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Extended modular frameworks that incorporate inorganic
building blocks represent a new field of research where
“active sites” can be engineered to respond to guest
inclusion."? This process can initiate highly specific chemical
reactions® that switch the overall nature of the framework,
and it may even be developed to facilitate directed chemical
reactions similar to those found in enzymatic systems.
Achievement of this degree of sophistication requires the
ability to control the framework assembly as precisely as in
metal-organic frameworks,"*® combined with the stability
and functionality of inorganic zeolites and related systems.”!
Although progress has been made in fine-tuning the reactivity
of framework materials,® reversible redox single-crystal to
single-crystal (SC-SC) transformations that retain long-range
order have not yet been observed.”! Thus, it can be suggested
that the best way to engineer redox- and electronically active
frameworks would be to incorporate building blocks based on
polyoxometalate (POM) clusters,""? constructed from
{MO,} units where M=Mo, W, V, Nb and x=4-7. These
clusters are attractive units for the construction of such
frameworks since they are highly redox active and can
incorporate a range of main-group-templating {XO,} units,
as exemplified by the Keggin ion [M;,0;:X"O,]"". This ion
can incorporate anions such as phosphate and silicate, and can
bind transition metals within structural vacancies.!'’]

Herein we show that the directed assembly of a pure metal
oxide framework, [(C,;H;;NO)(W7,M,0,65X5),,] (M =Mn""!,
X =S8i, 1,)," based upon substituted Keggin-type POM
building blocks, yields a material that can undergo a
reversible redox process that involves the simultaneous
inclusion of the redox reagent with a concerted and spatially
ordered redox change of the framework. Compound 1,, can
also be repeatedly disassembled into its building blocks by
dissolution in hot water; subsequent recrystallization results
in the reassembly of unmodified 1,,. These unique properties
mean that this compound defines a new class of materials that
bridges the gap between coordination compounds, metal—
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organic frameworks, and solid-state oxides. Furthermore, it
has been shown that all the manganese(III) centers in 1,, can
be “switched” to manganese(II) using a suitable reducing
agent to give the fully reduced framework 1,,4. The redox
process occurs with retention of long-range order by cooper-
ative structural changes within the W-O-Mn linkages that
connect the Keggin units. The nature of the redox process can
be precisely deduced because of the SC-SC transformation
between the oxidized and reduced states of the framework.
This is important as, until now, covalently connected 3D
polyoxometalate-based frameworks with large pockets
(greater than 10 A) could be assembled only by the addition
of “bridging” electrophiles. However, these solids typically
have low stabilities and are not amenable to systematic design
strategies, for instance the introduction of redox switchability.
The approach adopted here involves the reaction of the
divacant lacunary polyoxometalate [y-SiW;,Os]* 1 with
manganese(II) in the presence of morpholinium cations and
potassium permanganate, under strict pH control, to yield 1,,,
which has the composition [(C;H;(NO)y-
(W,,Mn'",,0,Si,),,]-48 H,O. Compound 1, crystallizes!' in
the cubic space group 743d and has a unit cell of a=38.5 A
with a unit cell volume of 57249 A>. The metal oxide
framework encloses elliptical pockets of 26.85x23.62 x
12.93 A which house solvent molecules and morpholinium
cations. Therefore 1,, is the prototype of a 3D polyoxometa-
late framework that is based on pure metal oxides and
constructed without the use of external linkers!'” to connect
the polyanionic framework nodes. The assembly of 1,, is
achieved by the use of metastable heteropolytungstate ions
that are connected directly by W-O-M units where M is a first-
row transition metal.">'® Here we designate the structure of
1,x as POM-1; the structure type comprises a unit cell in which
four 3-connected and three 4-connected Keggin clusters are
cross-linked into an infinite 3D framework (see Figure 1).
Unlike any other 3D polyoxometalate network material
reported to date, the POM-1 framework is composed solely of
cluster anions that are directly connected by symmetry-
equivalent W-O-M linkages over which the tungsten and
manganese atoms are statistically disordered with an average
metal-oxygen bond length of 1.822 A (for 1,). The structure
of this material can therefore be described as an infinite array
of 3- and 4-connected Keggin polyanions, where each three-
connected unit is surrounded by three neighboring clusters in
a trigonal-planar fashion, and each 4-connected unit features
four nearest neighbors located on the vertices of a distorted
tetrahedron (see Figure 1). Conceptually, the nodes of the
framework can be considered as an equal distribution of
tetravacant {SiWgO;} (W8) and trivacant {SiW,0s,} (W9)
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Figure 1. Rationalization of the POM-1 framework found in compound
1. The network is built from two types of lacunary Keggin clusters
which act as either trigonal (green) or tetrahedral nodes (red). The
polyhedral representation of the clusters (top left) more clearly shows
how the secondary building units (SBUs) are linked into an infinite 3D
framework based upon 3-connected and 4-connected clusters. The
nodal connectivity is shown on the right.

units which are subsequently cross-linked by [W-O-Mn]
bridges, which effectively “bolt” together the nodal units.
Considering the statistical disorder of the tungsten and
manganese atoms and the substitution pattern described
above, this results in a formal assignment of 1.5 manganese
and 1.5 tungsten atoms to every trivacant cluster, with each
tetravacant building block supporting two manganese and
two tungsten atoms. Formally, the general framework descrip-
tion {W;,Mn,} can thus be rationalized as {(MnW);,CW9)},-
{(MnW),,CW8}; (see Figure 2).

The framework is topologically identical to that of cubic
germanium nitride which also crystallizes in the space group
143d. This material has the formula Ge;N,, with the germa-
nium atoms acting as tetrahedral nodes and the nitrogen

Figure 2. lllustration of the nanosized pockets in POM-1 (top center)
highlighted by the yellow ellipsoid (dimensions: 2.7x2.4x1.3 nm). The
3- and 4-connected Keggin clusters (green and red, respectively)
demonstrate the connectivity of each unit. The trigonal and tetrahedral
building block connectors are shown on the top right and left;
respectively; purple arrows highlight the connecting modes. A sche-
matic view of the internal pocket is illustrated at the bottom center.
The polyhedral representation of the eight-membered ring (bottom
left) and of the ten-membered ring (bottom right) illustrates the
smallest and largest dimensions of the pocket.
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atoms as trigonal nodes.' It is therefore reasonable to
compare the structural features of this material to the family
of POM-1 clusters since this illustrates the effect of replacing
atomic nodes in classical materials with nanosized clusters.
This polymorph of intrinsically neutral germanium nitride has
a close-packed structure, with no additional solvent molecules
or ligands in the crystal lattice. One striking feature, however,
is the formation of puckered eight-membered rings that are
composed of four germanium atoms and four nitrogen atoms
throughout the structure. These ellipsoidal rings in Ges;N,
have a circumference of 14.88 A, with approximate atom-to-
atom dimensions of 2.97 Ax4.61 A. In comparison, the
topologically equivalent eight-membered rings in 1,, are
composed of four 3-connected and four 4-connected clusters
and have a circumference of approximately 92.5 A, measured
by taking the shortest route through the cluster heteroatoms.
This drastic increase in circumference results in ellipsoidal
rings with dimensions of 9.45 A x12.93 A. Further extrapo-
lation of the framework reveals the formation of ten-
membered rings, which are capped above and below the
plane by two additional cluster units resulting in the
formation of a cavity with nanoscale dimensions of 2.7 x
24 x1.3 nm, with four eight-membered rings leading into
this cage (see Figure 2). These internal pockets accommodate
the charge-balancing counterions along with a significant
number of water molecules of crystallization and represent
69 % of the unit cell volume as shown by the yellow ellipse in
Figure 2.

Experiments in which ascorbic acid was employed as a
selective reducing agent revealed a reversible SC-SC redox
reaction with reduction of all manganese(III) centers in 1, to
manganese(I]) in 1,.4 whilst the framework integrity of POM-
1 was completely retained (see Figure 3). The redox process
can be broken down into three distinct steps where first the
ascorbic acid diffuses into the framework of POM-1 and
occupies the internal pockets described above. Subsequent
electron transfer to the manganese(III) centers occurs within
this “active site” where the manganese(I1I) ions are exposed
to the pore walls and are accessible for electron transfer.
During this redox process, the ascorbic acid is oxidized to
dehydroascorbic acid and subsequently forms a 2-methyl
hemiketal (see Figure 3).*” Finally, this oxidation product is
released into solution where it can be detected by 'H NMR
spectroscopy (Figure S3 in the Supporting Information). The
reduction of the manganese centers was directly observed
using solid-state UV/Vis spectroscopy, which shows a
manganese(I1I) absorption peak at 1,,,, =480 nm for 1,, and
two absorption maxima at A,,; =350 nm and 4,,,,, =373 nm,
confirming the presence of manganese(II) in compound 1.
Furthermore, no absorption was detected in the region
characteristic of reduced tungsten centers. The complete
reduction was confirmed by a redox titration that showed that
all manganese centers in compound 1,4 are in the +2
oxidation state.

The redox switching of the metal oxide framework in
POM-1 was investigated using single-crystal X-ray diffraction
of compounds 1, and 1,4 The study revealed that the
principal framework connectivity remained intact after
reduction, which allowed a detailed investigation of the
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Figure 3. Schematic illustration of the SC-SC redox transformation
from 1, to 1,.q. The framework of POM-1 (top center; 3-connected
nodes: green, 4-connected nodes: red, internal void: yellow ellipsoid)
can be reversibly “switched” from a fully oxidized state (1, left) to a
fully reduced state (1,4, right) under framework expansion from a unit
cell volume of 57249 A® to 60386 A’. The photographic inserts
illustrate the change in crystal color from the oxidized form (1,,, red-
brown) to the reduced form (1,4, light yellow). The switching process
is complete for both 1, to 1,4 and 1,4 to 1, within 60 min when the
concentration of the ascorbic acid and mCPBA is 10 mm.

changes triggered by the redox process. The asymmetric unit
of POM-1 contains only five unique tungsten(VI) centers,
three of which are located in the 3-connected node and two in
the 4-connected Keggin. All the metal centers have the
anticipated octahedral geometry with a typically short bond
to the terminal oxido ligand (average dy-o=1.662 A). On
reduction of 1, to yield 1,4, the selective reduction of the
manganese(III) centers to manganese(II) can be observed
crystallographically by the increase in the size of the unit cell
axes from 38.514(5) to 39.233(1) A (a change of approxi-
mately 0.719 A, 1.87 %) and the consequent increase in unit
cell volume from 57249 A®to 60386 A’ (a change of 3137 A3,
5.48%; see Figure 3). This volume change is related to the
oxidation state change of the manganese center upon
reduction and the simultaneous expansion of the Mn-O-W
linkages shown by the change of the Mn-+W distance from
3572(3) A in 1,, to 3.718(3) A in 1,4 Furthermore, the
reversibility of this redox switching was demonstrated by
reoxidation of the framework from 1,4 to 1,, using meta-
chloroperoxybenzoic acid (mCPBA) over at least three
consecutive cycles. Single-crystal X-ray studies of the reoxi-
dized material demonstrate the retention of the framework
structure. The reversible redox switching was followed by
solid-state and solution UV spectroscopy, confirming that the
reaction proceeds by a one-electron reduction of manganese-
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(IIT) to manganese(II) with subsequent reoxidation to
manganese(III). The reaction can also be followed visually
as the crystal color changes from deep red-brown in 1,, to
light yellow in 1,4 (see Figure 3). The transformation is
therefore unambiguously supported by all the crystallo-
graphic, spectroscopic, and analytical studies showing that
the framework can be fully “switched” between a reduced and
oxidized state.

The unprecedented ability of such a robust framework
material to be recrystallized from hot aqueous solution
complements the solid-state stability and tunable redox
properties of 1,. Indeed, this characteristic highlights the
dramatic variation in physical properties that can be achieved
through the use of stable polyoxometalate building blocks for
the formation of metal oxide framework materials, with the
hydrophilic nature of the clusters facilitating the disassembly
of the framework units and subsequent solubilization. The
self-assembly process is repeated upon cooling and 1,, is
reformed. In addition, disassembly of 1,4 results in the
reoxidation of the building blocks in solution, and 1,, is
subsequently regenerated and recrystallized. Such a property
is highly desirable, not only for purification purposes but as a
potential separation method for contaminated materials and
for functional materials that can undergo electronic and phase
state changes (see Figure 4).

Solid state Solution
' disassembly
(dissolution)
kS T == 1, dissolved
' reassembly
(crystallization)
regeneration || denaturation regeneration
(oxidation) (reduction) (oxidation)
‘ ! disassembly

1,4, dissolved

(dissolution)
‘b 1 e >

Figure 4. Schematic representation of the possible transformations
between 1,, and 1,4 in the solid state and by dissolution and
recrystallization from hot aqueous solution. 1,, can be reversibly
reduced to give 1,4 in the solid state (left). 1,4 can be irreversibly
disassembled into its building blocks by dissolution (bottom), subse-
quent oxidation of the manganese centers results in the regeneration
of the building blocks of 1, in solution (right). Recrystallization of the
solution results in the reassembly of 1,

In conclusion, compound 1 represents the first example of
a pure Keggin network [{W;,M,0,,X;},]’". A similar syn-
thetic strategy which employs other metal ions (M) and
heterotemplates (X) should result in the formation of a family
of related POM-1 materials. The combination of the crystallo-
graphically conserved redox switching and the ability to
reform the material by repeated dissolution and recrystalli-
zation underlines its unique nature, offering a great deal of
potential for investigations of this new type of functional and
responsive material.
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Experimental Section
1,,: Morpholine (9.0 g, 103 mmol) was added to 1M NaCl (200 mL)
and the pH was subsequently adjusted to 8.0 by addition of 4.5m
H,SO,. At this point fresh air-dried KgSiW,,0512H,0 (1.486 g,
0.50 mmol) was added under vigorous stirring until fully dissolved.
Solid MnSO,-H,0 (127 mg, 0.75 mmol) was then added, resulting in a
bright yellow solution, and the pH was adjusted to 7.80 by addition of
4.5M H,SO,. KMnO, (24 mg, 0.15 mmol) was then added slowly and
the solution was stirred for a further 5 min. At this point a deep-
brown solution was obtained which was then centrifuged to remove
any insoluble material. Finally the pH of the solution was adjusted to
7.75 by addition of 4.5m H,SO,. Tetrahedral crystals of a quality
suitable for diffraction began to form after two weeks. Yield after one
month: 350 mg (15.4 umol, 22.12% based on W). Elemental
analysis caled (%) for (C,H;(NO)yu[W;,Mn;,0,4Si,]-48 H,O,
Cie0Hao6NyoMn,,035681,; W5, M, =22770 gmol™": C 8.44, H 2.20, N
2.46, W 58.13, Mn 2.90; found: C 8.79, H 2.16, N 2.50, W 58.01, Mn
2.95. FTIR (KBr) 7 =1635(m), 1453(sh), 1310(sh), 1102(sh), 1042(sh),
984(sh), 900(sh), 737(br)cm™'. UV/Vis (H,0): Ay (¢) =480 nm
(2.38x 10%).

1,eq: Air-dried 1,, (20 mg, 0.88 pmol) was added to MeOH (5 mL)
in which it was completely insoluble. L-Ascorbic acid (10 mg,
56.8 umol) was then added which dissolved over the course of a few
minutes. Within 60 min the reduction of manganese(III) to manga-
nese(Il) in 1,, was complete with retention of the crystallinity of the
material resulting in the SC-SC transformation and generation of 1,4.
This transformation was confirmed by collection of a second single-
crystal data set which showed elongation of the [W-O-Mn] distances
in accordance with reduction of manganese(III) to manganese(II).
Elemental analysis calcd (%) for (C,H,(NO)H,,-
[W2,Mn,0,45Si]-48 H,O, CieoHs0sMn15NyO35651, W5, M,=
22782 gmol™": C 8.44, H 2.20, N 2.46, W 58.13, Mn 2.90; found: C
8.94, H2.38, N 2.42, W 55.00, Mn 2.81. The increase in carbon content
is most likely associated with the uptake of L-ascorbic acid into the
structural voids. FTIR (KBr) #=2939(s), 2849(s), 1599(wk), 1457(s),
1374(m), 1302(w), 1106(w), 1041 (vw), 947 (vw), 890 (vw), 717 cm™*
(m).
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