136 Inorg. Chem. 2011, 50, 136-143
DOI: 10.1021/ic101472s

Chemistry

¢ Article

[norganic.

eeedecccccccce

Extended Polyoxometalate Framework Solids: Two Mn(ll)-Linked {PgW,s}

Network Arrays

Scott G. Mitchell, Thomas Boyd, Haralampos N. Miras, De-Liang Long, and Leroy Cronin*

WestCHEM, School of Chemistry, The University of Glasgow, University Avenue, Glasgow, G12 8Q0,

Scotland, U.K.

Received July 22, 2010

Two polyoxometalate open framework (POMOF) materials have been synthesized using a secondary building unit
(SBU) approach that facilitates the convergent assembly of multidimensional framework materials using a pre-
assembled anionic SBU {PgW.s!, with integrated “pore” 1 nm in diameter, and electrophilic manganese {Mn®*}
linkers. This yields two new POMOFS with augmented hexagonal tiling (2 and 3), related to a known three-dimensional
(3D) CUblC array K13L|6[Mn 8(H20)48P8W480184] 108H20 (1) K12[Mn 14(H20)30P8W480184] 111H20 (2) and
KsLiasMN";4(H20)26PsW450154] - 105H,0 (3). These frameworks have been crystallized from aqueous Li-buffered
solutions of {PgW,g} and Mn"(ClO,), - 6H,0 via careful control of the synthetic strategy akin to a crystal engineering
approach using cation and temperature control to isolate different material architectures shown by compounds 1—3.

Introduction

Polyoxometalates (POMs) are an attractive and vast class
of inorganic materials with a virtually unmatched range of
physical and chemical propertles applicable to dlverse areas
of resedrch such as catalys1s medicine and biology,® magne-
tism,* and material science.” POMs cover an enormous range
of size and structure® and thereby provide access to a huge
library of readily available and controllable secondary building
units (SBUs)” which can be interconnected by electrophilic
linkers into interesting and functional architectures. Importantly,
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this linker can be organic or inorganic in nature and as such
POM-based materials are prime candidates for the design
and construction of tailored molecular framework materials.
In particular, the assembly of purely inorganic POM-based
frameworks offers significant potential for the formation of
new types of porous materlals which combine the thermo-
dynamic stability of zeolites® and mesoporous silicas with the
sophls‘uca‘uon and versatility of metal—organic frameworks
(MOFs).” The accessible modularity of MOFs, specifically,
the ability to modify the constituent component parts offers
vast potential in modifying and controlling the properties of
this class of materials. Respectively, the design and synthesis
of cavity-containing and porous POMs is still in its infancy;'°
however, POMs offer a diverse class of materials with many
applicable properties such as redox-switchability'' and magne-
tism;* although most interestingly, several important reports
show properties amenable particularly to catalysis and host—
guest functionality.'? Architectures built from all-inorganic
molecular precursors such as these are of great interest and,
importantly, many cyclic and “wheel-shaped” POM molecules
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can be synthesized, thereby offering the possibility of designing
frameworks with integrated pores. Although the careful
control of reaction conditions is most commonly used to
encourage coordination bond interactions between discrete
POM units, this approach has clear limitations owing to the
complex self-assembly nature of POM compounds. This has
stimulated us to exploit the use of specific POM clusters
which can function effectively as SBUs and study their
tendency to aggregate into interesting molecular assemblies.
Our investigations have shown that by using this approach
the construction of intricate three-dimensional (3D) frame-
works is in fact possible.'?

We chose to employ the superlacunary crown-type [PgW4g-
054" polyanion' (herein {PsW5}) as an SBU, a model
component part for several reasons. The majority of the
recent {PgWyg}-based crown HPAs encapsulate various
transition metal and alkali metal ions in the central crown
cavity, of diameter about 1 nm. The substitution within this
“pore” cavity is assisted by the flexibility of the polyanion
with regard to incoming guest species. There are numerous
recent literature examples: from the copper-containing [Cu,g-
Cl(OH)54(H>0)12(PsW450154)]> * and other transition metal-
containing clusters, 5 to KgC{PgW480184}{V VY,0,-
(H,0),},] aggregates,’ organoruthenlum based composites
and framework architectures.'® Imperative in the current
design context, however, is the ability of the {PsWyg} polyanion
to extend into multidimensional architectures by electro-
philic functionalization of the outer sphere, as opposed to
the internal cavity.'® Indeed, we have recently shown that this
approach is possible by the assembly of an infinite nanocube
array whereby each nanocube comprises six coordinated
{PgWyg} polyanion units which are linked via exo Mn co-
ordinated linkers to yield K;sLig[Mn'"s(H,0)45PsW4gO1g4]-
108H,0 (1).'> The highly anionic crown-type POM,
{PsW.45)*°~, which incorporates a 1 nm pore, functions as
a primary SBU that, when combined with redox-switchable
electrophilic Mn(II) cation linkers, can form accessible open
framework architectures. The work reported herein expands
this initial discovery showing the design and synthetic ap-
proach that allows the assembly of two additional infinite
framework materials that have been designed from {PgW g}
a model POM molecular building block. The structural
exploitation of the {PsW4g} polyoxoanion and its assembly
into two 3D POM frameworks with intriguing topologies,
comparable to that of zeolites and related compounds gives
great promise to the use of these all-inorganic frameworks as
functional materlals K o[Mn" 4(H,0)30Ps W50 g4] - 111H,0
(2) and K8L14[Mn 14(H20)26P8W480184] 105H20 (3) have
been crystallized from aqueous Li-buffered solutions of
{PsW4s)} and Mn'(ClO,),-6H,0 via careful control of the
synthetic strategy akin to a crystal engineering approach.

Results and Discussion

To synthesize a material which functions effectively we
require a level of predictability in its formation. Indeed it is
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not only the building blocks that are important, but the way
in which they are connected, thus careful experimental design
can control the formation of desired architectures. We sur-
mised that the highly anionic {PgWyg} cluster could form the
basis of a molecular scaffold to effectively yield new high
nuclearity arrangements with integrated porous apertures.
This highly stable and versatile [PsW450,54]*~ ring-shaped
cluster is in fact an oligomer formed from the linking of four
subunits of the hexavacant [o-H,P, W ,045]' >~ polyoxoanion.
These vacant subunits are, in turn, derived from the phos-
photungstate Dawson-type anion [0-P,W30¢,]° . The simple
one-pot syntheses reported herein were designed based on
previous experimental observations, from the original {PgW g}
paper and subsequent investigations.'>'* One vital key toward
the successful synthesis of the 48-tungstophosphate materials
appears to be precisely buffered mildly acidic aqueous media,
although other factors also appear to be crucial to the forma-
tion of multidimensional architectures in preference to dis-
crete functionalized {PgW,s} motifs. Several studies now
demonstrate the degree of sensitivity of the POM self-
assembly process, highlighting the importance of pH value,
ionic strength, temperature and reagent type and ratios in the
synthesis of novel structures.'* This led us to investigate how
minor modifications of the reaction conditions would affect
the synthesis of network structures related to our recently
published nanocube-based framework material K ;gLig[Mn's-
(H,0)45PsW4g0154]- 108H,O (1).!2 Although compounds
K o[Mn" 4(H,0)30PsW450154] - 111H,0 (2) and KsLig[Mn" 14~
(Hy0)26PsW4g0134] - 105H>O (3) share identical building
blocks to this nanocube-based material, the resulting topol-
ogies of these architectures are quite different (see Figure 1).
Compound 1 has been described previously'” and was
crystallized from aqueous LiOAc-buffered solution (pH 4.0)
following reaction of {PgWyg} with Mn'(ClO,),-6H,0 at
80 °C. Reported in this article, compounds K,[Mn'"" -
(H20)30PsW4g0154]- 111H,0 (2) and KsLi4[Mnul4(H20)26'
PsW430134] - 105H,0 (3) have been crystallized from mildly
acidic and dilute aqueous LiCl-buffered solutions of {PgWyg}
and Mn"(ClO,),+6H,0. These compouds have been fully
characterized by single crystal X-ray crystallography, powder
X-ray diffraction (PXRD), cyclic voltammetry (CV), thermo-
gravimetric analysis (TGA), flame photometry (FP) as well
as flame atomic absorption spectroscopy (FAAS), FT-IR,
and UV—vis spectroscopy (Figure 2, Table 1). Consequently,
crystal engineering experimental procedures were adopted
for the syntheses of compounds 2 and 3. The pH of aqueous
2 M LiCl solution required the addition of just one drop of
acetic acid to reach exactly pH 4.0; and to this stirring
solution was added manganese(II) perchlorate, followed by
the cyclic HPA SBU {PsW.g}. These components were reacted
overnight by vigorously stirring the solutions and, upon
standing, at a temperature constantly maintained at 19 °C;
the solutions began the crystallization process approximately
one to two weeks thereafter. In both cases, 2 and 3 were the
only products crystallized from solution, and the only altered
experimental variable was the temperature of overnight re-
action; specifically room temperature (ca. 20 °C) for 2; and
80 °C for 3, all other variables were maintained as constant.
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Figure 1. Comparison of the three manganese-linked {PgW,5} framework compounds: Nanocube-based framework material K1gLi6[Mn"g(H20)4gP8W4gO184] .
108H,0O (1)12 showing the packing of {PsW g} building units around a truncated cuboctahedron; compound K o[Mn'! 4(H50)30PsWas054] - 111H,0 (2)
viewed along the crystallographic b axis where large red spheres represent the “pore” channels through this axis. KgLiJfMn'" | 4(H,0)»6PsW450154] - 105H,0 (3)
as viewed along the crystallographic a axis. For 2 and 3, the underlying hexagons provide an illustration of the approximate hexagonal close packing of
{PsWys} fragments within discrete {PsWg} layers. Purple bonds, W—O; small red spheres, oxygen; yellow bonds, Mn—O. All cations and solvent water

molecules have been omitted for clarity.

Figure 2. (a) [Mn'" 4(H20)30PsW4s0154]'>~ (2a); (b) view along the crystallographic ¢ axis illustrating layers of {PsWag} units; (c) detailed illustration of
the approximate hexagonal close packing of {PsW,s} fragments as viewed along the crystallographic b axis showing large cylindrical channels, provided by
the HPA SBU {PgW,g}. Purple polyhedra, WOg; red spheres, oxygen; yellow spheres, Mn. All cations and solvent water molecules have been omitted for

clarity.

Crystals obtained by slow open-flask evaporation methods
over the period of about one month were perfectly suitable
for single crystal X-ray diffraction analysis; however, high
quality single crystals may also be obtained by vapor diffu-
sion of a suitable solvent such as methanol into the mother
liquor. The synthetic procedures presented here are entirely
reproducible although we have found that crystallization
times may vary by several days from batch to batch, despite
the crystallization room temperature being maintained at
19 °C.

All three compounds can be considered as 3D networks
based on the {Mn—O—W} coordination bonds between
discrete {PgWyg} fragments. It is, however, the number and
location of Mn(II) centers on each {PgW 4} unit that seems to
dictate the arrangement of the cyclic {PgW,g} in the crystal
lattice. The packing of these anions within the frameworks of
1 and 2 are highly ordered although compound 3, by com-
parison, is somewhat more disordered.

Compound K o[Mn"4(H>0)30PsW45O1s4]- 111H,0 (2)
can be viewed as a 3D framework of rigid porous cylinders
resulting from the cooperation between the POM/Mn ion
moieties in combination with alkali metals and solvent water
molecules (Figure 3). The cylinders adopt approximate

hexagonal packing along the crystallographic h-axis leading
to an architecture with distinct pore windows of dimension
about 10.75 A in diameter, of course relating to the crown
cavity of the {PgWyg} fragment. Each {PgW4g} molecule con-
tains 2 Mn(II) ions in the crown cavity, effectively reducing its
size, as well as a further 12 located on the outside edge. Exten-
sion of the {Mn—O—W} coordination bonding describes a
well-ordered network whereby the cyclic {PgWyug} units are
layered directly on top of one another with respect to the
crystallographic b axis but staggered along the ¢ axis. TGA
analysis has shown that the thermal decomposition profile of
the material follows a characteristic POM format, albeit
cluster decomposition occurs at elevated temperatures. Ap-
proximately 12% of the weight of compound 2 is lost over the
first 200 °C, which is attributed to loss of solvent and coordi-
nated water molecules; followed by cluster collapse beginning
at 400 °C.

During these investigations, many reaction conditions were
scanned and explored; however, it was found that, following
introduction of all the necessary starting materials, by simply
heating the reaction mixture to 80 °C, a distorted analogue of
2 is formed. Heating the reaction mixture appears to cause a
distortion in the forming 3D architecture relating to the
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Table 1. Crystal Data and Structure Refinement for Ko[Mn'";4(H,0)30PsW4s0184]- 111H,0 (2) and KgLifMn',4(H>0)26PsWs0154]- 105H,0 (3)

2 3

empirical formula
Fy(gmol ).
wavelength (A)
crystal size (mm)

H282K12Mn140325P8W48
15794.46

0.71073 (Mo Ky)

0.14 x 0.11 x 0.05

H262K8Li4Mnl40315P8W48
15485.68

0.71073 (Mo Ky)

0.28 x 0.24 x 0.05

crystal system monoclinic monoclinic
space group C2/m P2,/c
a(A) 45.766(3) 17.8226(2)
b(A) 14.3753(8) 20.2260(2)
c(A) 26.618(3) 37.2304(6)
p (doe§) 123.916(5) 100.219(12)
V(A”) 14532.1(19) 13207.9(3)
zZ 2 2

Peatea (gcm™h) 3.610 3.894
u(mm™ " 19.84 21.76

T (K) 150(2) 150(2)
absorption correction analytical analytical
goodness-of-fit on F> 1.163 1.053

no. of reflections (measured) 46196 58925

no. of reflections (unique) 13716 23984

Ring 0.1352 0.0566
unique observed reflections [/ > 20(])] 8909 16456

final R indices: Rl(obs); WRZ(all data)a

“Ri = SMFol = [FIl/SIFol; wRy = [w(F2 — FEA S w(F,A 2.

Figure 3. {PgWyg} cluster arrangement forming cylindrical pores of 2
through the crystallographic b axis which extends into an augmented
hexagonal 3D network. (a) polyhedral representation; (b) wire represen-
tation, where red cylinder is a vector representing the “pore” channels
along the crystallographic b-axis.

{W—=0O—Mn} coordination sites on the {PsW,} SBU—
compound 3 is the result (Figure 4). The internal crown cavity
size and other relevant dimensions of the {PgW,s} are near
identical; for example, the diameter of the cavity measures
10.71 A and the binding angles of the {P,W,} fragments are
closely related (see Supporting Information, Table S1 for
further details). However, the Mn cations are disordered over
several sites in the cavity thereby reducing its size. The TGA
profile of 3 also shows similar features to that of 2; most
notably, about 12% of the weight of compound is lost over the
first 200 °C, attributed to loss of solvent and coordinated water
molecules; followed by cluster collapse beginning at 400 °C.

0.1251; 0.3403

0.0534; 0.1211

For compounds 1—3, the intramolecular bonding between
{PsWyg} subunits leads to a complex connectivity pattern,
but the structural features can be simplified by rationalizing
the {W—0O—Mn} bonding between fragments; specifically, it
is the location of the Mn ions on the {PgWys} cluster which
give rise to such varied structures. In compounds 2 and 3, the
two apical W atoms from each end of the {P,W,,} fragment
are involved in bonding to neighboring units to form the
{PgW,g} ring, however, one terminal W=0 remains free for
electrophilic addition. In all cases, this is a prime site for a Mn
ion to bind, bridging between two {P,W),} fragments.
Similarly, the equatorial W sites, which lie zrans to the apical
W positions, both contain {W—O—Mn} bonds. Most im-
portantly, however, the presence of Mn ions on the equatorial
(belt region) W atom sites, which lie facing out of the plane of
the ring at 90°, appear to be crucial for the well-defined
columnar packing of {PsWyg} units seen in 2. Curiously, it is
precisely the absence of Mn ions on these W sites which give
rise to the cubic packing observed in a previously reported
Mn-substituted nanocube-based compound, KsLig[Mn"-
(H>0)45Ps 450154 108H,0 (1)."

The redox behavior of compound 2 has been studied in
aqueous solution. Figure 5 shows the main characteristic
peaks associated with W and Mn redox couples of 2 between
+2.000 V and —1.100 V versus Ag/AgCl at the scan rate
region of 100 mV/s. The form of the diagram remained
identical irrespective of the direction of the scanning poten-
tial. At the aforementioned scan rate, and scanning toward
the negative region of potential values, the reduction of W
centers occurred through three separated steps, with the corre-
sponding £, peak potentials located res&)ectively at —0.404,
—0.630, and —0.939 V (vs Ag/AgCl).""?" At the positive
region of potential values two quasi-irreversible oxidation
peaks observed with the £}, peak potentials to be located at

(19) Mitchell, S. G.; Khanra, S.; Miras, H. N.; Boyd, T.; Long, D.-L.;
Cronin, L. Chem. Commun. 2009, 2712.
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Inorg. Chem. 2000, 39, 671. (b) Mbomekalle, I. M.; Keita, B.; Nadjo, L.; Berthet,
P.; Neiwert, W. A.; Hill, C. L.; Ritorto, M. D.; Anderson, T. M. Dalton Trans.
2003, 2646.
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Figure 4. (a) [Mn'"|4(H,0)»PsW.50154]'>~ (3a); (b) view along the crystallographic b axis illustrating layers of {PsW g} units; (c) detailed illustration of
the distorted hexagonal close packing of {PgW,g} fragments as viewed along the crystallographic « axis. Purple polyhedra: WOg; Red spheres, oxygen;
yellow spheres, Mn. All cations and solvent water molecules have been omitted for clarity.
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Figure 5. Cyclic voltammograms of 2: (a) in the potential region of
—1100 to +2000 mV at a scan rate of 100 mV/s, where red line represents a
plot of the blank buffer solution; (b) at scan rates (from inner to outer)
100, 200, 300, and 400 mV/s. Concentration of 2 was 2 x 10*Min 10 mL
of CH3;COONa: 0.2 M Na,SO, buffer solution, the working electrode was
glassy carbon (3 mm) and the reference electrode was Ag/AgCl. Inset:
Representation of the current as a function of the square root of the scan
rate.

+0.980 and +1.635. In the first instance we therefore ob-
served the simultaneous oxidation of all Mn(II) centers,

(21) Liw, J.; Ortega, F.; Sethuraman, P.; Katsoulis, D. E.; Costello, C. E.;
Pope, M. T. J. Chem. Soc., Dalton Trans. 1992, 1901.

followed thereafter by an oxidation from Mn(III) to Mn(IV).
The characteristic sharpness of the oxidation wave is indica-
tive of the presence of a surface-active species.”' The cyclic
voltammograms of compound 2 at different scan rates are
also represented in Figure 5. The peak currents were propor-
tional to the scan rate, indicating that the redox process of 2 is
surface-controlled when the scan rate does not exceed the rate
of 50 mV/s. Above 100 mV/s the peak currents were propor-
tional to the square root of the scan rate, suggesting that
redox process is diffusion-controlled. Broadening and over-
lapping of the redox couples takes place as soon as the scan
rate exceeds the value of 100 mV/s and as a consequence,
important redox-related information is concealed.

The redox behavior of compound 3 was studied in the same
medium under the same conditions and is presented in Figure 6.
Scanning toward the negative region of potential were
observed three reversible W-centered redox couples with
the corresponding £ » peak potentials located respectively at
—0.055, —0.341, and —0.642 V (vs Ag/AgCl).”*° At the
positive region of potential values a quasi-reversible and an
irreversible oxidation peak observed with the E,, peak
potentials to be located at +1.269 and +1.989 V respectively.
The simultaneous oxidation of all Mn(II) centers can be
observed also in this case, followed by an oxidation from
Mn(II) centers to Mn(I'V) accompanied by the absorption of
active species on the surface of the electrode.?! Various cases
were described in the literature for the oxidation pathways of
Mn centers within POMs, with a variety of situations,
including important differences in potential locations.**
Furthermore, Figure 6 also includes the cyclic voltammo-
grams of 3 at different scan rates. The variation of the peak
current intensity as a function of the square root of the scan
rate indicates that the voltammograms feature a diffusion-
controlled process.

Comparison of the electrochemical behavior of compounds
2 and 3 shows that similar processes are taking place, as
may very well be expected. Interestingly, the presence of
the Min(II) centers has little influence on the redox character-
istics associated with the W(VI) centers in the case of
compound 2. When comparing with the corresponding
W-waves of the discrete {PgW g} ring, the main W-reduction
couples of 2 undergo a significant shift in the negative

(22) (a) Bosing, M.; Noh, A.; Loose, I.; Krebs, B. J. Am. Chem. Soc. 1998,
120, 7252. (b) Keita, B.; Mbomekalle, I. M.; Lu, Y. W.; Nadjo, L.; Berthet, P;
Anderson, T. M.; Hill, C. L. Eur. J. Inorg. Chem. 2004, 3462.
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Figure 6. Cyclic voltammograms of 3: (a) in the potential region of
—1100 to 42000 mV at a scan rate of 100 mV/s, where the red line
represents a plot of the blank buffer solution; (b) at scan rates (from inner
to outer) 100, 200, 300, and 400 mV/s. Concentration of 3was2 x 107> M
in 10 mL of CH;COONa: 0.2 M Na,SO, buffer solution, the working
electrode was glassy carbon (3 mm) and the reference electrode was Ag/
AgCl. Inset: Representation of the current as a function of the square root
of the scan rate.

potential direction. From a strictly electrostatic point of view,
a shift of these waves toward the positive potential direction
may have been expected, since the overall negative charge of 2
is lower than that of {PgWyg}, because of the presence of 14
manganese centers around the ring. On the contrary, com-
pound 3 revealed a shift of the three redox couples toward the
positive region of potentials according to our prediction.
Therefore, the interaction of the Mn(II)-bridges connecting
discrete {PsWyg} moieties into the extended architecture must
exert a direct, but minor, influence on the electrochemical
properties. Although the redox characteristics of the W(VI)
centers alone cannot be used as a method of evaluation of the
extent of interaction between the Mn(II) centers and the
{PgWy4g} unit, we can also attribute these rather large redox
couple shifts to the minor differences in connectivity of
Mn(II) centers on each {PgW,g} fragments in 2 and 3. Since
all experimental variables are kept constant, these effects
require more understanding and are currently under investi-
gation.

Another noteworthy feature of these electrochemistry
studies is that in the case of compound 3 the W- and Mn-
centered processes are affected differently as a function of the
scan rate. Perhaps the connectivity of the {PgWyug} clusters
through manganese centers influences the rate of the elec-
tron-transfer processes in a completely contradictory fash-
ion. At slow scan rates (<50 mV/s) the Mn-centered redox
waves were more clearly defined; while increasing the scan
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rate shifted these waves rapidly to more positive potential
values. Consequently, the peak separation increases and the
processes become ill-defined while it approaches the discharge
limit of the solvent. On the contrary, the W-related redox
processes become (quasi-)reversible at scan rates higher than
50 mV/s. In addition, the same processes in the case of com-
pound 2 appear to be affected in a similar way. Upon increase
of the scan rate, the peak separation increases accordingly,
but the W-centered redox couples retained their (quasi-)
reversible nature (Figure 5). The structure-induced electronic
communication between the {PgWug} “synthons” of the
architecture is a very interesting point which requires an
extensive study using more informative techniques than
electrochemistry. Experiments are under way and will be
reported in due course.

Conclusions

In conclusion, we were able to obtain two closely related
yet highly distinctive novel hetero-POM framework materials
based on a highly anionic secondary POM building unit,
{PsW.s} %™, in combination with {Mn}”" linkers. This expands
on our previous work on {PsW,s}**™ and {Co}*" linkers
where we succeeded in isolating 1D chains and 2D networks
and also our previous work with {Mn}*" linkers which re-
sulted in a 3D nanocube-based framework architecture (1).
Importantly, the integrated and accessible channels provided
by the crown cavity of {PgWyug} lead to well-defined sizable
channels into which small molecules can be absorbed.'
Compound 2 contains microporous channels leading to
topology analogous to that of zeolites and other framework
materials; however, loss of solvent water molecules through
dehydration causes the materials to lose their single crystal-
line nature and, consequently, their functionality. It is note-
worthy that the network arrays K; 8Li6[Mn“8(HzO)4gP8-
WisO1s4]- 108HO  (1),"2 Kp[Mn""14(Hy0)30PsW4sO 5]
111H,0 (2), and KgLifMn"4(H,0),6PsW4501g4]- 105H,0
(3) represent some of the first examples whereby {PsWg} has
been extended into coordination bonded assemblies with
long-range crystalline order (see Scheme 1).

This discovery takes POM research one step away from
discovery-based synthetic chemistry with a move toward
linking together functional building blocks which will exhibit
a desired chemical property. Further studies will investigate
the catalytic functionality and sorption capabilities of 2 and 3
in detail and as well as extending these synthetic approaches
to further-develop and tailor the chemical properties of this
class of materials.

Experimental Section

Materials. All chemicals and solvents were of analytical grade
purchased from Sigma Aldrich and used as supplied, without
further purification. K,gLis[H7PgW45054]- 92H,O was synthe-
sized from a modified method adapted from the original {PgW g}
paper published by Contant and Tézé.'* Synthesis, character-
ization, and discussion of K]gLiﬁ[MnlIg(H20)48PgW4gO184] .
108H,0 (1) has been reported elsewhere.'?

Synthesis. K;;[Mn"14(H,0)30PsW50154]- 111H,0 (2). The
pH of a 15 mL solution of 1 M LiCl solution was adjusted to
exactly 4.0 by addition of one drop of 1 M acetic acid solution.
To this solution was then added successively Mn(ClOy),-6H,O
(102 mg, 0.28 mmol) and KsziS[H7PgW480184] '92H20 (100 mg,
6.8 umol). The near colorless mixture was stirred at room temper-
ature (ca. 20 °C) overnight (approximately 20 h), whereupon it
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Scheme 1. Representation of the Synthetic Procedures Used to Isolate K jsLig[Mn'g(H>0)45PsW450154]- 108H-O (1)'? and Compounds K ;[Mn'! -
(H20)30PsW4gO154]- 111H,0 (2) and KsLi4[Mn”14(H20)26P sWagO154]- 105H,0 (3)°

“{PgWy4s} is used in combination with manganese(Il) perchlorate at pH 4.0 where only the reaction temperature (20 or 80 °C) and solvent system
(aqueous 2M lithium acetate or lithium chloride) are varied. Purple polyhedra, WOg; Red spheres, oxygen; yellow spheres, Mn. All cations and solvent
water molecules have been omitted for clarity. Yellow spheres represent the approximately spherical void space (ca. 7.24 nm?®) within the cavity of each
cuboctahedral building unit of K gLig[Mn's(H>0)45PsW450154]- 108H,O (1); while the large red spheres represent the columnar channels present in 2.

turned from almost colorless to pale yellow, and transferred to a
glass vial. After one week of crystallizing at constant tempera-
ture (19 °C), pale yellow rectangular plate crystals formed in
solution. These were separated 7 days after crystallization
began. Diffraction quality crystals were grown by the slow
diffusion of methanol into the reaction mother liquor. Yield =
33 mg, 2.0 umol, 31% based on W.

It should be noted that 2 M LiCl was originally employed for
the synthesis of 2, but the quality of single crystals can be
improved by using 1 M LiCl.

Elemental analysis for K ;;[Mn'",4(H>0)30PsW4sO1s4]- 108H,0,
H276K12M1’114O322P8W4g (2), MW = 15794.47 g molfl. Calcu-
lated values (found values in brackets): Mn 4.87 (4.67), W 55.87
(55.81), K 2.97 (2.65) %.> TGA water loss from 0 to 350 °C,
calculated (found) %: 12.4 (12.6). Characteristic FT-IR-bands
(em™"): 1920 (m) 1627 (s) 1384 (w), 1359 (w), 1251 (w), 1140 (s),
1083 (s), 1022 (s), 987 (s), 938 (5), 929 (s). UV—vis bands, nm (¢):
580 (1.29 x 10%), 350 (1.65 x 10°).

KsLi4[MnH]4(H20)26P8W480184]'105H20 (3). The pH of a
15 mL solution of 2 M LiCl solution was adjusted to exactly 4.0
by one drop 1 M acetic acid solution. To this solution was then
added successively Mn(ClOy),-6H,0O (102 mg, 0.28 mmol) and
KogLis[H7PgW450184] - 92H,0 (100 mg, 6.8 umol). The very pale
yellow mixture was then heated at 80 °C overnight (approxi-
mately 20 h), whereupon it turned from almost colorless to
yellow, and transferred to a glass vial. The mixture was slowly
cooled to room temperature and after 3 weeks of crystallizing at
constant temperature (19 °C), large well-formed pale yellow
plate crystals formed in solution. These were separated 7 days
after crystallization began. Diffraction quality crystals were
grown by the slow diffusion of methanol into the reaction
mother liquor. Yield = 60 mg, 3.9 umol, 57% based on W.

Elemental analysis for KsLi/Mn"; 4(H,0)26PsWasO14] - 105H,0,
H262K8Li4MH14O315P8W48 (3), MW = 15485.68 g molfl. Cal-

(23) Our studies have shown that some metals analyzed by FAAS and FP
spectroscopies often suffer from spectral interference and systematic sup-
pression in the presence of other elements, at times as much as 5% lower than
calculated values. Although the suppression of the spectroscopic profiles of
the elements in compounds 2 and 3 is not significant, the data presented here
do show this general trend.

culated values (found values in brackets): Mn 4.97 (4.98), W
56.98 (56.35), K 2.02 (1.90), Li 0.18 (0.20) %.>* TGA water loss
from 0 to 350 °C, calculated (found) %: 12.2 (12.2). Character-
istic FT-IR-bands (cm™'): 1628 (s), 1465 (w), 1319 (m), 1138 (s),
1091 (s), 1076 (s), 1020 (s), 975 (s), 959 (s), 953 (s), 936 (s), 923 (s).
UV—vis bands, nm (g): 545 (1.07 x 10%), 345 (1.75 x 10%).

Methods. Electrochemistry. Voltammograms were obtained
using a Voltalab model GPZ 301 electro analysis system. The
standard three-electrode arrangement was employed with a Pt
mesh auxiliary electrode, 3 mm glassy carbon working electrode,
and Ag/AgCl reference electrode. All potentials are quoted
relative to the Ag/AgCl reference electrode. The glassy carbon
working electrodes (diameter 3 mm) were polished with alumina
(3 um) on polishing pads and then rinsed with distilled water and
sonicated in H,O and then acetone solution before each experi-
ment. The cell was purged with Ar for at least 10 min before each
experiment.

Flame Atomic Absorption Spectroscopy (FAAS) and Flame
Photometry (FP). Analyses were performed at the Environmen-
tal Chemistry Section, School of Chemistry, The University of
Glasgow on a Perkin-Elmer 1100B Atomic Absorption Spectro-
photometer and A Corning Flame Photometer 410, respec-
tively.

Fourier-Transform Infrared (FT-IR) Spectroscopy. The mate-
rials were prepared as KBr pellets and FT-IR spectra were
collected in transmission mode using a JASCO FT-IR-410
spectrometer. Wavenumbers (v) are given in cm™'; intensities
as denoted asw = weak, m = medium, s = strong, br = broad,
sh = sharp.

Powder X-ray Diffraction (XRD). Powder XRD patterns
were collected on a Bruker AXS D8 powder diffractometer
(A(Cu Ka) = 1.5405 A) equipped with a graphite monochro-
mator in capillary mode at room temperature.

Single Crystal X-ray Diffraction. Suitable single crystals of 2
and 3 were selected and mounted onto the end of a thin glass
fiber using Fomblin oil. X-ray diffraction intensity data for both
compounds were measured on an Oxford Diffraction Gemini
Ultra with an ATLAS CCD detector [A(MoKa) = 0.71073 A] at
150(2) K. Data reduction was performed using the CrysAlis
software package, and structure solution and refinement was
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carried out using SHELXS-97%* and SHELXL-97% via WinGX.>
Corrections for incident and diffracted beam absorption effects
were applied using analytical numeric absorption correction
using a multifaceted crystal model.”’

Thermogravimetric Analysis (TGA). TGA was performed on a
TA Q500 instrument under a nitrogen atmosphere. The initial
heating range was from room temperature to 150 at 2.00 °C per min
followed by a second range from 150 to 1000 °C at 5.00 °C per min.

UV —vis Spectroscopy. Solution phase UV—vis spectra and
photometric studies were collected using a Shimadzu UV-3101PC

(24) Sheldrick, G. M. Acta Crystallogr., Sect. A 1990, 46, 467.

(25) Sheldrick, G. M. Acta Crystallogr., Sect. A 2008, 64, 112.

(26) Farrugia, L. J. J. Appl. Crystallogr. 1999, 32, 837.

(27) Clark, R. C.; Reid, J. S. Acta Crystallogr., Sect. A 1995, 51, 887.
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spectrophotometer in transmission mode using quartz cuvettes
with 1.0 cm optical path length.
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