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Experimental Section

Materials and analytical characterizations. Nag[B-0-SbW9033]-19.5H,0 as precursor material was
prepared according to literature protocols®!! and its purity was confirmed by FT-IR spectroscopy. Other
chemicals were commercially purchased and used without further purification. Elemental analyses of all
polyanions were performed by Mikroanalytisches Labor Pascher, Remagen, Germany. Fourier transform
infrared (FT-IR) spectra were recorded on a Bruker Optics Vertex 70 Spectrometer. Raman spectroscopy
was performed on a Renishaw Ramascope 1000 with a green SpectraPhysics Argon laser with a
wavelength of 524.5 nm and 50 mW capacity. TG measurements were conducted on a Netzsch STA 449
C between 25 and 800 °C with a heating rate of 5 K min™! in nitrogen atmosphere. UV/vis spectra were
recorded on a Perkin-Elmer Lambda 650S spectrometer. Cyclic voltammetry experiments were
performed on a Metrohm Computrace Voltammetric Analyzer model 757 VA. The system was operated
with 757 VA Computrace software (Metrohm). The three-electrode cell system consisted of a 2 mm
glassy carbon working electrode (GCE, modified or unmodified), a saturated Ag/AgCl reference

electrode and a Pt wire as the counter electrode.

Synthesis of NaoZn[Zn4Nax(H20)3(SbWo033)2][Zn2.6Nao.4(H20)26(SbW9033)2]45H,0  {Zny-Zns2
(1a)}. 0.754 g (0.26 mmol) of Nao[SbW9033]-19.5H,0 was dissolved in 25 mL of water and heated to 85
°C under stirring. After 20 min, 0.259 g (0.90 mmol) of Zn(SO4)2-7H>0 was added in individual portions
at pH values around 5.5 ~ 6.5. The solution was left stirring for 90 min at 85 °C, cooled to room
temperature and filtered. Slow evaporation of the solution afforded colorless crystals. Yield: 0.468 g,
62.3% based on W. TGA showed a weight loss of 10.5% in the 30 - 240 °C temperature range,
corresponding to the loss of coordinating and solvent water molecules (expected 11.2%). FT-IR (cm™):
1624(vs), 1140(m), 1119(m), 946(vs), 897(vs), 834(s), 728(m), 634(m), 519(m), 470(w). Raman (cm!):
961(vs), 888(s), 848(m), 797(w), 695(w), 515(w), 312(m), 224(m). Elemental analysis calcd. (found). W
57.29 (57.90); Zn 6.03 (6.24); Sb 4.21 (4.29); Na 2.92 (3.44); H 1.27 (1.12).

Synthesis of

NaZnHsg[ZnsNax(H20)s(SbWo0O33)2][Zn2.6Nag 4(H20)2.6(SbW9033)2]-46H20 {Zns-Znsz (1b)}.

The synthesis was performed as described above for Zn4-Zns (1a) with one alteration: 5~8 drops
NH4Cl solution (1.0 M) were added dropwise to the filtrate. Slow evaporation of the solution can afford
colorless crystals Zns-Zns: (1a) mixed with small amounts of other block-shaped crystals of Zn4-Zns.»
(1b). FT-IR (cm™): 1629(vs), 939(vs), 838(vs), 675(m), 621(m), 514(m), 432(w). Raman (cm™):
966(vs), 885(s), 848(m), 700(w), 530(w), 448(w), 373(m), 318(m), 225(m). Elemental analysis calcd.
(found). W 58.17 (56.90); Zn 6.13 (5.84); Sb 4.28 (4.27); Na 0.81 (3.00); H 1.34 (1.16).
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Synthesis of
Nag(NH4)2Ho{[ZnsNaClz(H20)4(SbW9033)2][Zns 2Nag s(H20)52(SbW9O33)2] } [SbCle]o.5-43H20
{Zns-Zns 2 (2)}, NasHo[Zne(H20)Cls(SbW90O33)2]-44H,0 {Zne (3a)}, and
NayH7[ZnsNa(H20)5Cl2(SbW9033)2]-33H20 {Zns (4)}.

The above synthetic procedure was modified by the addition of 10~20 drops NH4Cl solution (1.0 M)
to the filtrate. Slow concentration at room temperature led to the formation of large block-shaped crystals
of NaxZn(S04)2-4H>0 as a side product together with a mixture of {Zns-Zns2 (2)}, {Zn6 (3a)} and {Zns
(4)}. As the narrow preparative window for these compounds renders their separation practically

impossible, we summarize their crystallographic data in Table S1.

Synthesis of (NHa4)12[ZnesCls(SbWo90O33)2]-16H20 {Zne (3b)}. The synthetic method for Zng (3b) is
similar as described above for the synthesis of Zns-Zns.» (1a) except for addition of 30~80 drops NH4Cl
solution (1.0 M) to the filtrate. Slow evaporation of the solution afforded colorless crystals. Yield:
0.391g, 53.3% based on W. TGA showed a weight loss of 5.0% in the 30-198 °C temperature range,
corresponding to the loss of coordinating and solvent water molecules (expected 5.0%), followed by a
slower weight loss of 7.9% between 202 — 515 °C caused by release of ammonia and hydrogen chloride
(expected 7.6%). FT-IR (cm™): 1618(vs), 1408(vs), 970(m), 946(vs), 894(vs), 858(s), 826(s), 708(m),
665(m), 522(m), 470(w). Raman (cm™): 968(vs), 936(m), 886(w), 843(s), 693(w), 522(w), 312(m),
223(m). Elemental analysis calcd. (found): W 57.87 (58.30); Zn 6.86 (6.77); Sb 4.26 (4.30); Cl 3.72
(3.39); N 2.93 (2.13); H 1.41 (1.10).

Synthesis of Na;[ZnsNa(H20)s(CH3COO)2(SbW033)2]-27H20 {Zns(5a)} and
NagHs[ZnsNa(H20)4CI(CH3COO)2(SbW9033)2]-:36H20 {Zns(5b)}.

Method for Zns (S5a): 0.190 g (0.87 mmol) of Zn(OAc)2:2H>O was dissolved in 25 mL of water and
heated to 85 °C under stirring. After 20 min, 0.754 g (0.26 mmol) of Nag[ SbW9O33]-19.5H,0O was added
in individual portions at pH values around 6.0 ~ 6.5. The mixture was left stirring for 90 min at 85 °C,
cooled to room temperature and filtered. Slow evaporation of the solution afforded colorless crystals (Sa;
yield: 0.294 g, 38.8% based on W. TGA showed a weight loss of 9.9% in the 30 - 190 °C range,
corresponding to the loss of coordinating and solvent water molecules (expected 10.2%), followed by a
slower weight loss of 2.0% between 200 — 408 °C caused by release of acetate ligands (expected 2.6%).
FT-IR (cm™): 1622(vs), 1411(s), 929(vs), 870(vs), 846(s), 698(vs), 626(s), 503(m), 430(w).

Raman (cm™): 959(vs), 932(m), 893(s), 846(m), 695(w), 514(w), 314(m), 223(m). Elemental analysis
caled. (found): W 56.90 (55.40); Zn 5.62 (5.51); Sb 4.18 (4.10); Na 3.16 (3.55); C 0.82 (0.66); H 1.23
(0.87).

For Zns (5b): 0.754 g (0.26 mmol) of Nao[SbW9033]-19.5H,0 was dissolved in 25 mL of water and
heated to 85 °C under stirring. After 20 min, 0.300 g (1.37 mmol) of Zn(OAc).-:2H>O was added in
individual portions. The solution underwent a color change to light yellow at pH values around 6.0 ~ 6.5.
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The mixture was left stirring for 90 min at 85 °C, cooled to room temperature and filtered. Addition of 5
drops NH4Cl solution (1.0 M) to the yellow filtrate, followed by slow evaporation of the solution
afforded  colorless crystals (5b) mixed with  small amount of yellow crystal of Nai4[f-
Zn,Sb'"(ZnWo034)2].46H20.1521 TGA showed a weight loss of 9.6% in the 30 — 210 °C range,
corresponding to the loss of coordinating and solvent water molecules (expected 11.0%), followed by a
slower weight loss of 3.6% between 210 — 446 °C caused by release of acetate ligands and hydrogen
chloride (expected 2.6%). FT-IR (cm™): 1622(vs), 1411(s), 929(vs), 870(vs), 846(s), 698(vs), 626(s),
503(m), 430(w). Raman (cm™): 960(vs), 934(m), 892(s), 843(m), 783(w), 688(w), 514(w), 444(w),
314(m), 223(m). Elemental analysis calcd. (found): W 55.51 (55.90); Zn 5.48 (5.32); Sb 4.08 (4.22); Na
3.08 (3.11); C10.59 (0.48); C 0.80 (0.67); H 1.44(1.29).

Synthesis of Na5H4[Zn4Naz(HzO)7(CH3COO)(SbW9O33)2]- 28H,0 {Zn4(6a)}

and Nas(NHa4)sH2[Zn4.1Na; oCl3(H20)7(CH3COO)(SbWo9033)2]- 24.5H20 {Zny4 (6b)}.

The synthetic method for Zn4(6a) is similar as described above for the synthesis of Zns(5a) with one
alteration: addition of 5-10 drops NH4Cl solution (1.0 M) to the filtrate. Slow evaporation of the solution
afforded colorless crystals. Yield: 0.545 g, 73% based on W. TGA showed a weight loss of 7.8% in the
30-160 °C range, corresponding to the loss of coordinating and solvent water molecules (expected 7.9
%). FT-IR (cm™): 1628(s), 1571(s), 1413(s), 937(vs), 888(vs), 848(s), 712(m). 679(m), 503(m), 430(w).
Raman (cm™): 959(vs), 875(s), 848(s), 799(w), 690(w), 517(w), 316(m), 225(m). Elemental analysis
calcd. (found): W 58.10 (57.00); Zn 4.59 (4.69); Sb 4.28 (4.21); Na 3.23 (3.53); N 0.73 (0.51); H
1.29(1.12), C 0.42 (0.68).

The method for Zn4(6b) is similar as described above for the synthesis of Zns(5a) except for the
addition of 30-40 drops NH4Cl solution (1.0 M) to the filtrate. Slow evaporation of the solution afforded
colorless crystals. Yield: 0.308 g, 40% based on W. TGA showed a weight loss of 8.9% in the 30 — 205
°C range, corresponding to the loss of coordinating and solvent water molecules (expected 8.5%), FT-IR
(ecm™): 1626(s), 1414(s), 931(vs), 871(vs), 848(vs), 702(s), 684(s), 625(m), 503(m), 430(w). Raman (cm"
D: 1041(m), 968(vs), 935(s), 898(s), 851(s), 782(w), 693(w), 517(w), 449(w), 319(m), 223(m).
Elemental analysis calcd. (found): W 56.63 (57.10); Zn 4.47 (4.65); Sb 4.16 (4.23); Na 2.36 (2.94); Cl
1.82 (0.59); N 1.19 (1.34); H 1.55(1.46), C 0.41 (0.45).

Synthesis of (NH4)4Na7[ZnsNa,Cl3(H20)5(SbWo0O33)2]-16H20 {Zn4 (6¢)} and
Nas sHa[Zn3.5Naz sCl2(H20)6.5(SbWoO33)2] 25H20 {Znss (7)}.

The method is similar as described above for the synthesis of Zns (5a). The only alteration is the
addition of 15-25 drops of NH4ClI solution (1.0 M) to the filtrate. Slow evaporation of the solution
afforded a mixture of three crystal types (6a, 6¢, and 7).
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For Zn4 (6¢): TGA showed a weight loss of 7.3% in the 30 - 180 °C range, corresponding to the loss of
coordinating and solvent water molecules (expected 6.7%), followed by a slower weight loss of 2.9%
between 180 — 410 °C caused by release of ammonia and hydrogen chloride (expected 3.2%). FT-IR
(cm™): 1626(s), 1404(s), 935(vs), 876(s), 837(s), 716(m), 673(m), 509(m), 431(w). Raman (cm™):
966(vs), 890(s), 878(s), 791(w), 697(w), 529(w), 324(m), 229(m). Elemental analysis calcd. (found): W
58.73 (56.40); Zn 4.64 (4.81); Sb 4.32 (4.81); C1 1.88 (1.58); H 1.03 (1.28); N 0.99 (1.00).

For Zn35(7): TGA showed a weight loss of 9.6% in the 30 - 210 °C range, corresponding to the loss of
coordinating and solvent water molecules (expected 10.0 %). FT-IR (cm™): 1628(s), 1419(s), 928(vs),
867(vs), 851(s), 698(m), 500(m), 431(w). Raman (cm™): 953(vs), 895(s), 878(s), 794(w), 687(w),
518(w), 442(w), 318(m), 231(m). Elemental analysis calcd. (found): W 58.53 (56.50); Zn 4.04 (4.29); Sb
4.31(4.21); C11.25 (0.97); H 0.60 (1.00).

Synthesis of Nao[Zn3Naz(H20)o(SbWoO33)2]-42H20 {Zn3 (8)}

The polyanion [Zn3(H20)3(SbWoO33)2]'> has been first reported by Kortz et al in 2001.153] We here
explored a different synthetic route to this compound. The method for Zn3(8) was similar as described
above for the synthesis of Zn4-Zns(1a) with one alteration: 0.863 g (3 mmol) Zn(SO4)>-7H>0 was used
instead of 0.259 g (0.90 mmol). Yield: 0.523g, 67.5 % based on W.

Synthesis of Na;Cs>Zn1.6Hi3[Zn2(H20)s(WO)2(B-SbWo033)2]Cls-32H20 {Zna W2} (9).

The polyanion [Zn2(H20)s(WO2)2(B-SbW033)2]'% has been first reported by Krebs et al in 2002.154
We here explored a different route to the Cs* salt of [ZnaSbaW20070]'% (9): 0.754 g (0.26 mmol) of
Nao[SbWo033]-19.5H,0 was dissolved in 25 mL of sodium acetate buffer (0.5 M, pH 4.4) and heated to
85 °C under stirring. After 20 min, 0.259 g (0.90 mmol) of Zn(SO4)2-7H20 and 0.659 g (2.00 mmol)
NaxWO42H,0 were added in individual portions. The solution was left stirring for 90 min at 85 °C,
cooled to room temperature and filtered. Addition of 1.0 M CsCl solution (0.5 mL) to the colorless

filtrate and slow evaporation at room temperature afforded colorless crystals.

Catalytic alcohol oxidation. Oxidation reactions were carried out in a 10 mL round-bottom flask.
Catalyst, solvent, substrate, and 30% aqueous H>O, were successively placed into the round-bottom
flask. A Teflon-coated magnetic stirring bar was added and the reaction mixture was stirred at 85 °C.
Detailed reaction conditions are given in the caption of Table 1. All yields reported in this manuscript are
based on alcohol conversion. Reaction products were characterized and quantified with a gas
chromatograph (Finnigan Trace GC Ultra) equipped with a flame ionization detector and fitted with a
ZB-5MS Phenomenex column (30 m length, 0.25 mm internal diameter, 0.25 pum film thickness) using
dodecane as internal reference. Products were furthermore identified by GC-MS (Finnigan Trace DSQ
GC-MS systems).
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X-ray crystallography. Data collection of all compounds was performed on an Oxford Xcalibur Ruby
CCD single-crystal diffractometer (MoK radiation, A= 0.71073 A) at 183(2) K. Routine Lorentz and
polarization corrections were applied, and an absorption correction was performed using the program
CrysAlis (multi-scan).[5 31 Structural analyses were performed using the Win-GX for Windows
software.[56] Direct methods were used to locate heavy metal atoms (SHELXS-97). The remaining atoms
were located from successive Fourier maps (SHELXL-97).57] Further details on the crystal structure data
can be obtained from ICSD/FIZ Karlsruhe via www.fiz-karlsruhe.de/icsd.html (fax (+49) 7247-808-666;
e-mail crysdata@fiz-karlsruhe.de), on quoting the depository numbers CSD 426348-426359 for all

compounds. Hydrogen atoms were not included in the refinements. Heavy metal atoms (Sb, Zn, W and

Na) were refined anisotropically, and oxygen atoms were refined isotropically. The lighter atoms in
POMs are generally difficult to refine anisotropically due to the presence of manifold heavy metal
atoms.!5® The Zn7 and Na3 sites are site-occupancy disordered with the occupancies of 0.6 (0.4) for Zn7
(Na3) in (1a). For (1b), W6 and W7 exhibit a disorder over two positions with site occupancies of 0.7
and 0.3 respectively. W10, W15, W16, W17, W18, W23, W24 and W31 are site-occupancy disordered
with half occupancies each. Zn6 and Na2 are site-occupancy disordered with occupancies of 0.6 for Zn6
and 0.4 Na2 in (2). O33 and CI2 sites attached to the Zn2 atom are site-occupancy disordered with
quarter occupancies in (3a); as CI2 is located on the mirror plane, this result in one half-occupied
chloride and two quarter occupied water molecules adjacent to the mirror plane. Zn3 and Nal sites are
site-occupancy disordered with half occupancies each in (4). Nal and ZnS5 sites are site-occupancy
disordered with occupancies of 0.9 for Nal and 0.1 for Zn5 in (6b), Finally, Zn2 and Na3 sites are site-

occupancy disordered with half occupancies each in (7).

X-ray absorption spectroscopy. XAS experiments at the W-L3 and Zn-K edges on solid samples
dispersed in cellulose of pristine and post-catalytic [ZnsCls(SbW9033)2]'>, and reference compounds
[WZn3(H20)2(ZnWo034)2]'%, [SbWo033]'* and Na,WO42H,O were carried out at the SuperXAS
beamline Swiss Light Source (SLS) at the Paul Scherrer Institut, Villigen, Switzerland. The storage ring
was run in top-up mode with an average current of 400 mA. The X-ray beam was collimated using a Si
coated mirror and the energy was scanned using a channel-cut Si[111] monochromator. Energy
calibration was done using a metal W foil. A toroidal mirror with Rh coating was used after the
monochromator to focus the incident X-rays with a spot size of 140x120 um? on the samples (photon
flux of 3.3x10'" photons/s). Measurements were done in transmission mode using a 5-element Silicon
Drift Detector. The measured EXAFS spectra k°y(k) were extracted by standard data reduction,
absorption edge energy calibration and background subtraction as implemented in ATHENA. [5° The
spectra were reduced in the range Ak=3-12 A'! and Fourier-Transformed to FT|k*y(k)| in the real-space
interval AR=0-6 A. To calculate main values for interatomic distances, coordination numbers (N), and
Debye-Waller factors (c?), nonlinear least-squares fitting of the FT|k*y(k)| spectra was done by
ARTEMIS?! using atomic clusters of [ZnsCls(SbWoO33)2]'>, [WZn3(H20)2(ZnWoO34)2]'? (CCDC:
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1628204), [SbWsOs]' (ICSD: 406489) and Na;WO4-2H,0 (ICSD: 240882) generated by ATOMSIS?!
as implemented in IFEFFIT.[5°! Amplitudes and phase shifts for single and multiple scattering paths were
calculated using the FEFF6 code.[S!°]

Computational Details. Computed structure and property results were carried out using the
GAMESS! Gaussian091512] software packages. The conformational analyses of the molecular systems
described in this study, including structural and orbital arrangements as well as property calculations,
were carried out using the BP86 density functional level of theory!S!3} 514 in combination with a) the
effective core potential/basis set combination, LANL2DZ+f,[515] and b) Def2-TZVPP basis set.[5®] The
LANL2DZ basis set is of double-C quality in the valence and “valence-1" shells, while the RECP
contains Darwin and mass-velocity contributions; inclusion of f basis functionality was included.[S!”}
(18], [S19] The Def2-TZVPP basis set is a all electron triple-{ quality basis set. Full geometry
optimizations were performed and uniquely characterized via second derivatives (Hessian) analysis to
determine the number of imaginary frequencies (0=minima; 1=transition state), and effects of zero point

$21lusing a dielectric

energy. Effects of solvation were taken into account using the COSab method, 520}
for water and solvent radii from Klamt.[5??] Visualization and analysis of structural and property results

were obtained using Avogadro!S?3l and WEBMO.[524]

Reverse Monte Carlo (RMC). To simulate the disordered structure of the true catalyst emerging from
[ZnsCls(SbW9033)2]'% the W-L3 and Zn-K edge EXAFS spectra FT|k> y(k)| [Ar=0-6 A] was fitted by
RMC simulations as implemented in RMCProfile.[52%] The atoms were constrained to move into cutoff
distances W-0=1.6-2.3 A, W-W=3.1-3.8 A, Zn-0=1.8-2.8 A, Zn-Zn=3.0-3.3 A and Zn-W=3.2-3.8 A. To
preserve the bonding the stretching potentials W-O 0.984 eV (1.99 A) and Zn-O 0.984 eV (2.2 A) were
used, and their weightings were optimized at each RMC run. RMC-EXAFS fitting was implemented by
allowing 1-3% of atoms to undergo displacements of ~0.01-0.03 A at each RMC run. Total FT|k3 (k)|
spectra equal to the averaged single spectrum of each photoabsorbing W and Zn atoms were re-calculated
at each RMC run. Each atomic movement was tested according to the consistency R?> degree between the

experimental and refined spectral-data-points as described in detailed references.[52%]
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II. Structural characterization of the Zn/Sb-POM family

Single-crystal X-ray diffraction shows that Zne(3b) consists of two [B-o.-SbWoO33]°- units connected by
a hexagonal Zng ring [ZnsClsO12] with D3z symmetry (Figure la). Each of the zinc atoms displays a
related five-fold coordinated [ZnO4Cl] environment with square-pyramidal geometry, consisting of four
terminal oxygen atoms from two {SbWo} units with Zn-O bond lengths of 2.061(8) —2.077(8) A and one
chlorine atom Zn-Cl, with bond length of 2.222(1) A (Figure 1b). Six zinc atoms form an approximately
equatorial hexagon by sharing their oxygen atoms (Figure 1b). The remaining members of the {Zn,Nas.
2(B-0-SbWo033)2} (n = 3-6) series either display complete Zn cores, such as in Zne(3b), or partial
substitution of Zn by Na atoms (cf. Figure 1¢ and Supporting Information for a detailed description of
the individual compounds).

For example, two independent sandwich-type polyoxoanions coexist in the asymmetric units of
{Zn4_7Zns,}(1a, 1b) or {Zns_Zns2}(2), respectively (Figure 1c). Both compounds (1a and 1b) contain
the same polyanions of [ZnsNax(H20)s(SbWoO33)2]® together with [Zns2Nags(H20)s2(SbWoO33)2]"
(Figures S1 and S2). In {Zns Zns»}(2), the structure of the first polyanion
[ZnsNaCl3(H20)4(SbWO33)2]'% has five Zn?* centers and one vacancy in the Zns belt with idealized C»,
symmetry (Figure lc, Figure S2). The second polyanion [Zns2Nags(H20)s2(SbWoOs3)2]7- with a Zns -
TM cluster is identical to the respective second unit of (la or 1b). The structure of
[Zns2Nag s(H20)52(SbW9033)2]7- contains four Zn?>* atoms (Zn5, Zn6, Zn5a, Zn6a) with one terminal
water ligand comprising two binary units of square pyramids [ZnOs(H20)]. The sites between these
pyramid pairs exhibit positional disorder with site occupancies of 0.6 (Zn7) and 0.4 (Na3), respectively
(Figure Ic).

The Zne-TM core of Zn6(3a) closely resembles the hexagonal [ZnsClsO12] ring of Zn6(3b). Unlike (3b),
the two Zn atoms (Zn2 and Zn2c) are bound to either one terminal water molecule (O33) or one terminal
chloride ligand (C12) in (3a), leading to the average formation of a [ZnsCls(H20)O12]!"- hexagonal Zne
core (Figure Ic, Figure S3).

In the Zns-TM core of Zns(4), Znl/Znla with one terminal Cl ligand and Zn2/Zn2a with one terminal
water form two binary Zn moieties via adjacent edge-sharing [ZnOsCl] and [ZnOs(H20)] square
pyramids, while the remaining two sites between these Zn double units exhibit positional disorder
(Figure 1c¢ and Figure S4).

The polyanions of Zns(5a) and Zns(5b) consist of five adjacent Zn atoms while one Na* ion occupies
the remaining site (Figure 1c and Figure S5 for Zns(5a); Figure 1c¢ and Figure S6 for Zns(5b)). The three
Zn atoms (Znl, Zn3 and Zn5) carrying a terminal water molecule are separated by Zn2 and Zn4 atoms
coordinated with one monodentate acetate in Zns(5a), while Zn5 in Zn(5b) binds to one chloride ligand,
other than the terminal water in Zn(5a).

The Zns-TM core of Zng(6a) differs from the {Zns} polyanion in {Zns4 Zns:}(1a) through one

monodentate acetate ligand coordinating to Zn2 other than terminal water which leads to symmetry
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reduction (C, to Cy) (Figure 1c and Figure S7). The polyanions of Zn4(6b) and Zn4(6¢) incorporate four
zinc ions, which are not equivalent (Figure 1c and Figure S8 for Zn4(6b), Figure 1c and Figure S9 for
Zn4(6¢)). Three of the Zn centers (Znl, Zn3, and Zn4) carry a Cl ligand, whereas the fourth center Zn2 is
connected to an acetate ligand in (6b) or to a water molecule in (6¢) (Figure 1c). The enantiomers POMs
(6b) and (6¢) crystallize in the chiral space group P2;2;2;. Neighboring sandwich-type polyanions are
connected via additional Na* linkers into left- or right-handed helical chains that are further assembled
into chiral 3D open frameworks (Figure S11).

The last newly characterized polyanion among the series, Znszs(7), differs from the known Zns-
containing polyanion [Zn3Na3(H20)o(SbW9033)2]°- Zn3(8) with idealized D3, symmetry (Figure 1¢ and
Figure S10 for Zn3.5(7); Figure S12a for Zn3(8)): (a) only Zn4 is attached to a water molecule, whereas
the remaining two Zn centers (Znl and Zn3) carry a Cl ligand; (b) the connecting positions between Znl
and Zn3 atoms exhibit positional disorder (0.5 (Zn2) and 0.5 (Na3)).

Bond valence sum calculations (BVS) values of W, Sb, Zn and Na for all the compounds indicate no
changes of the expected oxidation states of the metal ions (Tables S4-S6).

Phase purity of compounds ((1a, 1b), (3b), (5a), (5b), (6a), (6b), (6¢), (7), and (8)) was confirmed with
PXRD measurements (Figures S13-S22), and the presence of mixtures was excluded for (2), (3a), and
(4). The composition of all compounds was furthermore verified by elemental and thermogravimetric
analyses which are in good agreement with X-ray crystallographic data (cf. Experimental section in the
SI and Figure S23). Further details on the UV/Vis-, FT-IR-, and Raman spectroscopic characterization as
well as the electrochemical properties of the Zn/Sb-POM family can be found in the Supporting
Information (Figures S24 - S27, Table S7).
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Table S1. Crystallographic data for compounds Zn4_Zns (1a, 1b), Zns_Zns (2), and Zne (3a).

Zny Zns: (1a) Zn4_Zns:z (1b) Zns 7Znsz (2) Zn¢ (3a)

empirical formula Nag4O1551Sbs W27Zn76  Nas4OisseSbs W27 Znze  CleNai0sO186.2SbaW3e Cl2sNa20s55SbWo Zn3
Znii2

formula weight 8523.72 8393.78 11277.94 2995.11
(g-mol™)
temperature (K) 183(2) K 183(2) K 183(2) K 183(2) K
wavelength (A) 0.71073 0.71073 0.71073 0.71073
crystal system, triclinic, triclinic, monoclinic, monoclinic,
space group P-1 P-1 P2i/m 12/m
a(A) 18.9374(3) 18.4894(4) 17.9505(5) 13.8088(3)
b(A) 19.3606(3) 19.0382(4) 29.1987(7) 22.2457(6)
c(A) 23.4938(4) 22.9996(5) 19.9727(6) 18.8037(7)
a (deg) 97.481(1) 95.6868(18) 90 90.00
B (deg) 106.936(2) 111.139(2) 111.596(3) 91.711(2)
v (deg) 114.482(2) 113.156(2) 90 90.00
volume (A%) 7181.1(2) 6663.3(2) 9733.5(5) 5773.7(3)
Z 2 2 2 4
abs. coeff. (mm™) 23.471 25.274 23.282 19.768
density (caled.) 3.942 4.184 3.848 3.446
(Mg-m”)
F(000) 7446 7322 9829 5262
crystal size (mm?) 0.37 x 0.10 x 0.08 0.28% 0.08x 0.06 0.32 x 0.15 x 0.08 0.42 x0.22x0.18
goodness-of-fit on F*  1.036 1.044 1.044 1.099
Ri[I>26(1)] 0.0552 0.0700 0.0623 0.0459
wR; [1>26(1)] 0.1460 0.1486 0.1637 0.1114

Ri = X(Fo — Fc)/XFo and wR: = { Jw(Fo? — Fc?)?/2w(Fo?)? )1
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Table S2. Crystallographic data for compounds Zns (3b), Zns (4), Zns (5a), and Zns (Sb).

Zng (3b)

Zns (4)

Zns (5b)

Zns (5a)

empirical formula

formula weight
(g-mol™t)
temperature (K)

wavelength (A)

crystal system,
space group

a(h)
b(A)
¢ (A)
a (deg)
P (deg)

y (deg)
volume (A%)

Z
abs. coeff. (mm™)

density (calcd.)
(Mg'm?)

F(000)

crystal size (mm?)
goodness-of-fit on F?
Ri[l > 25(D)]

wR> [1>206(1)]

CleN12082SboW1sZne

5637.84

183(2) K
0.71073
cubic,

Pa-3
20.4570(2)
20.4570(2)
20.4570(2))
90

90

90
8561.03(14)
4

26.640
4.374

9824

0.11 x 0.05 x 0.05
0.926

0.0375

0.0652

Cl2Na3zO104SboWisZns

5683.52

183(2) K
0.71073

monoclinic,
P21/n

13.1622(2)
18.4520(2)
17.8549(2)
90.00
90.0400(10)
90.00
4336.40(9)
2

25.940
4353

4966

0.21x0.20 x 0.18
1.054

0.0397

0.0890

C4CINa7O110SbaWis Zns

5884.07

183(2) K
0.71073
triclinic,
P-1
14.6516(2)
16.9215(3)
21.8451(3)
85.3900(10)
85.8240(10)
66.0200(10)
4927.72(13)
2

22.828
3.966

5164

0.35 x0.18%x 0.15
1.085

0.0394

0.1027

C4sNagO102SbaW1sZns
5743.61

183(2) K
0.71073
triclinic,

P-1
12.8845(2)
17.2672(2)
24.7811(3)
109.0320(10)
92.3630(10)
106.6400(10)
4938.19(11)
2

22.746

3.863

5024

0.35 x0.21x 0.15
1.093

0.0476

0.1348

Ri = X(Fo — Fc)/XFo and wR: = { Jw(Fo? — Fc?)?/2w(Fo?)? )1
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Table S3. Crystallographic data for compounds Zny4 (6a), Zny4 (6b), Zn4 (6¢), and Zn3s (7).

Zn4 (6a)

Zns (6b)

Zn4 (6¢)

Znss (7)

empirical formula

formula weight
(g-mol™)

temperature (K)

wavelength (A)

crystal system,
space group

a(A)
b(A)
c(A)
a (deg)
P (deg)

v (deg)
volume (A%)

Z
abs. coeff. (mm™)

density (calcd.)
(Mg'm?)

F(000)

crystal size (mm?)
goodness-of-fit on F?
Ri[1> 26(1)]

wRs [1> 206 ()]

CNayO100SbaWig Zna
5633.20

183(2) K
0.71073
triclinic,

P-1
12.9159(2)
16.1825(2)
22.6036(3)
104.3200(10)
96.6540(10)
105.8740(10)
4316.84(10)
2

25.750

4.374

4918

0.26 x 0.10 x 0.05
0.959

0.0298

0.0658

C2ClI3NsNas.87099.5SbaWisg

/n4.13

5773.14

1832) K
0.71073

orthorhombic,
P2,2,2;

15.3168(5)
24.8457(9)
26.740(3)
90.00

90.00

90.00
10176.1(12)
4

21.951
3.768

10110

0.38%x 0.35 x 0.25
1.048

0.0545

0.1320

C13N4NagOsg7SbaWig Zna

5575.58

183(2) K
0.71073

orthorhombic,
P2,2:2;

19.3332(4)
19.3423(8)
27.2404(12)
90

90

90
10186.5(7)
4

21.890
3.636

9712

0.39 x0.13 x0.11
1.051

0.0703

0.1466

Cl2NagQ97.5SbaWis Zns s

5619.41

183(2) K
0.71073
triclinic,
P-1
13.2947(3)
17.9950(3)
21.0745(4)
77.724(2)
85.282(2)
68.877(2)
4595.44(16)
2

24.116
4.061

4904

0.15 x0.13 x 0.05
1.028

0.0450

0.1132

Ri = X(Fo — Fc)/XFo and wR: = { Jw(Fo? — Fc?)?/2w(Fo?)? )1
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Table S4. Bond valence sums (BVS) for Zns_Zns: (1a, 1b), Zns_Zns (2), and Zne (3a).

Zny_7Zns; (1a)

Znl  2.1010 Zn2  1.9684 Zn3
ZnS  2.1371 Zn6  2.0381 Zn7
Sb2  2.9977 Sb3  2.9904 W1

W3 6.0282 W4 6.0082 W5

W7 6.1017 W8  6.0207 W9

W1l  6.1273 W12 6.1701 W13
W15 6.0858 W16 6.1066 W17
W19 6.2193 W20 6.1455 W21
W23 59749 W24 59749 W25
W27 59725 Nal 1.1145 Na2

Zn4_7Zns; (1b) (disordered W atoms were excluded)

Znl  2.1002 Zn2  2.1217 Zn3
Zn5  2.0070 Zn6  1.8876 Zn7
Sb2  2.9870 Sb3  3.0164 Wi
W3 6.2695 W4 6.0633 W5
W7 6.1307 W8  6.1415 W9
W12  6.2807 WI3  6.2866 W14
W20 5.9560 W21  6.0842 W25
W27  6.1015 Nal 1.1165 Na2

Zns Zns; (2)

Znl  2.0657 Zn2  2.0306 Zn3
Zn5 23730 Zn6  2.2383 Nal
Sb2  2.9597 Sb3  2.8858 w1
W3 5.9077 W4 6.1594 W5
W7  6.0577 W8  6.2436 w9
Wil 62129 W12 5.7972 W13
W15  6.0355 W16 6.0021 W17
W19  6.3357 Sb4

Zn6 (3a)

Znl  1.9642 Zn2  2.0202 Wi
W3 5.9459 W4 5.9885 W4
Cll  0.5059 Cl2 04705

2.1795
1.9517
6.2422
6.1323
6.2158
6.0662
6.0525
6.0388
6.0989
1.0617

1.9522
2.0886
6.0890
6.1355
5.8985
6.0984
6.1268
1.0814

2.3509
1.0062
6.1551
6.1781
6.1767
6.0636
6.1377

5.9731
5.9515

Zn4
Sbl
W2
W6
W10
W14
W18
W22
W26

Zn4
Sbl
W2
W6
W11
W19
W26
Nal

Zn4
Sbl
W2
W6
W10
w14
W18

w2
Sbl

2.0618
2.9534
5.9633
5.8627
6.0895
5.9996
6.1959
5.9551
5.9964

2.1247
3.0084
6.0189
5.9091
6.1273
6.0302
6.2898
1.1165

1.9204
3.1525
6.1516
6.0161
6.2448
6.0324
6.2369

5.9884
3.1322
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Table S5. Bond valence sums (BVS) for Zne (3b), Zns (4), Zns (5a), and Zns (Sb).

Zn6 (3b)

Znl  1.9627
w2 6.0204
Zns(4)

Znl  2.0178
Sbl  2.9161
w4 6.0417
W8 6.1674
Zns (5a)

Znl  2.1034
Zn5  1.8177
Wi 6.1802
W5 6.0933
WO 6.0492
W13  6.1329
W17  6.3062
Zns (5b)

Znl  2.1359
Zn5  2.1490
Wil 6.1151
W5 5.8611
WO 5.9265
W13  6.0847
W17  6.0603

Cl1
W3

Zn2
Wi

W5
W9

Zn?2
Nal
W2
W6
w10
w14
W18

Zn2
Nal
W2
W6
W10
Wi4
W18

0.5367
6.0348

1.9872
6.1090
6.0612
6.1058

2.0178
1.0432
6.1738
6.1144

6.1078
6.0299

6.0397

2.0035
1.1157
6.2581
6.0404
6.0034
6.0483
6.1490

Sbl

/n3
w2
W6

Zn3
Sbl
W3
W7

Wil
W15

Zn3
Sbl
W3
W7
Wil
W15

3.1367

1.7560
6.0546
6.0045

2.1122
2.9202
6.0888
6.0896

6.2000
6.1269

2.0795
3.0728
5.8676
6.2257
6.1007
6.1621

Wi

Nal
W3
W7

Zn4
Sb2
W4
W8
W12
W16

Zn4
Sbl
W4
W8
W12
W16

6.1020

1.3497
6.1400
6.0436

1.9260
2.9508
6.0681
6.1000
6.1056
5.9737

1.9677
2.9375
5.9575
6.0343
6.1411
6.1164
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Table S6. Bond valence sums (BVS) for Zn4 (6a), Zn4 (6b), Zn4 (6¢) and Znss (7).

Zn4 (6a)

Znl  2.1080
Nal  1.0400
W1  6.0987
W5  6.1373
W9 6.0856
W13 6.0680
W17  6.0895
Zny (6b)

Znl  2.1349
Nal  1.0969
W1  6.2356
W5  6.1161
W9 6.0335
W13  6.1188
W17 6.0457
Zny (6¢)

Znl  2.0682
Nal 1.2616
W1  6.4278
W5  6.0063
W9 5.9780
W13  6.1636
W17 6.0754
Zn; s (7)

Znl  2.1388
Nal  1.0863
W1  6.0831
W5  5.9553
W9 6.0342
W13  6.0757
W17  6.2023

Zn2
Na2
w2
Wé
W10
W14
W18

Zn2
Na2
W2
Wé
W10
W14
W18

Zn2
Na2
w2
W6
W10
W14

W18

Zn2
Na3
w2
W6
W10
W14
W18

1.9915
1.0945
6.0671
6.1402
6.1009
6.0642
6.1377

2.0124
1.1675
6.3261
6.0460
6.1179
6.1882
5.9521

1.8778
1.2616
6.2217
6.0056

6.0353
6.2073

6.4661

2.1642
1.2036
6.1839
6.1527
5.9933
6.2384
6.1435

Zn3
Sbl
W3
W7
W11
W15

Zn3
Sbl
W3
W7
W11
W15

Zn3
Sbl
W3
w7
Wil
W15

Zn3
Sbl
W3
W7
W11
W15

2.1478
2.9095
6.0880
6.0186
6.1185
6.0273

2.1953
2.8644
5.9509
6.0194
6.2375
6.0471

2.1153
3.0375
6.1115
6.0671

6.4154
6.3222

2.0869
2.8193
6.1642
6.2057
6.0925
6.0351

Zn4
Sb2
W4
W8
W12
W16

Zn4
Sb2
W4
W8
W12
W16

Zn4
Sb2
W4
W8
W12
W16

Nal
Sb1
W4
W8
W12
W16

2.1467
2.9433
6.0839
6.0348
6.1107
6.1349

2.1896
2.9082
6.1529
6.1544
6.0638
6.0904

2.1809
3.0003
6.2366
6.1049
5.9516
5.7588

1.1366
2.9409
6.0607
5.9830
6.0026
6.0412
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Figure S1. (a) Ball-and-stick representation of the polyoxoanion [ZnsNax(H20)s(SbWoO33)2][Zns.2
Naos(H20)s52(SbWo033)2]'> {Zns_Znss} (1a or 1b) (thermal ellipsoids of heavy atoms at 50 %
probability level; only the major site-occupancy of the disordered Zn7 (Na3) is shown for clarity in (1a),
symmetry codes: a, -x, /-y, I- z for (1a)). (b) Polyhedral representation of the polyoxoanion {Zn4_Zns.}
(1a or 1b) (color codes: WOg octahedra = red; Sb = pink; W = black; Zn = blue; Na = orange; O = red).

S19



Supporting Information

(a)

(b)

Figure S2. (a) Ball-and-stick representation of the polyoxoanion
{[ZnsNaC13(HzO)4(SbW9033)z] [Zn5.2Nao_8(H20)5,2(SbW9O33)2]}17' {Zns_Zns,z} (2) (thermal ellipSOidS of
heavy atoms at 50 % probability level, only major site-occupancy of the disordered Zn6 (Na2) is shown
for clarity, symmetry codes: b, /-x, -y, I-z). (b) Polyhedral representation of the polyoxoanion
{Zns_7Zns,} (2) (Color codes: WOs octahedra = red; Sb = pink; W = black; Zn = blue; Na = orange; O =
red; Cl = green).
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(b)

Figure S3. (a) Ball-and-stick representation of the polyoxoanion [Zne(H20)Cls(SbW9O33)2]'!" {Zne} (32)
(thermal ellipsoids of heavy atoms at 50 % probability level; CI2 and O33c are site-occupancy
disordered with the quarter-occupancies, symmetry codes: a, x, -y, -z, b, -1-x, -y, -z, ¢, -1-x, y, -z). (b)
Polyhedral representation of the polyoxoanion {Zn6} (3a) (color codes: WOs octahedra = red; Sb = pink;
W = black; Zn = blue; O = red; Cl = green).
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Figure S4. (a) Ball-and-stick representation of the polyoxoanion [ZnsNa(H20)sClo(SbW9O33)2]> {Zns}
(4) (thermal ellipsoids of heavy atoms at 50 % probability level, half-occupancy position of the
disordered Nala (Zn3a) is shown for clarity, symmetry codes: a, 1-x, -y, [-z). (b) Polyhedral
representation of the polyoxoanion {Zn5} (4) (color codes: WOg octahedra = red; Sb = pink; W = black;
Zn = blue; O =red; Cl = green).
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Figure Ss. (a) Ball-and-stick representation of the polyoxoanion
[ZnsNa(H20)s(CH3COO0)2(SbWo0s3)2]>- {Zns} (5a) (thermal ellipsoids of heavy atoms at 50 %
probability level). (b) Polyhedral representation of the polyoxoanion {Zns} (5a) (color codes: WOs
octahedra = red; Sb = pink; W = black; Zn = blue; Na = orange; O = red; C = grey).
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Figure Sé. (a) Ball-and-stick representation of the polyoxoanion
[ZnsNa(H20)4CI(CH3COO)2(SbWo033)2]'" {Zns} (5b) (thermal ellipsoids of heavy atoms at 50 %
probability level). (b) Polyhedral representation of the polyoxoanion {Zns} (Sb) (Color codes: WOg
octahedra = red; Sb = pink; W = black; Zn = blue; Na = orange; O = red; Cl = green; C = grey).
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Figure S7. (a) Ball-and-stick representation of the polyoxoanion
[Zn4Nax(H20)7(CH3COO)(SbW90s3)2]> {Zng} (6a) (thermal ellipsoids of heavy atoms at 50 %
probability level). (b) Polyhedral representation of the polyoxoanion {Zns4} (6a) (color codes: WOs
octahedra = red; Sb = pink; W = black; Zn = blue; Na = orange; O = red; C = grey).
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Figure S8. (a) Ball-and-stick  representation = of the  polyoxoanion  [Zn4iNaio
Cl3(H20)7(CH3COO)(SbW9033)2]'?* {Zng} (6b) (thermal ellipsoids of heavy atoms at 50 % probability
level; only the major site-occupancy of the disordered Nal (Zn5) is shown for clarity). (b) Polyhedral
representation of the polyoxoanion {Zn4} (6b) (color codes: WOg octahedra = red; Sb = pink; W = black;
Zn = blue; Na = orange; O =red; C = grey; Cl = green).
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Figure S9. (a). Ball-and-stick representation of the polyoxoanion [ZnsNa,Cl3(H20)s(SbWO33)2]!!" {Zns}
(6¢) (thermal ellipsoids of heavy atoms at 50 % probability level). (b) Polyhedral representation of the
polyoxoanion {Zn4} (6¢) (color codes: WO octahedra = red; Sb = pink; W = black; Zn = blue; Na =
orange; O = red; CI = green).
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Figure S10. (a). Ball-and-stick representation of the polyoxoanion [Zn3sNaa sClo(H20)s(SbWO33)2]'%
{Zn35} (7) (thermal ellipsoids of heavy atoms at 50 % probability level; half-occupancy position of the
disordered Zn2 (Na3) is shown for clarity). (b) Polyhedral representation of the polyoxoanion {Zns.s} (7)
(color codes: WOg octahedra = red; Sb = pink; W = black; Zn = blue; Na = orange; O = red; Cl = green).
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Figure S11. (a) 3D open-framework structure of Zn4 (6b) shown along the a axis. (b) Left-handed
helices in Zns (6b). (c) 3D open-framework structure of Zn4 (6¢) with view of the ac plane. (d) Right-
handed helices in Zny (6c¢).

S29



Supporting Information

(a:& (l))% (c%
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Figure S12. Polyhedral representations of (a) sandwich-type [Zn3Na3(H20)o(SbW9033)2]%- {Zn3(8)}, (b)
sandwich-type [CusNa3(H20)9(SbW9O33)2]> {Cus}, (¢) sandwich-type [CusCl(H20)2(SbW9Os3)2]"
{Cus}, (d) Krebs-type [Sb2W22074(OH)2]12', (e) Krebs-type [Zn2SbaW20070]'%, (f) Sb(V)-substituted
Anderson-type [SbYWs024]7, (g) paratungstate [HoW12042]'%, (h) Wells-Dawson polyoxometalate [o-
P2W15062]%, (i) and (j) sandwich-type [o/B-Zn2Sb™M(ZnWoeOss)2]'* {a/B-Zn2Sby isomers}, (k) high
valent Sb(V)-substituted sandwich-type [o-ZnSbY2(OH)2(ZnWoO34)2]'%, (color codes: WOg octahedra =

light blue; PO4 tetrahedra = brown; Sb = pink; Zn = sky blue; Cu = dark blue; Na = orange; O = red; CI
= green).
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Figure S13. Powder X-ray diffraction (PXRD) pattern of bulk Zns-Zns» (1a) vs. calculated pattern.
Intensity differences may be due to preferred orientation of the powder sample.
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Figure S14. PXRD pattern of bulk Zn4-Zns> (1b) vs. calculated pattern. Intensity differences may be

due to preferred orientation of the powder sample.
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Figure S15. PXRD pattern of bulk Zne (3b) vs. calculated pattern. Intensity differences may be due to
preferred orientation of the powder sample.
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Figure S16. PXRD diffraction pattern of bulk Zns (5a) vs. calculated pattern. Intensity differences may
be due to preferred orientation of the powder sample.
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Figure S17. PXRD pattern of bulk Zns (5b) vs. calculated pattern. Intensity differences may be due to
preferred orientation of the powder sample.
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Figure S18. PXRD pattern of bulk Zn4 (6a) vs. calculated pattern. Intensity differences may be due to

preferred orientation of the powder sample.
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Figure S19. PXRD pattern of bulk Zng4 (6b) vs. calculated pattern. Intensity differences may be due to
preferred orientation of the powder sample.
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Figure S20. PXRD pattern of bulk Zny4 (6¢) vs. calculated pattern. Intensity differences may be due to
preferred orientation of the powder sample.
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Figure S21. PXRD pattern of bulk Zn35(7) vs. calculated pattern. Intensity differences may be due to
preferred orientation of the powder sample.

} J ﬂ /\ Experimental
|
st | ML il o
bl M»/ i Vit ‘“WMWWW'\*WMMWMJV'\'\J \}W‘ ’L\p \lf\w.,r"’ 'LJ\..\JKW“‘WWM
Theoretical
! | ! | ! | ' |
10 20 20 / 0 30 40

Figure S22. PXRD pattern of bulk Zn3 (8) vs. calculated pattern. Intensity differences may be due to
preferred orientation of the powder sample.
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Figure S23. Thermogravimetric curves of Zn4_Zns (1a), Zne (3b), Zns (5a), Zn4 (6a), Zns s (7), and
Zn;3 (8).
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Figure S24. Cyclic voltammograms of (a) Zn4_Zns (1a), Zne (3b) in (1.0 M ) NaCl buffer solution, (b)
1 mM Zns (5a), Zngs (6a), Zn3s (7), and Zn3 (8) in (1.0 M) NaCl buffer solution (scan rate 25 mV/s,
GCE working electrode, Ag/AgCl reference electrode).

The redox behavior of all compounds was characterized by cyclic voltammetry (CV) in 1.0 M NaCl
solution over the potential range of +1.0 to -1.0V (Figure S24). The irreversible redox couple (I-I")
between -0.75 and -0.85 V corresponds to the redox processes of the W centers. However, the
reduction waves (I) of the W centers gradually disappeared with the decrease of the oxidation peak
around -0.80 V from Zns-containing POMs with hexagonal Zn-centers to the Zns3-containing POM with
trigonal motifs. Moreover, the second reduction peak at -0.544 V (II) was only observed in the
compound Znj3 (8).
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Figure S25. Solid state UV/vis spectra of Zn4_Zns2 (1a), Zne (3b), Zns (4), Zns (5a), Zn4 (6a), Zn3 s
(7), and Zn3 (8).

Solid state UV/Vis spectra of all compounds have two characteristic absorption bands at 200-210 and
260-300 nm in common, with the high energy band corresponding to pn-dr charge-transfer transitions of
the O-W bonds, whereas the low-energy absorption band is due to the pr-dn charge-transfer transitions
of the Op-W bonds (Figure S19). FT-IR and Raman spectra of all compounds in the solid state are
closely related, and the characteristic peaks are assigned to W-O vibrations from the [SbWqO33]*
framework (Figures S20, S24, and detailed assignment in Table S7).
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Figure S26. FT-IR spectra of the compounds Zn4_Zns. (1a), Zne (3b), Zns (5a), Zny (6a), Znzs (7),
and Zn;3 (8) in the solid state.
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Figure S27. Raman spectra of Zn4_Zns (1a), Zne (3b), Zns (5a), Zn4 (6a), Zn3zs (7), and Zn3 (8) in the
solid state.
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Table S7. Vibrational features (IR and Raman) for Zn4_Zns (1a), Zne (3b), Zns (5a), Zn4 (6a), Zn3 s
(7), Zn3 (8), and the Nag[B-a-SbWo033]-19.5H>0 {SbWo} precursor.

Label Band assignments?® (cm™)

{SHW o} NHOH) S&(NH) vW=04y  vi(W-0n)  va(W-0O.)  S(W-Opo-W)
IR 1617 959 922 893 770, 710
Raman 961, 943 905, 873 795, 688 438, 338

(1la) O(HOH) O&(NHy) v(W=0,) Vas(W-Op) Vas(W-O.) (W-Op W)
IR 1624 946 897, 834 728
Raman 961 888, 848 797,695 515

(3b) S(HOH) O(NHy) v(W=0y) Vas(W-Ob) Vas(W-O,) (W-Op W)
IR 1624 1418 946 858,824 708,665 512,434
Raman 996,969 886,843 693 522

(5a) O(HOH) O(NHy4) UW=0,) Vas(W-O) Vus(W-O,) HW-Op-W)
IR 1622 1411 929 870,846 698 503,430
Raman 960,932 892, 843 783, 688 514, 444

(6a) SHOH) SINH) vW=04  ve(W-0p)  vi(W-0))  S(W-Op-W)
IR 1628 1413 937 888,848 712,679 503.430
Raman 959 875, 848, 799,690 517

(7) NHOH) S(NHy) vW=04  vu(W-05)  v(W-0)  S(W-Op-W)
IR 1626 1404 935 876,837 716,673 509, 431
Raman 966 890, 878, 791,697 529, 324

(8) XNHOH) O(NHy) v(W=0y Vus(W-0Op) Vas(W-O,) HW-Op W)
IR 1610 940, 941 883 730 507,461
Raman 954 892, 860, 690 517, 365

8, W=0, terminal; W-Op, corner-sharing; W-O., edge-sharing.
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{Zn,} HOMO Electrophilic HOMO map
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Figure S28. BP86/Def-TZVPP optimized structures of Zne (3b), Zn3 (8), and Zns (5a).

LUMO

Zn, W-peroxo species (A.1.a)

Figure S29. BP86/Def-TZVPP optimized structure of W-peroxo {Zne} species (A.1.a)
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Table S8. Oxidation of cyclohexanol with different Zn-POMs and reference POM catalysts.?

OH 0
cat., 50°C
+ 10, H,0.7h T HO
Exp. Catalyst T  Yield
O (%)
1 {Zn4_Zns,} (1a) 50 29
2 Zng (3b) 50 31
3 Zns (52) 50 27
4 Zn, (62) 50 26
5 Zn; (8) 50 27
6 Zn,Ws (9) 50 25
7 [SbaW2,074(OH),] > 50 22
8 [SbW,033]” 50 11
9 [SbYW4024]" 50 7
10 [HaW1204]" 50 14
11 [P2W1:062]% 50 <5

[a] Reaction conditions: 0.25 mmol substrate, 1.25 mmol (30 %) H202, 1.0 umol catalyst, 1.0 mL H20, 50 °C, 7 h. [b]
Organic products were identified and quantified by GC-MS and GC with calibrations using pure corresponding standards and
dodecane as an internal standard; yield (%) = [cyclohexanone] / initial [cyclohexanol] x 100%. Product distributions were not
significantly affected by carrying out the reactions in N2 atmosphere.

Krebs-type heteropolyanions [ZnaSboW20070]'" {ZnaW2}(9) (Figure S12e) and tungstoantimonate
[SbaW22074(OH)2]'? (Figure S12d)15?71 also displayed high catalytic activities at 85 °C with respective
cyclohexanone yields around 96 % and 92 % (Table 1, entries 7, 8).

Reference POMs with lower nuclearity, such as the trilacunary Keggin POM ligand
Nag[SbW9033]-19.5H,0, the high valent Anderson-type Sb-POM KsNax[SbYW¢024]- 12H20 (Figure
S12f), and the paratungstate anion [HoW12042]'% (Figure S12g)528 were less active with cyclohexanone
yields of ca. 77 %, 60 % and 73 %, respectively, at 85 °C (Table 1, entries 9-11 ), and very low yields of
ca. 11 %, 7 % and 14 %, respectively, at 50 °C (Table S8, entries 8-10). Surprisingly, however, the
Wells-Dawson-type POM [P2Wi50¢2] (Figure S12h) 521 with the same W nuclearity as present in the
sandwich-type Zn-POM catalyst series exhibited very low catalytic efficiency (21 % at 85°C, Table 1,
entry 12) and almost no activity at 50 °C (< 5%, Table S8, entry 11).
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Table S9. Cyclohexanol oxidation with Zne (3b).?

OH o)
Cat. Zn6 (3b)
H,0,, 85°C, 7h

Cycle Product (Yield %)°
3b*

cyclohexanone (99)

2 cyclohexanone (98)

cyclohexanone (94)

2 Standard reaction conditions: 0.25 mmol substrate, 1.25 mmol (30 %) H202, 1.0 umol catalyst Zne (3b), 1.0 mL H-O, 85 °C,
7 h. Yields (%) were determined by GC analyses by using pure corresponding samples as calibration standards and dodecane
as an internal standard

Table S10. Residual hydrogen peroxide after oxidation of cyclohexanol.?

Entry System T Residual H,0,
(°C) (mmol %)"

1 No catalyst 85 36

2 No catalyst 50 90

3 Zng (3b) 85 trace

4 Zn; (3b) 50 27

5 Cus 85 trace

6 Cu; 50 8

[a] Reaction conditions: 0.25 mmol substrate, 1.25 mmol (30 %) H20>, 1.0 pmol catalyst, 0.50 mL H2O, 85 or 50 °C, 7 h. [b]
Residual Hydrogen peroxide (mmol %) = mmoles of unreacted hydrogen peroxide/initial mmoles of hydrogen peroxide x
100. H202 contents were quantified by UV/Vis spectroscopy of the characteristic yellow-orange peroxotitanium complex
[Ti(O2)(OH)(H20)3]".

Further reference experiments with hexa- and tri-copper substituted sandwich-type polyoxometalates
[CusCls(SbW9O33)2]" Cug (Figure S12¢) and [Cuz(SbWo033)2]'?- Cu3 (Figure S12b) containing a redox-
active core proceeded less efficiently at 85 °C than at 50 °C in the presence of Cue with a hexagonal
metal core or Cus with trigonal copper core motifs (Table 1, entries 13-14; Table S8, entries 12-13).
Both Cu-containing sandwich-type POMs Cus and Cus were ineffective catalysts affording very low
yields (ca. 13% and 10%, respectively, at 85 °C) compared to the Zn/Sb-POM series (yields of 94 - 99
%). Hydrogen peroxide dismutation is generally a competitive process in H>O»-assisted oxidation of
organic substrates with transition metal catalysts, which frequently proceeds through a radical reaction in
the presence of mixed valent transition metal centers (e.g. Fe, Mn, Cu). Hydrogen peroxide utilization
efficiency during cyclohexanol oxidation with Zne¢ (3b) and Cus catalysts is compared in Table S10.
While hydrogen peroxide dismutation at 50 °C proceeds slowly in the absence of POM catalysts (10 %

conversion, cf. Table S10, entry 2), the decomposition rate was quickly increased at elevated
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temperatures with only 36 % H»O> left at 85 °C (Table S10, entry 1). In the presence of Zng (3b) and
Cus, the remaining hydrogen peroxide at 50 °C sharply decreased from ca. 90% (no catalyst) to 27% and
8%, respectively (Table S10, entry 4 and 6), and H,O, was almost quantitatively decomposed at 85 °C
(Table S10, entry 3 and 5). Zne(3b) exclusively catalyzes alcohol oxidation through consumption of
residual H2O; at 85 °C, because the redox-inactive Zn?" centers do not catalyze H>O, dismutation.
However, this side reaction becomes dominant for Cu-containing POMs so that Cus is virtually inactive

at 85 °C. This outlines the crucial role of the metal core composition in H>O»-assisted alcohol oxidation.
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Figure S30. (a) UV/Vis spectra of Ti(O2)** complex solutions, [TiOSO4] = 24.39 mM in 2.15 mM
H>S04, [H202] = 0.028-0.340 mM; (b) absorbance values at 410 nm vs. [H2Oz].
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Figure S31. FT-IR spectra of (a) Zne (3b) in the solid state, (b) Zne (3b) in aqueous solution, (c¢) {Cus}
in the solid state and (d) {Cus} in aqueous solution.
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Figure S32. Raman spectra of (a) Zne (3b) in the solid state, (b) Zne (3b) in aqueous solution, (¢) {Cus}
in the solid state and (d) {Cus} in aqueous solution.
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Figure S33. FT-IR spectra of (a) Zne (3b) in the solid state, (b) Zne (3b) after treatment with a 50-fold

excess of excess of H>Oz in aqueous solution, (c) after removal of excess 30% H>O» with aqueous KI
solution.
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Figure S34. Raman spectra of Zn6 (3b): (a) solid state; (b) in the absence of H>O- in aqueous solution;
(c¢) [H202)/[(3b)] = 1:1 in aqueous solution; (d) [H20:])/[(3b)] = 5:1 in aqueous solution; (e)
[H202)/[(3b)] = 50:1 in aqueous solution.
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Figure S35. PXRD pattern of the insoluble precipitation after catalysis.
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Figure S36. PXRD pattern of the true catalyst after catalysis.
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Figure S37. EDX mapping of the true catalyst after catalysis.

Figure S38. EDX mapping of the insoluble precipitate after catalysis.
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Table S11. Vibrational features (FT-IR) for true catalyst and possible matching POMs

List of Zn-POMs Zn/W atomic ratio | FT-IR Ref.

True catalyst 1:3.4 937, 866, 737, 615, 534, 438 cm’!

Nai2(WZn3(H20)2(ZnWo0O34)2) 1:3.8 722,765,873, 923 cm’! [S30]

[Zne(imi)s(H3AsW90O33)2] 1:3 840, 953, 696, 526 cm’! [S31]

Naj2(Zna(H20)2(GeWoO34)2) 1:4.5 946, 888, 837, 772, 705, 511, 454 | [S32]
cm’!

Naio[SbaW1sZn3066(H20)3] 1:6 963, 942, 895, 881, 854, 780, 736, | [S33]
507, 461, 437 cm™!

(MesN)s[ZnW 12040] 1:4 943, 881, 785, 530, 442, 400 cm™ | [S34]

Table S12. ICP-MS measurements of the Zng (3b) pristine and true catalyst

Zne (3b) pristine /n:W 1:3.06
Sb:Zn 1:2.93

True catalyst Zn:W 1:3.37
Sb:Zn 1:22.74

Table S13. EDX element ratios of the insoluble precipitate formed from Zng (3b) immediately after the
onset of catalysis.

Element Precipitate of Zns (3b) Error
[at.%] [wt.%]

Zn K-series 28.08 0.7

Sb L-series 68.13 1.8

W L-series 3.79 0.5
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Table S14. EDX analyses of element ratios of post-catalytic Zns (5b) and Zn4 (6a) isolated from the
aqueous phase and of their respective precipitations formed at the onset of catalysis.

Element Zns (Sb) post-cat. Zn4 (6a) post-cat.
[at. %] [at. %]
Zn K-series 15.00 14.00
Sb L-series 4.99 4.46
W  L-series 80.01 81.54
Element Zns (5b) precipitation | Zng (6a) precipitation
[at. %] [at. %]
Zn K-series 8.09 7.42
Sb L-series 70.26 71.68
W L-series 21.66 20.90

Figure S39. PXRD patterns of Zns (5b) and Zn4 (6a) after 15 cyclohexanol oxidation.
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Figure S40. FT-IR spectra of Zne(3b) in the solid state, Zne(3b) after 1% cyclohexanol oxidation,
pristine Zns (5b) and Zny (6a), compared to Zns (5b) and Zn4 (62a) after 1% cyclohexanol oxidation and
[WZn3(H20)2(ZnWo034)2]'> asreference in the solid state.
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Table S15. Main interatomic distances, atomic coordination numbers (N), and Debye-Waller factors (o?)
calculated from nonlinear least-squares fitting of the experimental W-Ls-edge FT|k y(k)| spectra for pristine
[ZneCls(SbW9033)2]'%", NaaWO4-2H20, [WZn3(H20)2(ZnW9O34)2]'%, [SbW9033]°- and RMC-EXAFS fitting
of the experimental W-Ls-edge FT|k* (k)| spectra of the true catalyst.

Na;WO42H,0 [SbWsO33]* [WZn3(H20)2(ZnWoO34)2]'> Pre [ZnsCls(SbWoO33)2]'* True catalyst
[S0220.91, AEf5.6 ¢V] [S0%20.99, AE=6.9 ¢V] [S0%=1.05, AE=2.1 eV] [S0%20.99, AEs~1.83 ¢V] RMC-EXAFS
W-0 (20.008 &) [ Nwo | Pwo | W-O (£0.008 &) [ Nwo| 2w | W-O (£0.008 &) [ Nwo] wo | W-0 (0.008 &) | Nw-o| w0 | W-O (£0.008 &) | Nw-o

1.786 4 10.0005 1.702 1 10.0011 1.759 1 10.0083 1.709 1 10.0103 1.634-1.692 1

W-Na (£0.008 A) | Nw-na| 6°w-Na 1.867 2 10.0045 1.849 2 10.0023 1.843 1 10.0112 1.818-1.846 1

3.665 2 10.0017 1.958 2 10.0078 1.934 2 10.0032 1.859 1 10.0098 1.872-1.894 1

3.691 1 10.0015 2.598 1 0.0026 2.145 1 0.0008 1.971 2 10.0095| 1.971-2.020 1

3.738 1 ]0.0021| W-W (£0.008 A) | Nw-w| ¢®w-w | W-W (£0.008 A) [ Nw-w| c>w-w 2.263 1 10.0101| 2.041-2.092 1

3.762 2 10.0020 3.549 2 10.0013 3.253 1 [0.0084| W-W (£0.008 A) | Nw-w| ¢?w-w 2.224-2.256 1
3.695 2 10.048 3.325 1 {0.0014 3.355 2 10.0033| W-W (£0.008 A) | Nw-w

3.665 2 10.0030| 3.163-3.196 1

3.437-3.472 1

3.560-3.651 1

3.708-3.849 1

Table S16. Main interatomic distances, atomic coordination numbers (N), and Debye-Waller factors (¢?)
calculated from nonlinear least-squares fitting of the experimental Zn-K-edge EXAFS spectra FT|& y(k)| of
pristine [ZneCle(SbW9033)2]'%, [WZn3(H20)2(ZnWoO34)2]'> and RMC-EXAFS fitting of the experimental
Zn-K-edge FT|k’ (k)| spectra of the true catalyst.

[WZn3(H20)2(ZnWs034)2]'% Pre [ZnsCls(SbWo033)2]'> True catalyst

[Se*=0.98, AE:=1.831 eV] [Se*~0.98, AE=1.831 eV] RMC-EXAFS

70-0 (20.008 &) | Nawo | Pzo | Zn-0 (20.008 &) | Newo | om0 | Zn-O (Z0.008 &) | Nowo
1.859 1 0.0042 2.084 4 0.0094 1.946-2.042 2
1.948 1 0.0053 | Zn-Cl (£0.008 A) | Nzoct | znci 2.072-2.086 2
2.054 2 0.0067 2.240 1 0.0051 2.119-2128 2
2.086 2 0.0038 | Zn-Zn (£0.008 A) | Nznzn | °znzn | Zn-Zn (£0.008 A) | Nznzn

Zn-Zn (£0.008 A) | Nzoza | 0Pznzn 3.203 2 0.0098 3.212-3.435 1
3.209 3 0.0035 | Zn-W (£0.008 A) | Nzow | Pzaw 5.321-5.394 1
3.338 2 0.0038 3.489 2 0.0076 | Zn-W (£0.008 A) | Nzaw

Zn-W (£0.008 A) | Nzow | oPznw 3.558 2 0.0060 3.444-3.591 2
3.491 5 0.0056 3.731-3.926 2
3.641 2 0.0068
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