluded analysis 
by conventional X-ray sources, we deter- 
mined the structure using beamline XlOA at 
the National Synchrotron Light Source at 
Brookhaven National Laboratory. There 
have been few previous single-crystal syn- 
chrotron studies of such small-unit-cell 
structures (8) because of the inability to ob- 
tain high precision data. In the only previous 
full-structure determination from such data, 
residuals of R(R,) = 0.094(0.08) were ob- 
tained (9). Our results, which are on a crys- 
tal of comparable size and complexity, are 
of a much higher precision R(R,) = 
0.029(0.024). This is due to the use of new 
experimental techniques, the main compo- 
nent of which is a new type of X-ray optics. 
Using a vertically defocused beam, we use 
three slits plus the small aperature presented 
by the sample diameter to define two, con- 
cident-path X-ray beams. Both of these 
beams are uniform in intensity over a ~250 
pm diameter. One of these beams is directed 
into a monitor for use in tracking temporal 
fluctuations of the beam. The second beam 
illuminates the sample. Because the slits de- 
fining this narrow beam are several meters 
apart, they produce a very narrow accep- 
tance angle. This reduces the intensity vari- 
ation that comes from spatial beam fluctua- 
tions of the sort that arise from small 
changes in the electron orbit. Reducing this 
effect is of critical importance because the 
intensity measurements for a structure de- 

TABLE I 

CRYSTALLOGRAPHIC DETAILS FOR (1) 

A. Experimental details 
Formula NH,P-foP,%I J&O 
Formual weight 449.87 g 
Crystal dimensions 35 x 20 x 10 pm3 
Crystal system monoclinic 
No. of reflections used for 13 

unit cell determination 
and refinement 

Cell parameters a = 9.7811) A 
b = 9.681(5) A 
c = 9.884 (8) w 
/3 = 102.17’(8) 
v = 915(l) A3 

Space group P2,ln 
2 value 4 
D cak 3.265 g crnm3 
F cm 860 
I+=0 915 A) 62.21 cm-’ 

B. Intensity measurements 
Diffractometer Huber 4-circle with vertical 

detector rotation 
Monochromator 
Radiation, NSLS XlOA: 

Double-Cryst4 Ge (111) 
A = 0.915(2) A 

2.5 GeV, -125 mA 
Energy resolution, AEEIE 10-d 
Detector aperture Horizontal aperature = 

12 mm 
Vertical aperature = 5mm 

Crystal to detector distance 345 mm 
Scan type Omega, unequal step size 
Points per scan 100 
Scan width, deg 1.0 
2&,,,, deg 38.0 
4 range, 9 = 271 0.12 k’ 5 q c 2.04 A-’ 

sin (0)/h 
No. of reflections measured Total (incl. 1 std. every 

10 reflections) = 795 
I > 3u, = 662 
Unique, I > 3uI = 581 

Corrections Lorentz-polarization 

C. Structure solution and refinement 
Structure solution Direct methods (16) 
Refinement Full-matrix least-squares 

(17) 
Function minimized SUM[w*(IFo/ - /F,l)**2] 
Least-squares weight l/0$ 
Anomalous dispersion All nonhydrogen atoms 

(MoKa correction 
applied) 

No. observations 581 
No. variables 75 
Reflection/parameter ratio 7.75 
Residuals R(R,) 0.029(0.024) 

termination are taken over several days of 
beamtime (10). Further details concerning 
the experimental techniques and structure 
determination are given in Table I. The atom 
coordinates are given in Table II. 
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TABLE II 

FRACTIONAL COORDINATES FOR (1) 

A. Atom parameters 

Atom xla 

MO(~) 0.3968(l) 
MO(~) 0.1705(l) 
P(l) 0.8623(3) 
P(2) 0.3430(3) 
O(1) 0.9955(7) 
O(2) 0.7822(7) 
O(3) 0.7793(8) 
O(4) 0.5620(8) 
O(5) 0.8146(7) 
O(6) 0.3058(7) 
O(7) 0.4793(8) 
O(8) 0.8679(8) 
O(9) 0.8429(8) 
WO) 0.2028(7) 
Wl) -0.012 (1) 
N(1) 0.116 (1) 

y/b 

0.0350(l) 
0.1967(l) 
0.1885(4) 
0.0165(4) 
0.5069(8) 
0.0538(9) 
0.6270(9) 
0.1511(8) 
0.2858(8) 
0.1016(9) 
0.6595(8) 
0.9362(9) 
0.2501(8) 
0.5882(S) 
0.163 (1) 
0.321 (1) 

ZIG U(is0) 

0.9132(l) 0.0037h 
0.4224(l) 0.0048 
0.2086(3) 0.0079(8) 
0.2093(3) 0.0099(9) 
0.2594(7) 0.012(2) 
0.2009(8) 0.012(2) 
0.7056(8) 0.012(2) 

-0.0028(S) 0.009(2) 
0.3081(8) 0.01 l(2) 
0.3261(8) O.Oll(2) 
0.2475(8) 0.011(2) 
0.4875(8) 0.019(2) 
0.0598(8) 0.014(2) 
0.4328(8) 0.012(2) 
0.740 (1) 0.067(4) 
0.982 (1) 0.045(4) 

B. Anisotropic thermal parameters 

Atom U(11)” UW) U(33) ~(23) Wl3) VW 

MO(~) 0.0023(5) 0.0046(6) 0.0049(6) 0.0004(6) - 0.0009(4) O.OOl(6) 
MO(~) 0.0029(5) 0.0069(7) 0.0057(6) - 0.0004(6) - 0.0005(4) 0.013(6) 

a Coefficients of temperature factor T in A*; T = exp (- 8.rr2 U(iso) (sin B/h)*). 
b Given in A*; Ueq = 113 Xi Xi V, ata,*a,aj. 
’ Coefficients of temperature factor T in A*; T = exp( -2~~ Xi Xj Uuhihj aiaj). 

The structure (see Table III for bond 
lengths and angles) of (1) is best described 
in terms of the MO, building blocks, (A), 
which resemble the MO, unit (B), found in 
Mo,(H,O),P,O,,(OH), . 7H,O (3), (2). Both 
centrosymmetric clusters are shown in Fig. 
1 for comparison. Both have a central pair 
of edge-sharing (via O(4)) MOO, octahedra: 
these MO atoms in (A) are connected by a 
MO-MO double bond (11) of 2.453(2) A and 
have a calculated (22) oxidation state of 
3.7 + based on the observed MO-O bond 
lengths, while the analogous pair of octahe- 
dra in (B) contain MO’+ and a MO-MO sin- 
gle bond of 2.63 A (3). In both (A) and (B) 

there are two additional Mo5+ containing 
octahedra, one corner of which is also O(4), 
making those oxygens three coordinate. The 
two central MO’+ in (B) have disordered 
molybdenyl/water oxygen atoms over the 
four 0 sites perpendicular to the MO, plane 
whereas in (A) the corresponding positions 
on the Mo4+ dimer are occupied by the oxy- 
gens of a bridging PO, tetrahedra. 

These MO, units are bridged together into 
a 3-D structure by PO, groups which gener- 
ates an intersecting array of tunnels running 
through the structure. The tunnels are filled 
with equal numbers of NH: (at l/2, 112, 0) 
and H,O (at 0, l/2, 0). A projection of the 
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TABLE IIIA 

BOND LENGTHS 

Atom-atom Distance (A) 

MO(~) 
-MO(~) 2.453(2) 
-O(l) 2.006(7) 
-O(2) 2.060(7) 
-O(4) 1.999(7) 
-O(4) 2.010(7) 
-00) 2.094(S) 
-O(lO) 2.039(S) 

MO(~) 
-O(3) 2.241(8) 
-O(4) 2.044(8) 
-O(6) 2.009(8) 
-O(7) 2.015(8) 
-O(8) 1.652(8) 
-O(9) 1.997(8) 

P(l) 
4x4 1.515(9) 
-O(5) 1.505(9) 
-O(7) 1.543(9) 
-O(9) 1.560(g) 

P(2) 
-O(l) 1.547(8) 
-O(3) 1.520(9) 
-O(6) 1.523(9) 
-O(lO) 1.546(9) 

structure down [OIO] is shown in Figs. 2a 
and 2b. To visualize the 3-D connectivity of 
the framework of (l), one can consider the 
structure to consist of layers lying in the 
(101) plane. One can isolate these layers 
from the structure via excission of the O(6) 
atoms which lie near the (202) plane (Figs. 
2a and 2b). One such layer is shown in Fig. 
2c and 2d, which is a projection down [ 1011 
and shows the interlayer connectivity of tet- 
ramer (A) into sheets by the phosphate 
groups. 

Thermogravimetric analysis (TGA) 
shows that at a heating rate of 5°C . min’ 
in He, the sample starts losing water at 
T > 30°C and there is a weight loss of 3% 
completed at ca. 100°C (calculated for the 
loss of one H,O, 4%). Continued heating 
gives a gradual 3.5% weight loss in the 

TABLE IIIB 

O-M-O ANGLES 
- 

MO(~) octahedron 

O(l)-MO(~)-O(2) 89.43(31) 
O(l)-MO(~)-O(4) 87.28(31) 
0( l)-Mo( 1)-O(4) 93.97(32) 
O(l)-MO(~)-O(5) 89.27(30) 
O(l)-MO(~)-O(l0) 177.02(34) 
O(2)-MO(~)-O(4) 168.85(33) 
O(2)-MO(~)-O(4) 86.31(31) 
O(2)-MO(~)-O(5) 83.17(30) 
O(2)-MO(~)-O(l0) 91.69(29) 
O(4)-MO(~)-O(4) 104.54(26) 
O(4)-MO(~)-O(5) 86.13(30) 
O(4)-MO(~)-O(l0) 91.10(31) 
O(4)-MO(~)-O(5) 168.96(28) 
O(4)-MO(~)-O(l0) 88.86(33) 
O(5)-MO(~)-O(l0) 88.12(31) 

MO(~) octahedron 

81.21(30) 
80.60(30) 
82.69(30) 

178.26(36) 
86.18(30) 

161.11(32) 
95.07(30) 
99.92(35) 
89.79(3 1) 
87.66(3 1) 
98.38(37) 
83.94(31) 
95.87(36) 

167.03(32) 
95.12(35) 

P(l) tetrahedron 

O(2)-P(l)-O(5) 
O(2)-P(l)-O(7) 
O(2)-P(l)-O(9) 
O(5)-P(f)-O(7) 
O(5)-P(l)-O(9) 
O(7)-P(l)-O(9) 

110.03(43) 
109.58(45) 
108.81(45) 
111.18(44) 
112.56(45) 
104.51(44) 

P(2) tetrahedron 

O(l)-P(2)-O(3) 
O(l)-P(2)-O(6) 
O(l)-P(2)-O(l0) 
O(3)-P(2)-O(6) 
O(3)-P(2)-O(l0) 
O(6)-P(2)-O(l0) 

110.23(45) 
106.13(41) 
107.28(42) 
110.49(44) 
110.47(44) 
112.11(44) 
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FIG. 1. The MO, tetramer (A) found in (1) shown as both (a) ball-and-stick (14) and (b) polyhedral 
representations (IS); (c) the similar Mod tetramer (B) found in Mo~(H~O)~P~O~~(OH)~ 7H20 (3) (see 
text). The MO are stippled. Note the additional phosphate groups in tetramer (A). 

150-300” range from NH, removal (calcu- 
lated value = 4%). IR spectra show that the 
absorption due to the NH i is gone after the 
heat treatment. Samples of (1) are micropo- 
rous as demonstrated by the Type I absorp- 
tion isotherm (13) shown in Fig. 3. Although 
the absorption is totally reversible, and both 
the Hz0 and the NHf; are removed during 
the heating/degas cycle according to the 
TGA data, the amount reabsorbed at 20°C 
corresponds to filling only about half of the 
space that was occupied by the H,O and the 
NH:. The width of the peaks in the powder 

X-ray diffraction pattern of (1) are essen- 
tially unchanged after heating to 500°C un- 
der He, suggesting little loss of order in the 
lattice; however, absorption isotherms after 
heating to 550°C show the sample only sorbs 
<l wt% H,O and most of it adsorbs to the 
surface. This may be due to the tunnels be- 
ing partially blocked by dehydroxylation 
(there is a weight loss observed in the TGA 
at cit. 410°C typical of water loss in an oxide 
from dehydroxylation) from the hydroxyl 
groups generated from the proton left be 
hind when the NH1; decomposed to NH, 
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d 

FIG. 2. Ball-and-stick and polyhedral projections of the unit cell contents of (1) down [OIO] (a and b) 
down [loll (c and d). The water and NH; molecules in the tunnels are not shown. 

0 4 6 12 16 20 

WATER VAPOR PRESSURE (TORR) 

FIG. 3. Water absorption isotherm for degassed (1) 
at 20°C demonstrating the absorption of water into the 
micropores (degas conditions: 200°C for 4 hr at 10m3 
Torr). 

and Hi. The other isotypes discussed above 
have much less thermal stability probably 
due to the presence of terminal H,O ligands 
and hydroxy groups whereas (1) has termi- 
nal molybdenyl and 0x0 groups in the corre- 
sponding parts of the structure. 

The tetrameric MO, unit, and its associ- 
ated PO4 tetrahedra, is topologically identi- 
cal to the hydrated hydroxy ferric phosphate 
unit found in the mineral leucophosphite (5). 
In this mineral, which is usually pale green 
and has an Fe-Fe distance of 3.11 A, there 
appears to be little metal-metal interaction, 
unlike the 2.45 A metal-metal double bond 
contact found in (1). 

We are currently examining other syn- 
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thetic routes to (1) in attempts to improve 
the yield, phase purity, and reproducibility. 
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