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Abstract: We report synthesis of multi-Mo-substituted Preyssler-type
phosphotungstates,  [PsW3oxMoxO110Na(H20)]"*,  with  different
amount of incorporated Mo via hydrothermal reactions of H3POas,
Na:WO., and Na:MoOs, and characterization by *'P NMR, FT-IR,
elemental analysis, ESI-MS, and cyclic voltammetry. The number of
substituted Mo increased by the increasing amount of Na2MoOs in the
reaction mixture, and multi-Mo-substituted [P5W3o-
«MoxO110Na(H20)]™, up to Mo of 5 can be produced. Single crystal X-
ray structure analysis and density functional theory calculation

indicates that the most suitable substitution position is the belt position.

Introduction

Polyoxometalates (POMs) are an interesting family of anionic
metal-oxide molecules constructed mainly by early transition
metals such as W, Mo, V, and Nb in high oxidation states. The
POM family exhibits properties such as multi-electron redox
activity, acidic property, photochemistry and magnetism, and has
been applied in many fields of functional materials such as
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catalysis, conducting materials, and magnetic materials.['?
Among the wide <class of POMs, Preyssler-type
phosphotungstates have been attracting much attention, and they
have been applied as catalysts,?'? single molecule electret
materials,!"® single molecule magnetic materials,'¥ conductive
materials,['>2%]  staining reagents,® liposome collapse
reagents,?>2®1 and antibacterial agents.?”3% Preyssler-type
phosphotungstates, [PsW300110Z™(H20)]'>", are constructed by
five PO4 tetrahedra surrounded by thirty WOs octahedra which
created a doughnut-shape structure with an internal cavity space
that can encapsulate a cation (Z") in the molecule (Figure 1).
Cations such as Na*,B'*2 |anthanide,* 133338 gctinide cations,®*-
35,37-38] C32+,[4’33’37’39] Y3+,[4,33,37] Bi3+1[4,19,21,33,39] Ag+1[28—30,40—42] or
K* 5843451 can be encapsulated, and replacement of the
encapsulated cation is widely used to tune the properties of the
Preyssler compound.
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Figure 1. (a) Ball-and-stick and (b) Polyhedral representation of the Preyssler-
type phosphotungstate, [PsW300110Na(H20)]'*, with one encapsulated Na and
water oxygen. (c) Polyhedral representation of mono-Mo substituted Preyssler-
type phosphotungstate where one Mo occupies belt position. Light green, dark
green, red, and black balls represent, tungstens on cap position, tungstens on
belt position, oxygen, and encapsulated Na, respectively. Green octahedra,
blue tetrahedra, and purple octahedron represent, W-Oes octahedra, P-Os
tetrahedra, and Mo-Oe octahedra, respectively.

An alternative method to tune the properties is substitution of
framework W atoms. Pope’s group has reported mono-V-
substituted species, [PsW29VO110Na]'®, which was prepared by a
reaction of VOSO4 with a lacunary Preyssler produced by reacting
[PsW300110Na]™* with NaOH.B" Amini’s group has reported mono-
Mo substituted derivative, [PsW2sMoO110Na]'*, by a hydrothermal
reaction of HsPOs, NazWOQs, and NazMoOs in water.[*¢! Several
research groups of Bamoharram, Amini,#8 Ruiz*"! and



Véazquez*® have reported improved catalytic activities of
[PsW2sMoO110Na(H20)]"# for esterification reaction and oxidation
reactions. Recently, Schimpf’s group has reported that iron-salt of
[PsW2sMoO110Na]'* shows higher conductivities than the non-
substituted [PsW300110Na]'* derivative.?? They have reported
single crystal structure analysis of the potassium salt of
[PsW2sMoO110Na]', and the Mo substituted occurs on the belt
position. Therefore, the design of Mo-substituted Preyssler
derivatives is important. To the best of our knowledge, no
information about multi-Mo substituted derivatives has been
reported.

Herein, we report preparation and characterization of multi-
Mo substituted Preyssler-type phosphotungstates, [Ps5Wso-
xMoxO110Na(H20)]" by a hydrothermal reaction of designated
concentrations of HsPO4, Na2WOQO4, and NazMoOa4.

Results and Discussion

Reaction Condition and Isolation

Hydrothermal reaction of sodium tungstate (Na:WOi) and
phosphoric acid (H3PO4) with different amount (W:Mo = 30:0, 27:3,
25:5, 22:8, 20:10, 17:13, 9:21, 3:27 or 0:30) of sodium molybdate
(NazMoOs) were performed (Table 1). After the reaction mixture
was cooled down to room temperature, precipitates were
obtained when the Mo amount was lower than W:Mo = 20:10
(Table 1, No. 1-5). 3'P NMR of the reaction solutions (Figure S1)
indicated that signal of [PsW300110Na(H20)]" around at -9.62
ppm was observed when the Mo amount was lower than W:Mo =
20:10. The presence of Dawson type [P2W1s0e2]® and its
substituted species [P2W1sxMoxOs2]® were also detected at range
-11.55 ppm to -12.65 except for samples with W:Mo ratio of 3:27
and 0:30. Characterization of the formed precipitates by IR and
3P NMR indicates these solids were Dawson type species
[P2W1sxMoxOe2]® (Figure S2 and S3)1%l,

The common procedure to isolate and purify the Preyssler-
type phosphotungstate is precipitation by KCI addition to the
reaction mixture and subsequent recrystallization of the
precipitates. 3'P NMR of precipitates after addition of KCI showed
signal for [PsW300110Na(H20)]'* at -9.34 ppm and probably its
substituted species [PsW30.xMoxO110Na(H20)]'* at -8.47 ppm and
-9.49 ppm (Figure S4). The signals correspond to Dawson-type
[P2W15062]®- was also detected at -12.33 ppm and its substituted
species -11.27 ppm and -12.29 ppm correspond to [1-
P2W17Mo0Qs2]® and -11.33 ppm and -12.23 ppm correspond to [4-
P2W17MoOs2]®. The phosphate derivatives between -2 and 2 ppm
were also presence in the precipitates as impurity. No Preyssler-
type phosphotungstate species were detected in the case of low
amount of W (Figure S4, samples with W:Mo = 0:30, 3:27 and
9:21).

In order to increase purify of the Preyssler derivatives, we
performed recrystallization with an assumption that substitution of
W8* with Mo®* did not affect the crystallization behavior of the
Preyssler species. After the first recrystallization, phosphate
contamination in the solid decreased and Dawson anion
derivative was partially separated in the filtrate solution shown in
3P NMR spectroscopy (Figure S5 and S6). However, in this step
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the Dawson anion and phosphate contamination still existed in
the solid. Therefore, we performed the second recrystallization to
enhance the purity of Preyssler-type substituted molybdenum
(W:Mo = 30:0, 27:3, 25:5, 22:8, 20:10).

Table 1. Ratio of W and Mo in hydrothermal reaction for Preyssler-type
compounds, recrystallization condition, and yield
Reaction mixture? After the reaction

Isolated product

Na:WOs  Na:MoOs4  Preyssler
No. [a] [al in Solid® W:Mo ratio?
([mmol]) ([mmol]) solution®
1. 32.32 0 Y Y
(98.0) (0)
____________ W:Mo=30:0 ..
29.380 2.060 Y Y
(89.1) (8.5)
] W:Mo=27:3 . W:Mo =289:1.1
3. 26.440 4.120 Y Y
(80.0) (16.9)
. WiMo=255 W:Mo =27.9:2.1
4 23.510 6.180 Y Y
(71.2) (25.6)
] WiMo=22:8 W:Mo = 27.6:24
5. 20.570 8.240 Y Y
(62.5) (33.9)
/. W:Mo=20:10 . W:Mo =26.4:36
6. 17.630 10.300 N N
(53.4) (42.5)
___________ WMo=17:43
7. 8.820 16.470 N N
(26.7) (68.0)
_______________ X
8. 2.940 20.590 N N
(8.9) (85.0)
____________ W:Mo =327 ...
0 22.650 N N
(0) (93.5)
W:Mo = 0:30

a Na2W04-2H20, Na2Mo04-2H20, and H3PO4 (85%, 26.5 mL) were mixed with
water (30 mL) in a Teflon-liner autoclave, and heated at 125 °C for 24 hours. bY
indicates that Preyssler compounds are detected by 3'P NMR of the reaction
solution after the hydrothermal reaction. °Y indicates that solid was obtained
after cooling the reaction mixture to room temperature. *W:Mo ratio of the solid
obtained after the 2" recrystallization is estimated by ICP.

After the second recrystallization, we obtained the solid
without phosphate species and Dawson-type species when W:Mo
ratio was 30:0, 27:3, 25:5, 22:8, and 20:10 (Figure 2). All
undesired compounds were remained in the filtrate solutions
(Figure S7). 3'P NMR spectra of the crystals revealed signals at -
9.34 ppm assigned to [PsW300110Na(H20)]'* and several small
signals detected at -8.47 ppm, -9.49 ppm and -9.70 ppm.

Structural Characterisation by IR, Elemental Analysis, HR-
ESI-MS, DFT calculation and Cyclic Voltammetry

The IR spectra of the solids shows characteristic bands for
Preyssler-type phosphotungstate, [PsW3oxMoxO110Na(H20)]"
(Figure 3).

The elemental analyses revealed the
Ki2.5Na1. 5[P5sW2s.6M0o1.40110Na(H20)],
Ki1i2Naz2[PsW27.9Mo2.10110Na(H20)]1],
Ki2.5Na1.5[P5sW27.4Mo02.60110Na(H20)] and
K12.5Na1.5[PsW2s.5M0350110Na(H20)] for the solids prepared by

formula



different Na2WO4:Na2MoOs4 ratio of 27:3, 25:5, 22:8, and 20:10,
respectively. Increasing of the NazMoOs in the reaction mixture
increased amount of Mo in the Preyssler species.
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Figure 2. 3P NMR Spectra of solid obtained after 2" recrystallization with
different Na2WO4:Na2MoOs4 ratio of (a) 30:0, (b) 27:3, (c) 25:5, (d) 22:8, and (e)
20:10 in the reaction mixture. The black arrow (& = -9.34 ppm) correspond to
[PsW300110Na(H20)]'*. The red (5 = -9.49 ppm), the blue (& = -9.70 ppm), and
the green (5 = -8.47 ppm) arrows correspond to [PsW3o-xMoxO110Na(H20)] "+ with
different number of Mo substitutions.

The isolated solids were analyzed by high resolution electron
spray ionization mass spectroscopy (HR-ESI-MS) after dissolved
in H20-CH3OH. In the case of non-substituted Preyssler-type
phosphotungatate, [PsW300110Na(H20)]'%, profiles which could
be assigned to be a mixture of several Preyssler-type
phosphotungstates were observed. The four most intense profiles
are assignable to [HsPsW300110K(H20)]%,
[H7KPsW300110Na(H20)1%, [H7KP5W300110K(H20)]%", and
[HeK2PsW300110Na(H20)]% (Figure S8(a), S9(a), and S10(a)). The
mono-Na containing ions such as [H7KPsW300110Na(H20)1® and
[HeK2PsW300110Na(H20)]® were proton-and-potassium mixed
salts of the [PsW300110Na(H20)]'*. On the other hand, non-Na
containing ions such as [HsPsW300110K(H20)]®  and
[H7KPsW300110K(H20)]®- were potassium encapsulated Preyssler
compounds produced under ESI-MS condition. The potassium
encapsulated Preyssler-compound, [PsW300110K(H20)]', has
been reported by Sun’s group.* We have reported that heating
of the potassium salt of sodium-encapsulated anion,
K14[PsW300110Na(H20)], produced mono-potassium and di-
potassium encapsulated anion such as [PsW300110K]'* and
[PsW300110Kz2] ™. 1451

In the <case of Mo substituted Preyssler-type
phosphotungstates, [PsW30-xMoxQ110Na(H20)]'*, several profiles
assignable to Mo-substituted species were observed (Figure S8,
S9, and S10). ESI-MS of [P5W2s9Mo2.10110Na(H20)]"* shows
profiles assignable to mono-Mo, di-Mo, and tri-Mo substituted
species (Figure 4). Further Mo-substituted species shows profiles
assignable to more Mo-substituted species, and penta-Mo-
substituted complex was clearly detected in the case of
[PsWa265Mo350110Na(H20)] ™.
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Figure 3 IR Spectra of solid obtained after 2™ recrystallization with different
Na2W04:Na2MoOj4 ratio of (a) 30:0, (b) 27:3, (c) 25:5, (d) 22:8, and (e) 20:10 in
the reaction mixture.
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-W+ Mo
] [H,KPsW,5Mo, Oy 1oNa(H,0))F
12197078 - W + Mo
= | [HgPsW300410K(H,0)1™

[H7KPsW;;M0;0410Na(H,0))

122545045 | IHKPsW 3,0, oNa(H,0)
=

-W + Mo
/ |

[H5PsW3;M0,0410K(H,0)& ’

1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280
m/z

Figure 4. ESI-MS spectrum of Ki2.5Na1.5[PsW27.4Mo260110Na(H20)] dissolved in
H20/CH30H.

We conclude that we could isolate mixtures of Mo-
substituted Preyssler-type phosphotungstates, [PsWso-
xMoxO110Na(H20)]" (x up to 5), by the following reasons. 1)
Elemental analysis results are consisted to the potassium-sodium
mixed salt of the Preyssler-type compounds. 2) ESI-MS spectra
showed profiles assignable to the Mo-substituted Preyssler-type
phosphotungstates (Figure 4, S8, S9, S10). 3) Although ESI-MS
profile indicated that they are mixture with different Mo amount,
formula of the most abundant Mo-substituted species by ESI-MS
is almost same to the one estimated by elemental analysis (Figure
S9). 4) IR spectra showed characteristic bands pattern for the
Preyssler-type phosphotungstates (Figure 3). It is known that
H3PW12040 and HsPMo12040 showed similar pattern with different
band positions.® In the present case, amount of maximum Mo
substituted in the Preyssler framework was 5 according to ESI-
MS profiles, and in such low Mo contents IR spectra of the Mo-



substituted Preyssler compounds might be similar to one of non-
substituted [PsW300110Na(H20)]".

3P NMR signal at -9.34 ppm assignable to non-substituted
[PsW300110Na(H20)]"* became broader and new peaks at -8.47,
-9.47, and -9.70 ppm appeared by introduction of Mo. The peak
at -9.34 became more broader and the intensities of the new
peaks increased by increasing the Mo amount, indicating that
these signals are assignable to Mo-substituted species. However,
it is now not possible for us to assign all signals.

Five phosphorous in non-substituted complex is equivalent,
and therefore only one *'P NMR singlet is observed. W NMR of
the non-substituted complex shows four singlets, because there
are four kinds of W, cap W close to the encapsulated Na, cap W
far from the encapsulated Na, belt W close to the encapsulated
Na, and belt W far from the encapsulated Na.! Mono-Mo
substitution of W produces four isomers, and there are three non-
equivalent P in each four isomers. Multi-Mo substitution produces
more isomers, and more non-equivalent P which makes
assignment of 3'P NMR difficult.

Schimpf's group has reported single crystal structure
analysis of potassium salt of [PsW20MoO110Na]'* where the Mo
substituted occurs on the belt position.[?? We performed single
crystal X-ray structure analysis of
K125Na1 5[PsW26 sM0350110Na(H20)]. Similar to single crystal X-
ray structure analysis results of other Preyssler-compounds,
[PsWa265Mo350110Na(H20)]" crystalized in an orthorhombic unit
cell with Pnna (52) space group and an asymmetric unit contains
half of the Preyssler molecule where cap and belt W close to Na
are not distinguishable from those far from Na due to disorder of
molecule (Figure S11). Our attempt to estimate positions of Mo
revealed that W atoms, We-W1s, on the belt positions are subject
to be substituted with Mo atoms rather than those, W1-Ws, on the
cap positions judging from site occupancies of W and Mo atoms,
though they are disordered over the belt positions (Table S1).

We performed a DFT study on the four isomers of the mono-
Mo substituted compound (Table 2). The belt positions are the
most stable for W-Mo substitution. The belt substitution close to
the encapsulated Na* (Entry 3) revealed higher stability than that
far from the Na* but only by 0.74 kcal mol™ (Entry 4). The two cap
substitutions calculated present higher relative energies of 2.88
and 3.68 kcal mol™! above the lowest energy form (Entries 1 and
2). These values evidence a clear preference of the Mo for belt
positions.

Table 2. DFT calculation results for mono-molybdenum substituted Preyssler-
type Phosphotungstate, [PsW2sMoO11oNa]'*

Entry Substitution Sites Energy (kcal mol') Relative
Model energy
(kcal mol™')
1 Cap close to Na* -29892.51 2.9
2 Cap far from Na* -29891.71 3.7
3 Belt close to Na* -29895.39 0
4 Belt far from Na* -29894.65 0.74
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Figure 5 shows the cyclic voltammogram (CV) of the [P5W3o-
xMoxO110Na(H20)]"*  series in. 01 M HCL The
[PsW300110Na(H20)]'*  exhibits two four-electron transfer
processes and two-electron transfered one in 1.0 M HCI®360,
which appeared ad -180 mV and -300 mV and -520 mV,
respectively, in 0.1 M HCI. In CVs of [PsW30xMoxO110Na(H20)]'*
(Mo:W ratio = 3:27, 5:25, 8:22, and 10:20) new irreversible waves
appeared at the region -50 mV to +600 mV with current magniture
of waves increased depending on substituted Mo amount which
is similar to voltammetric behavior of Keggin-type [PW1i2-
xM0xO40]* (x = 1-11) formed in a 50 mM (W(VI)-Mo(VI)) — 10 mM
P(V)—0.5 M HCI - 50%(v/v) CH3CN system." These new waves
are corresponded to the redox of Mo(VI/V) in molybdenum
components of [PsWaoxMoxO110Na(H20)]", because the
reduction potentials of molybdenum components are more
positive than those of tungsten components in POMs. In addition,
irreversible and broad-shaped waves should be ascribed that
each of several molybdenums in several isomers of [PsWao-
xMoxO110Na(H20)]"* generated  from  incorporation  of
molybdenum at different positions of framework of Preyssler-type
POMs, should be reduced at different potentials.

100 T T T T T T T
-600 -400 -200 0 200 400 600 800
E/mV (vs. Ag/AgCl)

Figure 5. Cyclic Voltammograms of 0.5 mM (black) K14[P5W300110Na(H20)]
(red) Ki2.sNa1.5[P5sW28.6M01.40110Na(H20)], (green)
K12Naz[PsW27.90Mo2.10110Na(H20)], (blue) KizsNa1.5[PsW27.4Mo260110Na(H20)]
and (cyan) KizsNa1.5[PsWae5Mo350110Na(H20)] with different Mo:W ratio from
assembly reaction of tungstate and molybdate in 0.1 M HCI. Scan rate was 100
mVs'.

Conclusions

The first multi-Mo substituted Preyssler-type phosphotungstates,
[PsW30xMoxO110Na(H20)]'* has been successfully prepared via
self-assembly reaction of sodium tungstate and phosphoric acid
in the presence of sodium molybdate under hydrothermal
condition. The formation of [PsW30xMoxO110Na(H20)]'* and the
number of Mo in the framework was dependent on the W:Mo ratio
in the reaction medium. The Preyssler-type substituted framework
formed when the reaction conditions were in the range 0 < W:Mo
< 20:10. The formation of Dawson-type substituted frameworks



was also found in the products when the reaction conditions were
in the range 0 < W:Mo < 9:21. Characterization by IR, 3'P NMR,
elemental analysis, and ESI-MS confirmed that the isolated solids
were a mixture of isomers of different number of incorporated Mo,
being possible up to 5 molybdate atoms into the framework to
form [PsW2sMosO110Na(H20)]"*.

Experimental Section

Materials. Homemade deionized water (Millipore, Elix) was used. All
chemicals were reagent-grade and used as provided.

Preparation of K14[PsW300110Na(H20)]-23H20 (W:Mo = 30:0)
K14[P5W300110Na(H20)]-23H20 were prepared according to the published
procedurel3428, NaW04-2H20 (32.320 g, 98.0 mmol) was mixed with
water (30 mL) in a Teflon-lined autoclave reactor, and phosphoric acid
(85%, 26.5 mL) was added to the mixture. The reactor was placed in an
oven heated at 125 °C for 24 h, and then the reactor was cooled down to
room temperature. The yellowish green crystal was obtained which was
filtered from the reaction mixture. The water (20 mL) was added to the
filtrate followed by addition KCI (10.0 g), and the mixture was stirred for 10
min. The formed precipitates were filtered off, and the solid was dried at
70 °C overnight (ca. 19.086 g). The solid were recrystallized from hot water
(95 °C, 40 mL) using a metal bath and obtained the white crystal which
were collected by filtration (yield ca. 9.104 g). The solid were recrystallized
again from 13 mL of hot water (95 °C) and the pure white crystal obtained
by filtration (ca. yield 5.652 g, 0.670 mmol, 18.3 % based on W). IR (KBr):
v = 1597.8 (m), 1162.9 (s), 1076.4 (s), 1019.2 (w), 912.1 (m), 785.9 (m)

cm™. 3P NMR (D20): & = -9.34 ppm. Negative ion MS (H20-CH3OH): calcd.

For H7K[PsW300110Na(H20)18 1252.9775; found 1252.9747.

Preparation of Kiz2.sNa1.5[PsW2s.6Mo01.40110Na(H20)]-33H20 (W:Mo =
27:3), Ki2Naz[PsW27.9Mo02.10110Na(H20)]-44H20 (W:Mo = 25:5),
Ki2.5Na1.5[PsW27.4M02.60110Na(H20)]-37H20 (W:Mo = 22:8) and
Ki2.5Na1.5[PsW265M03.50110Na(H20)]-45H20 (W:Mo = 20:10) Na:WO4-
2H20 and Na2Mo0O4-2H20 (29.380 g (89.1 mmol) and 2.060 g (8.5 mmol)
for W:Mo = 27:3, 26.440 g (80.0 mmol) and 4.120 g (16.9 mmol) for W:Mo
= 25:5, 23.510 g (71.2 mmol) and 6.180 g (25.5 mmol) for W:Mo = 22:8,
and 20.570 g (62.9 mmol) and 8.240 g (33.9 mol) for W:Mo = 20:10,
respectively,) were mixed with water (30 mL) in a Teflon-lined autoclave
reactor, and phosphoric acid (85%, 26.5 mL) was added to the mixture.
The reactor was placed in an oven heated at 125 °C for 24 h, and then the
reactor was cooled down to room temperature. The yellowish green crystal
was obtained which was filtered from the reaction mixture. The water (20
mL) was added to the filtrate followed by addition KCI (10.0 g), and the
mixture was stirred for 10 min. The formed precipitates were filtered off,
and the solid was dried at 70 °C overnight to obtain whitish green crude
solid (ca. 4.02 g for W:Mo = 27:3, ca. 7.06 g for W:Mo = 25:5, ca. 9.6 g for
W:Mo = 22:8, and ca. 9.88 g for W:Mo = 20:10, respectively). The solid
were recrystallized from hot water (95 °C, 10 mL for W:Mo = 27:3, 15 mL
for W:Mo = 25:5, 17 mL for W:Mo = 22:8, and 17 mL for W:Mo = 20:10,
respectively,) using a metal bath and obtained the whitish green crystal
which were collected by filtration (yield ca. 2.182 g for W:Mo = 27:3, ca.
4.14 g for W:Mo = 25:5, ca. 5.30 g for W:Mo = 22:8, and ca. 5.12 g for
W:Mo = 20:10, respectively). The solid were recrystallized again from hot
water (95 °C, 5 mL for W:Mo = 27:3, 7 mL for W:Mo = 25:5, 10 mL for
W:Mo = 22:8, and 10 mL for W:Mo = 20:10, respectively) and the pure
whitish green crystal obtained by filtration.

K12.5Na1.5[PsW2s 6Mo1.40110Na(H20)]-33H20 (yield 1.075 g, 0.127 mmol,
3.6 % based on W): IR (KBr): p = 1618.5 (m), 1164.7 (s), 1079.0 (s),
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1017.4 (w), 910.2 (m), 796.9 (m) cm™". 3'P NMR (D20): & = -8.47, -9.34, -
9.49, and -9.70 ppm. Negative ion MS (H20-CH3OH): calcd. For
H7K[PsW29sMoO110Na(H20)]%- 1238.1367; found 1238.1355. Elemental
analysis: calculated: H 0.88, P 1.83, W 62.11, Mo 1.59, Na 0.68, K 5.77%;
found H 0.69, P 1.81, W 62.07, Mo 1.34, Na 0.41, K5.70%.

Ki12Naz[PsW27.9M02.10110Na(H20)] -44H20 (yield 2.156 g, 0.251 mmol,
7.8 % based on W). IR (KBr): p = 1616.7 (m), 1161.9 (s), 1088.1 (s),
1019.4 (w), 934.6 (m), 782.1 (m) cm™". 3P NMR (D20): & = -8.47, -9.34, -
9.49, and -9.70 ppm. Negative ion MS (H20-CH3OH): calcd. For
H7K[PsW29MoO110Na(H20)1%- 1238.1367; found 1238.1359. Elemental
analysis: calculated: H 1.12, P 1.80, W 59.68, Mo 2.34, Na 0.80, K 5.46%;

found H0.76, P 1.75, W 59.44, Mo 2.04, Na 0.54, K 5.50%.

Ki2.5Na1.5[PsW27.4Mo02.60110Na(H20)]-37H20 (yield 2.123 g, 0.252 mmol,
8.62 % based on W). IR (KBr): v =1619.6 (m), 1163.7 (s), 1079.5 (s),
1016.5 (w), 913.9 (m), 784.1 (m) cm™". 3'P NMR (D20): & = -8.47, -9.34, -
9.49, and -9.70 ppm. Negative ion MS (H20-CH3OH): calcd. For
H7K[PsW29MoO110Na(H20)1%- 1238.1367; found 1238.1337. Elemental
analysis: calculated: H 0.98, P 1.84, W 59.74, Mo 2.96, Na 0.68, K 5.80%;

found H 0.63, P 1.77, W 59.93, Mo 2.72, Na 0.41, K 5.93%.

Ki2.5sNa1.5[PsW26.5M03.50110Na(H20)]-45H20 (yield 2.123 g, 0.250 mmol,
9.46 % based on W). IR (KBr): v = 1615.5 (m), 1163.9 (s), 1079.2 (s),
1016.4 (w), 932.6 (m), 786.6 (m) cm™. 3'P NMR (D20): & = -8.47, -9.34, -
9.49, and -9.70 ppm. Negative ion MS (H20-CH3OH): calcd. For
H7K[PsW29sMoO110Na(H20)]%- 1238.1367; found 1238.1334. Elemental
analysis: calculated: H 1.16, P 1.82, W 57.33, Mo 3.95, Na 0.68, K 5.75%;

found H0.78, P 1.76, W 57.12, Mo 3.95, Na 0.42, K 5.80%.

Other analytical techniques. Infrared (IR) spectra were recorded on a
NICOLET 6700 FT-IR spectrometer (Thermo Fisher Scientific) as KBr
pellets. 3'P NMR spectra were recorded on a Varian system 500 (500
MHz) spectrometer (Agilent) (P resonance frequency: 202.333 MHz). The
spectra were referenced to external 85% HsPOs4 (0 ppm). Cyclic
voltammetry (CV) was performed on a CHI620D system (BAS Inc.) at
ambient temperature. A glassy carbon working electrode (diameter, 3 mm),
a platinum wire counter electrode, and an Ag/AgCl reference electrode
(203 mV vs NHE at 25 °C) (3 M NaCl, BAS Inc.) were used. Elemental
analyses were carried out by Analysis Center at Mitsubishi Chemical Co.
(Ootake, Japan). High-resolution ESI-MS spectra were recorded on an
LTQ Orbitrap XL (Thermo Fisher Scientific) with an accuracy of 3 ppm.
Each sample (5 mg) was dissolved in 5 ml of H20, and the solutions were
diluted by CH3OH (final concentration: ca. 10 pug/ml). All peak assignment
were done with accuracy less than 3 ppm.

Electronic Structure Calculations

Density functional theory (DFT) calculations were carried out on several
isomers of the title structure with the ADF 2016 suite of programs.[49.50]
Equilibrium geometries were obtained upon full geometry optimizations
with tight convergence criterial®"l and the OPBE functionall52531 with triple-
¢ + double polarization atomic basis sets. The time-saving frozen core
approximation was applied for the following atomic shells: 1s-2p for Na,
1s-2p for P, 1s-3d for Mo, 1s-4f for W and 1s for O. We simulated an
aqueous solution (dielectric constant, ¢ = 78.4) by including the effects of
solvent and counterions by means of the conductor-like screening model
(COSMO).[54-57

Single crystal X-ray diffraction analysis

Single crystals suitable for X-ray diffraction produced by recrystallization
of K12.sNa1.5[PsW26.5M03.50110Na(H20)] from hot water were selected using



a microscope and mounted on a goniometer head using a LithoLoop.
Intensity data were collected at 100 K on a Rigaku 1/4x goniometer with a
PILATUS3 X CdTe 1 M detector using synchrotron radiation (A=0.4126 A)
monochromated by a Si (311) double crystal at SPring-8 (BL02B1
beamline). Data reduction was performed using RAPID AUTO. Absorption
correction was performed by multi-scan method implemented in ABSCOR.
The structures were solved by direct methods using SHELXS-2014.162 The
structure refinements were carried out using fullmatrix least-squares
(SHELXL-2018/3).621 Al nonhydrogen  atoms were refined
anisotropically. Hydrogen atoms on water molecules were not located.
Global ISOR restraints were applied for O and P atoms. Each metal
centres at M (n = 6-15) was refined as two positionally disordered metal
ions (Wa/Mon) with free variable site occupancies, x and 1-x. EADP and
EXYZ constraints were applied for these disordered two metal centres to
fix atomic displacement parameters and coordinates, respectively. Twelve
diffractions were omitted to improve the data quality. Crystallographic data
were summarized in Table S2, and further details of the crystal structure
investigation can be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-
mail: crysdata@fiz-karlsruhe.de; http://www.fiz-
karlsruhe.de/request_for_deposited_data.html on quoting the deposition
number CSD-XXXXXXX.
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