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Photochemical Formation of Tire-Shaped
Molybdenum Blues: Topology of a Defect
Anion, [M0,4,0 45,H,5(H,0)s5] " **

Toshihiro Yamase* and Petra V. Prokop

UV irradiation (corresponding to the O —Mo ligand-to-
metal charge-transfer photoexcitation) of isopolyoxomolyb-
dates in aqueous solutions containing electron donors (such as
alkylammonium cations, alcohols, and aliphatic carboxylates)
results in formation of high-nuclearity mixed-valence species
as a result of reduction self-assembly processes based on the
dehydrative condensation at [MoYOs(OH)] sites produced
photochemically in the polyoxomolybdate Ilattice:["?
[Mo0,0,,]% and B-[Mo03gO,]*-, which are dominant species at
pH levels of 5.4 and 3.3 respectively, are converted into
[M01,O4]""  ({Moy4}) =[(M0o¥M0g"'Oy3),]"~  and  [Hyy-
Mo3,04,]*” = {[H;iM0},0,0(M0Y'0,):][H,Mog Moy O3]} 7,
respectively.

In our extension of the solution photolysis of isopolyoxo-
molybdates to [Mo3O;,(H,0),6]>~ ({Mose}), which is the
dominant species at pH 1-2 and higher-Mo concentrations
(>1072m), we found the photochemical formation of a variety
of car-tire-shaped giant molybdenum blues. These were also
formed by thermal reduction®*®! of Na,MoO, with reducing
agents such as iron, ascorbic acid, NH,OH-HCI, N,H,-
H,SO,, and Na,S,0, under strongly acidic conditions (pH ~
1). The structure of {Mos} consists of a centrosymmetric
arrangement of two {Mog} subunits, each of which is viewed
as a Mo,O,, group encircled by edge- and corner-shared
MoO, octahedra (Figure 1).) We describe here a diamagnetic
blue 28-electron reduced species ({Mo,,} 1a) produced
photochemically through the degradative self-assembly of
{Moss} and discuss size and shape for the ring clusters derived
from {Mo;;} on the basis of the successive two-electron
reduction dehydrative — condensation processes similar to the
reductive dimerization of [M0,0,,]° to {Mo,}.["!

[Mo3;Mo1;0 45, Has(H,0)ss] >~ 1a

The title anion (Figure 2a) has been isolated as [NH;iPr]*
salt 1112 the structure of which is quite similar to that
reported for Nay[Mo¥Mo}},0,5,H,(H,O)ss] - ca. 300H,0
thermally produced in the Na,MoO,-2H,0/Na,SO,/N,H,-
H,SO,/H,SO, system.!

[NH;iPr];oHy[Mo3sMo1,0,40,(OH)5(H,0)s5] - 90H,O 1
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Figure 1. Structure of the {Mos} unit (a), which is formed by connecting
two {Mo,g} units (b). Curvature of the Mo-O-Mo bond array (b) for the
{Mog} block (c) observed in the {Moyg} unit. For the Mo,0,, moiety: Mo
atoms: yellow; aqua-ligand oxygen atoms: red. The edge-shared Mo atoms
are black.

a)

b)

Figure 2. a) Structure of 1a and curvature of the Mo-O-Mo bond array for
the {Mo,,} subunit (red bonds) for estimation of the ring radius. b) Structure
of the {Mo,,} unit, formed by connection of two {Mo,,} subunits. For the
mono-lacunary MogO,; moiety: Mo atoms: yellow; aqua-ligand oxygen
atoms: red. Two {Mo,} linkers are shown with dotted bonds.

The degree of protonation was estimated on the basis of the
calculation of the bond valence sums (Zs),"% although exact
determination of the degree of protonation was a problem.
The s calculation for 1a indicates 28 singly and 58 doubly
protonated oxygen atoms. Ten of the singly protonated
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oxygen atoms (for 0.7 <Zs<1.2) are u;-O atoms situated in
the equatorial plane and link two Mo atoms in incomplete
double-cubane-type compartments of the mono-lacunary
MosO,; moieties as well as another Mo atom that also lies
in this plane (Figure 2b). The remaining OH~ ligands are
coordinated at terminal positions to other octahedral Mo
sites. Of the doubly protonated O atoms (terminal aqua
ligands), 42 aqua ligands are coordinated to the Mo atoms
(one aqua ligand per Mo) for three edge-shared octahedra
encircling the pentagonal-bipyramidal seven-coordinate Mo
site at the each end of 14 mono-lacunary MosO,; groups,
which are arranged both above and below the ring plane. The
remaining 16 aqua ligands are coordinated to 16 corner-
shared octahedral Mo sites (one for each) as linkers (Fig-
ure 2b). The manganometric redox titration shows the
presence of 27.5 MoV centers in 1. Since 10 [NH;/Pr]* ions
and 90 crystal water molecules in 1 are determined by X-ray
crystallography and the overall number of MoV centers in 1a
is likely to be 28, the coordination of 28 OH™ ions and 58 aqua
ligands in 1a (as estimated by the Zs calculation) enables us to
formulate 1 as given (with the additional two protons to
balance the charge).

Compound 1a as a discrete anion is a defect species derived
formally by removing six sets of [Mo(H,0)O0,(u-O)-
Mo(H,0)0,]*" units ({Mo,}) for the construction of the inner
rings from a hypothetical tire-shaped cluster 2, which consists
of 140 MoOy octahedra and 14 MoO; pentagonal bipyramids,
with approximately D;; symmetry. The half-deprotonated
species {Mo;s,}, 2a has been thermally isolated in the
Na,Mo0O,-2H,0/Na,S,0,/HCI system, and the structure of
2a has been described as a tetradecamer (with approximate
D,y symmetry) of a conjugated group consisting of three
different building blocks as [{Mog} + {Mo,} + {Mo}]:[* 3! the
{Mog} unit is observed in a quarter moiety of {Mos} and
neighboring {Mog} units above and below the equator of the
ring are linked by a {Mo;} unit that lies in the equator
(Figure 1 and 2).

[Mo3sMo015046,Has(H,0)] 2

[Mo3:M01350 46, H14(H,0)7]"*~ 2a

Since 2a is built up by reductive degradation of {Mos} to
{Mog}, if {Mog} is one of three building blocks, the coordina-
tion mode of the {Mog} unit should be retained through the
degradation of {Mos} (Figure 1¢). One can remark that two
(as bridging ligands) of five aqua ligands in {Mog} are replaced
by u;-O atoms lying in the equator for both 1la and 2a
(Figure 2b).[#3 In conjunction with that the coordination
mode for other three aqua ligands in {Mog]} is retained in 1a
(although in some of the MoOy octahedra the terminal O and
aqua ligands change their positions), such replacement
implies that four MoOg octahedra incorporating the bridging
aqua ligands in {Mo,g} are degradatively liberated through the
reductive self-assembly reaction of {Moss}. Thus, the structure
of {Mo,s,} could be simply described as a tetradecamer of the
{Mo,,} subunits related by S}, symmetry, each of which is the
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mono-lacunary MosO,; group containing a seven-coordinate
Mo site at the end where an additional three edge-shared
MoOy octahedra are attached and symmetrically linked by
two corner-sharing MoOjg octahedra as linkers (Figure 2). In
the photochemical formation of {Mo,,} (with the cis-config-
uration of Mo;0,; moieties) as a result of the dimeric
condensation of the one-electron reduced species of
[Mo0,0,]°~ (incorporated in {Mos}), two electrons are
delocalized over the central linear Mo—O—Mo linkages (with
Mo-O-Mo bond angles (w;) of 174.4 and 175.0° and Mo—O
bond lengths (/,) of 1.87-1.89 A) with approximately C,,
symmetry (Figure 3a).[1 In 1a or 2a, the Mo—O—Mo bonds
linking the neighboring mono-lacunary MosO,; groups above
and below the equator of the ring have large Mo-O-Mo bond
angles (w;=156-160°, average, 158°) and approximately
symmetric Mo—O bonds (I, =1.80-1.95 A, average, 1.88 A)
(Figure 2a). This let us conceive an idea that in the photo-

[Mo702415- {Moy4}
hv X
Lf__'_:'f‘[ o d A lécjl i W,
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Figure 3. Schematic representations for the photodimerization of [Mo,0,]%" to
[(M0oYMo0¢'0,3),]"~ ({Moy,}) (a) and for the photochemical formation of giant tire-
shaped clusters from {Mosg} (2 {Mo,s}) and {Mo,,} (b). Mo,0,,-related moiety Mo atoms

are yellow. All the O atoms are omitted for clarity in (b); L =linker.

chemical self-assembly of {Mos} (=2{Moyg}) to {Moy,,} or
{Mo;s,} the successive dehydrative condensation of two {Mo}
halves occurs in a mode similar to the photodimerization of
[Mo0,0,,]° to {Mo,,} where the pentagonal-bipyramid-asso-
ciated moiety is removed from an alternate half of {Mos}
because of steric hindrance between the bulky moieties, after
the liberation of all the MoOg octahedra associated with the
bridging aqua ligands (Figure 3b). Then, the attachment of a
corner-shared MoOg octahedron (as an additional linker) to
each remaining half results in the formation of a {(Moy;),} =
{Mo,,} unit (two-electron reduced species) which will enable
photochemical two-electron reduction again (one-electron
reduction for each {Moy;} subunit). Thus, the successive
degradative —dehydration condensation on every two-elec-
tron photoreduction continues to build up a ring structure
with trans orientation of the seven-coordinate Mo-site entities
in neighboring {Mo,;} subunits and with further attachment of
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T, {Moyy)

the MoOg linker for the inner-ring formation. The partial lack
of linkers leads to the formation of a tire-shaped defect
structure.

A small curvature of the Mo-O-Mo bonds linking the
mono-lacunary Mo4O,; associated moieties for 1a (Figure 2b)
let us estimate both size (the outer O--- O diameter, D = 2r)
and number (n) of {Mo,,} building block (as formally four-
electron reduced species) for a full-ring construction of
{Mo,s,}. By using Mo-O-Mo and O-Mo-O bond angles (w,
and w;, respectively) and Mo—O bond lengths (,) for the
incomplete double-cubane-type compartments above and
below the equator, we can estimate a full ring with D ~ 34 A
as a heptamer ({Moys,}, 28-electron reduced species) of
{Mo,,}, since the ring size estimated from w,; (156-160°, av
158%), w, (137-145°, 140°), w; (153-161°, 157°), I, (1.80—
1.95A, 1.88 A), and [, (1.95-2.13 A, 2.04 A) for 1a give n=
6.5 and D =31 A. The estimated value is very close to D~
35 A for 1a. On the other hand, in the case where the
{Mog]} unit (Figure 1c) observed for a quarter moiety
of {Mog} is a building block for the ring formation,
values of w; (151.9-155.7°, av 154.3°), w, (144.0 and
141.6°, 142.8°), w; (155.0-157.6°, 155.9°), I, (1.71-
175 A, 1.73 A), and [, (2.08-2.15A, 2.12 A) for
{Mos)¥! show a large displacement (D~24 A as a
ring corresponding to a pentamer of {Mo,,} unit)
from the value for 1a or 2a. Furthermore, a
curvature (with w, =174.7° (av), w, =152.6-154.3°,
153.3°, w;=156.6-157.8°, 157.3°, ;=188 A (av),
and ,=2.13 A) of the central Mo-O-Mo bond array
for the{Mo,,} building unit (Figure 3a)l let us
estimate a ring of 7.5 units, indicates the plausible
construction of either heptamer (with D ~35 A) or
octamer (with D~40 A) of the {Mo,,} unit. The

7"{’.]1’: AAAAA hyi® T/\(L®’_|@;;D \ﬂ@_“ .. outer size for either full ring by {Mo,,} is also close to
2e aer - < .’J\/T g .:j:‘ that of {Moys} or {Moy} (=[MoMoy;OsysH,-
- s

(H,O)g0]™). These results strongly suggest that 2a is
built up by the reductive propagation of seven {Mo,,}
(or fourteen {Mo;;}) units (associated with the {Mo,}
formation) rather than by the self-assembly of the
three different building blocks as [{Mog} + {Mo,} +
{Mo,}]. The above mechanism proposed for the
formation of tire-shaped molybdenum blues mani-
fests that both {Mo,s,} as the heptamer of {Mo,,} units
(formally four-electron reduced species) and {Mo,,,} as its
defect species lacking six pairs of the two {Mo} linkers are 28-
electron reduced species. These Mo 4d electrons are diamag-
netically delocalized above and below the equator of the ring
through Mo—O—Mo linkages (Mo-O-Mo bond angles of 125 —
163°) among corner-shared MoQj octahedra for 1a.['4]

The choice of electron donor, duration of photolysis, and
solution pH provide great flexibility with regard to structure
within this class of compounds by allowing the tuning of the
absence of linkers and the extent of protonation. Molybde-
num blue photochemistry provides not only the opportunity
to investigate the mechanism of degradation self-assembly
processes but also a basis for the molecular design of
nanosized ring clusters.

e
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Direct Evidence for the Nonrandom Nature of
Al Substitution in Zeolite ZSM-5: An
Investigation by Al MAS and MQ MAS
NMR#**

Oc Hee Han,* Chang-Sam Kim, and Suk Bong Hong*

Many important properties of aluminosilicate zeolites, most
notably their Brgnsted acidity and hence catalytic perform-
ance, depend primarily on the framework Al content, that is,
the extent of isomorphous substitution of Si by Al. However,
even in materials with the same framework structure and
composition, the location of catalytically active sites can differ
according to the manner in which Al atoms are spatially
distributed over the available tetrahedral sites (T-sites) in a
given zeolite lattice. Therefore, detailed knowledge of the
local ordering of Al atoms in these microporous materials is
the starting point for systematically manipulating the distri-
bution of acidic sites within the pore architecture.

Zeolite ZSM-5 (MFI topology) is one of the industrially
most important zeolites. It typically crystallizes in the
orthorhombic space group Pnma, and 12 crystallographically
distinct T-sites with equal populations exist in the ZSM-5
framework.l!. A fundamental, recurring question regarding
this type of zeolite structure is whether the acidic sites (that is,
Al atoms on T sites) are spatially ordered. Recently, Olson
etal.?l carried out Rietveld refinement of synchrotron
powder X-ray diffraction (XRD) data on a Cs-ZSM-5 zeolite
with 5.8 Al atoms per unit cell (Si/Al=15.6) and showed that
Cs™ ions are located in three different extraframework sites.
They speculated that Al atoms may be unequally distributed
over the 12 distinct T-sites of the ZSM-5 framework.
However, because of the very similar scattering powers of Si
and Al for X-rays and the difficulties in obtaining large single
crystals, especially at high Al concentrations, it is very
difficult, or even impossible, to directly locate Al atoms by
conventional diffraction methods. Although many quantum
chemical studies have also addressed this issue,?! the nature of
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