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Structure of a Three-Dimensional, Microporous 
Molybdenum Phosphate with Large Cavities 

The synthesis, single-crystal x-ray structural characterization, and sorption properties 
of a microporous molybdenum phosphate, (Me4N)1.3(H30)0.7[Mo408(P04)2] 2 H 2 0  
(Me, methyl), are presented. The three-dimensional framework is built up from 
Mo4Os4+ cubes and P043- tetrahedra that are connected in such a way that large, 
cation-filled voids are generated; these voids constitute 25% of the volume of the solid. 
Absorption isotherms for water show the completely reversible uptake of 4 to 5 
percent by weight water into the micropores of this compound, which corresponds to 
10 to 1 2  percent by volume. 

M ICROPOROUS SOLIDS WITH LARGE 

internal surface areas, such as zeo- 
lites (I) ,  find use in such diverse 

processes as ion exchange, catalysis, and 
separations. Zeolites, as well as other micro- 
porous solids such as the aluminophos- 
phates (2) and a recently discovered alumin- 
oborate (3) ,  contain frameworks made from 
p-block elements with primarily tetrahedral 
coordination and are synthesized hydrother- 
mally in the presence of a templating cation. 
Although certain transition elements can 
replace some of the tetrahedrally coordinat- 
ed Si, P, or A1 in zeolitic type solids (4) ,  
similar solids with anionic frameworks con- 
taining stoichiometric amounts of octahe- 
drally coordinated transition elements and 
large organic, cation-filled cavities are not 
known. 

A few iron phosphates, which are natural- 
ly occurring or isostructural with known 
mineral frameworks, have been prepared, 
with water or alkali metals in the tunnels ( 5 ) ,  
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but none have demonstrated microporosity. 
Since we had synthesized and structurally 
characterized both solid-state alkali metal 
molybdenum phosphates, such as 
C~4M08P12052 (61, C~4M010P18066 ( 7 ) ,  and 
Cs3Mo4P3Ol6 ( 8 ) ,  as well as hydrothermally 
prepared species such as the large cluster 
[Na14M024~17097(0~)31]6-  (9) and a one- 
dimensional (1-D) polymer, [(H30)2Na- 
M o ~ P ~ O ~ ~ ( O H ) ~ ] ~ -  (lo), the possibility of 
preparing a 3-D framework containing 
voids filled with organic cations seemed 
reasonable. We report the synthesis and 
characterization of (Me4N) .3(H30)0.7 
[ M o ~ O ~ ( P O ~ ) ~ ]  2H20 ,  1 ,  which contains 
a metal-metal bonded, 3-D molybdenum 
phosphate framework whose cation-filled 
voids constitute 25% of the volume of the 
solid. Compound 1 is microporous and 
shows the reversible uptake of 4 to 5% (by 
weight) water into its pores. 

The reaction of Moo3, Mo (<2 +m 
particle size), H3PO4, Me4N . OH, and 
H 2 0  in a mole ratio of 5 : 1 : 18: 7 :  165 at 
200°C for 3 days gives a nearly quantitative 
yield of single-phase 1 as a dark red-brown, 
microcrystalline powder. The powder x-ray 

diffraction pattern of I was indexed as body- 
centered cubic with a = 15.05(2) A (the 
parenthetical number is the error in the last 
digit), and no systematic absences beyond 
those due to the body-centering were ob- 
served. This result suggested that the struc- 
ture may be a body-centered relative of the 
primitive cubic structure of C S ~ M O ~ P ~ ~ ~ ~  
(8) (space group, ~;13m), whose a axis is 
one-half that of 1. Use of the hydrolysis 
product of MoC14 in place of M o o 3  and Mo 
in the hydrothermal synthesis gives 1 in the 
form of large, red, single crystals that were 
used for a crystal structure analysis (1 1). 

The 3-D framework of 1 is built up from 
Mo4Oa4+ cubes, which have four molyb- 
deny1 groups (Mo = 0 )  and two metal- 
metal bonds with a MG-Mo distance of 
2.617(2) A (Fig. lA),  and P043- tetrahe- 
dra in a ratio of 1 to 2 in the cubic space 
group A3m. In this space group, the entire 
anionic framework in the 3408(1) A3 cell is 
described by just five atoms: the Mo, +3-0,  
and molybdenyl 0 all lie on Wyckoff g sites 
at x,x,z; the P atom on the d site (13 
symmetry) at 114,112,O; and the +2-0  on a 
general position. Each cube has a plane, 
defined by the surrounding 412 phosphate 
groups (four phosphate groups each shared 
between two cubes), which is perpendicular 
to the four molybdenyl M o - 0  vectors (Fig. 
1, B and C). In the crystals, the ~ 0 4 0 ~ ~ '  

cubes are oriented such that these planes in 
the z = 0 level are parallel to the (100) 
plane for the cubes centered around 112,0,0 
and parallel to the (010) and (001) planes 
for the cubes centered at 0,112,O and 
112,112,0, respectively (Fig. 2A). At the 
z = 112 level, the phosphate-defined planes 
for the cubes at 0,0,1/2 and 1/2,0,112 are 
parallel to (001) and (OlO), respectively 
(Fig. 2B). This connectivity of the anionic 
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Fig. 1. Representations of 
(A) a Mo40g4+ cube with 
its associated atoms, show- 
ing the distorted octahedral 
coordination of the Mo; (8)  
the M0408(P04)4n groups 
with the plane defined by 
the four P atoms perpendic- 
ular to the plane of the page; 
(C) same as (B) but with the 
plane parallel to the page. 
Mo, large circles; P, medi- 
urn circles; 0 ,  small circles. 

framework generates very large cubic- 
shaped cavities (12) centered around 0,0,0 
and 1/2,1/2,1/2 as well as tunnels running 
parallel to (100) and (111) (Fig. 3, A and 
B). 

The framework can also be described in 
terms of OW cubic C~~h'f04P301~, 2, StruC- 
ture type (8), which has cubes, 

Flg. 2. Schematic illustration of the bonding of with six M e M o  bonds and four M03'5+, 

the Mo~O,,~+ cubes and phosphate tetrahedra in connected to other cubes dong all crystallo- 
the (A) r = 0 and (B) r = 112 levels in 1. graphic (100) directions in P23m by 612 

phosphate groups: removal of one-third of 
the P atoms and oxidation of the to 

Rg. 3. Chem-X 89 (18) representations of the 3- 
D structure of 1 (Mo, blue; P, yellow; 0 ,  red: (A) 
connectivity of the cubes and tetrahedra viewed 
parallel to [loo], emphasizing the ordering of the 
cation-filled cavities, which are represented as 
green spheres; (B) view parallel to [ l l l ] ,  show- 
ing the minimum apertures discussed in the text. 

MO" (Mo4P301d- to MO~P~O~:-) fol- 
lowed by removal of one-fourth of the 

units also describes the same 
structure if the voids are ordered in the 
proper manner. The ordering of the voids, 
as well as the orientation of the phosphate- 
defined planes associated with the Mo40g4+ 
cubes, has been observed in the unique 
structure type of NbO (13), in which the 
planes defined by the square planar coordi- 
nation of both the Nb and the 0 are exactly 
identical to the planes described above for 1.  
Thus both 1 and NbO share the same defect 
NaCl structure. 

The framework composition for the unit 
cell of 1 is ~ o ~ 4 ~ ~ ~ 0 % ~ ~ -  SO that six posi- 
rive charges are required per cavity. In 1, the 
charge balance is achieved with a mixture of 
Me$J+ and H30+ cations, the ratio of 
which we examined by structural analysis, 
thermogravimetric analysis (TGA), and ele- 
mental analysis. The TGA of 1 under He 
showed a -5% weight loss, slightly above 
100°C, from the removal of water, and a 
-14% weight loss, corresponding to the 
decomposition of the MqN+ cations, near 
425"C, at which temperature the framework 
apparently collapses. The bulk elemental 
analysis (14) of 1 was also consistent with 
the presence of a similar percentage (by 
weight) of Me$J+, which, combined with 
the TGA data, shows the proportions of 
Me$J+:H30+:H20 to be approximately 
2 : 1 : 3. This is also in agreement with the 
results obtained independently from the 
structural analysis. 

To determine if 1 were microporous, that 
is, if it were possible for small molecules to 
access all of the internal pore volume, we 

0 10 20 
Water vapor pressure (ton) 

Flg. 4. Absorption isotherm for H 2 0  and dehy- 
drated, degassed 1 (12S°C, 12 hours, lo-' torr) 
measured at 2S°C, demonstrating the zeolitic type 
of absorption of the water into the micropores. 

measured water absorption isotherms on 
material degassed at 125°C under vacuum. 
The weight of water absorbed into the 
degassed solid as a b c t i o n  of the water 
vapor pressure is plotted in Fig. 4. The 
shape of the absorption isotherm is type 1 
(IS), indicating the absorption of 4 to 5% 
(by weight) water (in agreement with the 
TGA and x-ray results) into the micropores 
of 1. The maximum free diameter of the 
windows (limiting aperture) communicat- 
ing with the large cubic cavities along the 
direction parallel to (1 11) (Fig. 3B) is 2.8 A. 
Thus water, with an effective kinetic diame- 
ter of 2.8 A (16), can readily penetrate the 
internal volume of crystals of 1; however, 
both dinitrogen (kinetic diameter, 3.8 A) 
and n-hexane were excluded, according to 
surface area measurements. The Me4N+ cat- 
ions were still present in the cavities when 
the water sorption measurements were per- 
formed. 

The synthesis of 1 shows that it is possible 
to prepare, simply and in high yield, a 
microporous, three-dimensional (3-D), 
mixed octahedral-tetrahedral, transition- 
metal, main-group oxide framework con- 
taining large cation-filled voids. Other hy- 
drothermally prepared molybdenum phos- 
phates with two-dimensional layered struc- 
tures have been prepared and will be 
reported elsewhere (1 7). 
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Spatial Patterns from Oscillating Microtubules 

Microtubules are fibers of the cytoskeleton involved in the generation of cell shape and 
motility. They can be highly dynamic and are capable of temporal oscillations in their 
state of assembly. Solutions of tubulin (the subunit protein of microtubules) and 
guanosine triphosphate (GTP, the cofactor required for microtubule assembly and 
oscillations) can generate various dissipative structures. They include traveling waves 
of microtubule assembly and disassembly as well as polygonal networks. The results 
imply that cytoskeletal proteins can form dynamic spatial structures by themselves, 
even in the absence of cellular organizing centers. Thus the microtubule system could 
serve as a simple model for studying pattern formation by biomolecules in vitro. 

T HE SELF-ASSEMBLY OF BIOPOLY- 

mers from their subunits is usually 
described in terms of the helical con- 

densation theory (1). The model contains 
the phases of nucleation, followed by elon- 
gation of subunits onto the polymer ends 
until a steady state of assembly is attained. 
The model also assumes a homogeneous 
distribution of all reacting species. In the 
case of microtubules, the simple condensa- 
tion model was superseded by that of dy- 
namic instability (Z), where--even at steady 
state-some polymers grow while others 
shrink. Microtubules are the only biopoly- 
mers known that exhibit this unusual behav- 
ior; it depends on the hydrolysis of GTP 
that accompanies microtubule assembly. 
One can even synchronize an entire popula- 
tion of microtubules so that they grow or 
shrink simultaneously; this leads to oscilla- 
tions in the level of assembly that can be 
observed by light or x-ray scattering (3-6). 
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The mechanism of oscillations proposed 
previously (5, 6) contains the following 
steps. Microtubules are formed from their 
subunits tubulin (Tu) with bound GTP 
(TwGTP); GTP is hydrolyzed during as- 
sembly, leading to the destabilization of 
microtubules; microtubules depolymerize 
into tubulin oligomers which contain bound 
GDP (guanosine diphosphate); oligomers 
dissociate into tubulin with bound GDP 
(TwGTP); and GDP is replaced by GTP 
from the solution so that assembly-compe- 
tent Tu-GTP is regenerated. Since the disso- 
lution of oligomers is slow they can be 
regarded as a"refractory" state. The transi- 
tion from microtubule growth to shrinkage 
can be modeled by cooperativity between 
tubulin subunits o n  micr&bule ends. Com- 
puter simulations show that this model can 
explain the observed homogeneous oscilla- 
tions, but it does not predict spatial patterns. 

Whereas previous reports (3-6) have dealt 
with the case of spatially homogeneous os- 
cillations, we now give an example of an 
inhomogeneous oscillation generating a 
simple spatial pattern (Fig. 1). A cold tubu- 
lin solution (0°C) was filled into a cuvette 
thermostatted at 37°C. After a lag of about 
30 s, microtubules assemble and oscillate 

Fig. 1. Light scattering of oscillating microtu- 
bules. The reaction was started by filling 200 ( ~ 1  of 
the cold protein solution in a cuvette thermostat- 
ted at 37°C; the images were taken (A) 532, (6) 
555, ( C )  605, and (D) 655 s after the temperature 
jump. The light scattering indicates microtubule 
assembly. An assembly wave moves from top to 
bottom at about 0.015 mrnls. The width of the 
cell is 4 mm. Tubulin was purified from porcine 
brain as described (6). Oscillations were obtained 
at high protein concentrations (typically 10 to 50 
mglml) in various buffer conditions, for example 
0.1M Pipes (1,4-piperazinediethanesulfonic acid), 
pH 6.9, 20 mM MgSO.,, 60 mM NaCI, 1 mM 
EGTA, ImM dithiothreitol, and 6 mM GTP. 

with a periodicity of 2 10 s. However, differ- 
ent parts of the solution oscillate with a shift 
in phase so that waves of assembly and 
disassembly appear to be rolling from the 
top to the bottom of the tube. This behavior 
is not due to a gradient in temperature 
because this equilibrates within a few sec- 
onds, well before the onset of assembly. 

More detailed information can be ob- 
tained by a two-dimensional ultraviolet 
(UV) spectrophotometer designed to study 
the Belousov-Zhabotinskii (BZ) reaction 
(7). In Fig. 2 results are shown for an 
experiment in which the cold protein solu- 
tion was filled into a thermostatted petri 
dish so that the final temperature of about 
37°C was reached within a few seconds. The 
reaction started after a lag time of about 30 
s; it was observed by the transmitted intensi- 
ty of a parallel beam of UV light (390 nm) 
recorded on a TV detector. One observes 
concentric rings of high scattering (green to 
light blue in the color coding of Fig. 2, A 
through C) typically a few millimeters wide, 
originating at the periphery and traveling 
toward the center where they disappear. As 
in Fig. 1, the scattering is due to microtu- 
bule assembly; the periodicity of the waves 
is of the same order as that of the homoge- 
neous microtubule oscillations described 
previously, that is, about 1 to 3 min, de- 
pending on buffer conditions. Similar obser- 
vations can be made in reflected light by 
time-lapse cinematography (Fig. 2, D 
through F), except that the contrast is re- 
versed. During an experiment the frequency 
of wave generation at the periphery remains 
roughly constant, but the speed of propaga- 
tion toward the center tends to decrease. As 
a result the number of visible wave crests 
increases with time (Fig. 2, A through C). 

The patterns described above are easily 
seen by eye, but there are two other types of 
patterns visible only a higher resolution in 
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