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1. General Information

All reagents and chemicals were of high-purity grade and were used as purchased without further
purification. [(n-CsHo)aN]a[y-GeW10034(H20)2] was prepared according to the literature procedure
reported by Sugahara et al..t

Elemental analysis: Elemental analysis of Ce, Nd, Gd, Er, Zr and W contents was performed with an
iCAP 6500 series inductively coupled plasma-optical emission spectrometry (ICP-OES) spectrometer
(Thermo Scientific, USA). The ICP-OES was equipped with a standard sample introduction system
consisting of a concentric nebulizer and a cyclonic spray chamber. Transportation of sample solutions
was performed by the peristaltic pump of the iCAP 6500 coupled to an ASX-520 auto sampler (Cetac,
USA). Per element two sensitive and non-interfered emission lines were used, the first line for
measurement and the second line for quality control. Elemental microanalysis of C/H/N/O contents
was performed by Mikroanalytisches Laboratorium (University Vienna, Faculty of Chemistry). An EA
3000 (Eurovector) was used for C/H/N/S-analysis. O-determination was performed by high
temperature digestion using the HT 1500 (Hekatech, Germany) pyrolysis system in combination with
the EA 3000 system.

Attenuated total reflection Fourier—transform Infrared Spectroscopy: All spectra were recorded on a
Bruker Tensor 27 IR Spectrometer equipped with a single—reflection diamond-ATR unit. Frequencies
are given in cm, intensities denoted as w = weak, m = medium, s = strong.

Thermogravimetric analysis (TGA): was performed on a Mettler SDTA851e Thermogravimetric
Analyzer under N2 flow with a heating rate of 5 K min-t in the region 298-1023 K.

Single crystal X-ray diffraction (SXRD): The X-ray data were measured on a Bruker D8 VENTURE
equipped with a multilayer monochromator, Mo Ka Incoatec Microfocus sealed tube, and Kryoflex
cooling device equipped with multilayer monochromators, Mo K/a (A=0.71073A) INCOATEC micro
focus sealed tubes. The structures were solved by direct methods and refined by full-matrix least-
squares. Non hydrogen atoms were refined with anisotropic displacement parameters. The following
software was used for the structure-solving procedure: frame integration, Bruker SAINT software
package using a narrow-frame algorithm (absorption correction)?, SADABS3, SHELXS-20134
(structure solution), SHELXL-2013% (refinement), OLEX26 (structure solution, refinement, molecular
diagrams and graphical user-interface), and SHELXLE’ (molecular diagrams and graphical user
interface). Experimental data and CCDC-codes are provided in Tables S7-S17.

Powder X-ray diffraction was performed on an EMPYREAN diffractometer system using Cu Ka
radiation (A = 1.540598), a PIXcel3D-Medipix3 1 x 1 detector (used as a scanning line detector) and a
divergence slit fixed at 0.1 mm. The scan range was from 5° to 50° (20).

Solubility: The solubility of the anions was determined by weighing a defined amount of sample (10
mg) into an Eppendorf tube and addition of the corresponding solvent in 50 pL steps. Once the
compound was completely dissolved the sample was centrifuged at 10000 rpm for 60 seconds and
further checked for undissolved solids under the microscope.

UV-Vis spectroscopy: UV-Vis spectra were collected on a Shimadzu UV 1800 spectrophotometer.

Minimum inhibitory concentrations (MICs) were determined by the broth microdilution method
according to guidelines of the Clinical Laboratory Standards Institute.® Double dilutions of tested
compounds in 96-well microtiter plates were prepared in 256-0.5 mg/mL concentration range. M.
catarrhalis was grown on Columbia agar with 5% sheep blood. Inocula were prepared by direct colony
suspension method and plates inoculated with 5 x 104 CFU/well. Results were determined by visual
inspection after 20-22 h incubation at 37°C in ambient air. Testing was performed by the standard
broth microdilution method with azithromycin and ciprofloxacin as the reference antibiotics to assess
test validity.



2. Experimental Procedure

2.1. Preparation of (C16H3sN)7H2[Ce(H20)3(GeW1003s)2] * 3 (CH»),CO
[Ce(H,0)3(GeWio),]*

To a stirred solution of [(N-CsHg)aN]s[y-GeW10034(H20)2] (250 mg, 0.072 mmol) in
acetone/water (5 mL/80 pL) was added [Ce(acac)s] (15.75 mg, 0.036 mmol, 0.5 equiv. with
respect to (TBA)[GeWig]) and the resulting solution was stirred for 90 min at RT (about
20°C). Orange block shaped crystals of [Ce(H:0)3(GeWio):]®> were obtained after
approximately one week from a mixture of acetone and diethyl ether (~1.25 mL). Yield: 199
mg, 79 % based on Ce. Elemental analysis calcd. (found) for Ciz1H27sN7074CeGezW2o
((TBA)7H2[Ce(H20)3(GeW100s35)2] « 3 (CHs3).CO): C 20.83 (19.07), H 4.02 (3.75), N 1.41
(1.48), O 16.97 (16.78), Ge 2.08 (2.14), W 52.69 (51.6), Ce 2.01 (2.07).

2.2. Preparation of (C16H3sN)7H2[Nd(H20)3(GeW10035)] . 3 (CH3).CO
[Nd(H,0)3(GeWiq)2]*:

The synthetic procedure for [Nd(H20)3(GeWio),]° is similar to that of [Ce(H20)s(GeWio)2]®*
except that [Ce(acac)s] was replaced by [Nd(acac)s] (15.89 mg, 0.036 mmol). Blue block
shaped crystals of [Nd(H20)s(GeW1)2]® were obtained after approximately one week from a
mixture of acetone and diethyl ether (~1.3 mL). Yield: 190 mg, 76 % based on Nd. Elemental
analysis calcd. (found) for Ci21H27sN707aNdGe;W2o ((TBA)7H2[Nd(H20)3(GeW1003s)2] * 3
(CH3).CO): C 20.82 (18.99), H 4.01 (3.67), N 1.40 (1.46), O 16.96 (16.25), Ge 2.08 (2.11), W
52.66 (50.90), Nd 2.07 (2.09).

2.3. Preparation of (C16H36M7Hz[Gd(HzO)g(GeW10035)2] ° 3 (CHa)zCO
[Gd(H20)3(GeWiq)2]*

The synthetic procedure for [Gd(H20)s(GeWao)2]% is similar to that of [Ce(H20)3(GeWio)2]®*
except that [Ce(acac)s] was replaced by [Gd(acac)s] (16.4 mg, 0.036 mmol). Colorless block
shaped crystals of [Gd(H.0)3(GeW1o),]® were obtained after approximately one week from a
mixture of acetone and diethyl ether (~1.5 mL). Yield: 135 mg, 54 % based on Gd. Elemental
analysis calcd. (found) for C121H278N7074Gd662W20 ((TBA)7H2[Gd(H20)3(G€W10035)2] « 3
(CH3).CO): C 20.78 (18.91), H 4.01 (3.70), N 1.40 (1.44), O 16.93 (17.35), Ge 2.08 (2.11), W
52.56 (50.80), Gd 2.25 (2.00).

2.4, Preparation of (C16H36M7H2[EF(H20)3(G6W10035)2] *3 (CH3)2CO [Er(Hzo)g(GeWm)z]g'

The synthetic procedure for [Er(H20)s(GeWao)2]® is similar to that of [Ce(H20)3(GeWio)2]®*
except that [Ce(acac)s] was replaced by [Er(acac)s] (16.4 mg, 0.036 mmol). Light pink block
shaped crystals of [Er(H.0)s(GeWio)2]® were obtained after approximately one week from a
mixture of acetone and diethyl ether (~1.3 mL). Yield: 101 mg, 40 % based on Er. Elemental
analysis calcd. (found) for C121H27sN7O74ErGe,Woo ((TBA)7H2[EF(H20)3(GGW10035)2] « 3
(CH3)2CO): C 20.76 (17.89), H 4.00 (3.53), N 1.40 (1.36), O 16.90 (16.88), Ge 2.07 (2.18), W
52.49 (52.10), Er 2.39 (2.34).

2.5. Preparation of (C16H36N)6H2[Zr(H20)3(GeW10035)2] 3 (CH3)2CO [ZT(H20)3(G6W10)2]8'
4




To a stirred solution of [Zr(acac)s] (72 mg, 0.14 mmol, 2.0 equiv. with respect to
(TBA)[GeW1g]) in 5 mL acetone H.O, (80 uL, 30 %) was added. After stirring the yellow
reaction mixture for 5 min, [(n-CsHg)aN]a[y-GeW10034(H20),] (250 mg, 0.072 mmol) was
added. The resulting solution was stirred for 90 min at RT (about 20°C). Colorless block
shaped crystals of [Zr(H20)3(GeWao)2]® were obtained after approximately one week from a
mixture of acetone and diethyl ether (~1.25 mL). Yield: 310 mg, 65 % based on W. Elemental
analysis calcd. (fOUﬂd) for CiosH236N6O73ZrGesWag ((TBA)eHz[Zr(H20)3(GeW10035)2] « 3
(CH3).CO): C 18.92 (18.99), H 3.57 (3.71), N 1.26 (1.39), O 17.53 (17.56), Ge 2.18 (1.36), W
55.17 (51.6), Zr 1.37 (1.38).

2.6. lon exchange procedure for [Ce(H.0)3(GeW1q)2]*>

[Ce(H20)3(GeWio)2]% (346 mg, 0.0522 mmol) was dissolved in acetonitrile (2.5 mL) and the
resulting solution was added dropwise to a stirred acetonitrile (2.5 mL) solution of NaClO4
(586 mg, 0.4688 mmol). The resulting reaction mixture was stirred at room temperature for
90 min giving a yellow precipitate which was washed with generous amounts of cold
acetonitrile (~10 mL) and air dried. Yield: 80 mg, 29 % based on tungsten.

2.7. lon exchange procedure for [Zr(H,0)3(GeW10)2]¥

The procedure for [Zr(H20)3(GeWao),]® is similar to that of [Ce(H20)3(GeWao).]® except that
[Ce(H20)3(GeWio)2]®* was replaced by [Zr(H20)3(GeWio)2]® (347 mg, 0.0522 mmol). Yield:
160 mg, 60 % based on tungsten.




Table S1. Survey of existing reaction systems using lacunary POM precursors in organic media. DMF = N, N — dimethyl formamide, DMSO =
dimethylsulfoxide, OAc = acetate, TBA = tetrabutyl ammonium [(n-C4Hg)4N]".

Building block Heteroatom Solvent Sum formula
TBAs[{Zn2W(O)03}2H4{G-SiW9033}z]'5H20
Zn* acetone/H,0 TBAs[{Zn;W(0)O0s},Ha{B-SiWs033},]* 7H,0
TBAs[{Zn(OHz)(ug-OH)}z{zn(OHz)z}z{V-HSinO_:;e}z]°9H20

Co?, Zn?* TBAs[{CO(OH2)2(p3-OH)}{Zn(OH2) }2{HSiW10036}2] #2.5EtOACc® 12H,0
Ni%*, Zn?* acetone/H,0/EtOAc TBAg[{Ni(OH>)2(p3-OH)}{Zn-(OH,) }{HSiW10036},] *5EtOAc® 12H,0
n?** TBAg[{Zn(OHz)z(ug.-OH)}z{zn(OHz)}z{HSIW10036}2]'5 EtOAce12H,0

acetone /acetamide TBAs[Cu(y-SiW10034)2(CH3CONH),]*4H,0

CU2+ acetone TBAgH4[CU2(V'SiW10035)2HzO]'11H20'CH3COCH3
ACN TBAgHz[CU4(V'SiW1oan)2(CH3COO)2]°5H20

Ln = Y3, Nd*, Eu?*, Gd**,
TBAHa[y- Tb*, Dy3*
SiW1003¢]-2H,0

acetone/HNOs TBA6Ha[{Ln(H20)(acetone)}.{y-SiW100s6}2]*n(acetone) e 2H,0
TBA4[y-H,SiW10036Pd,(OAC)]

2+
i acetone/HZO [(n-CsH11)4N]4[V-HzsiW1oO36Pd2(OAC)2]
Ag* acetone/DMSO TBAg[Ag4(DMSO)z(V-HSIW10035)2] ¢2DMSO*2H,0
Y3+ acetone TBAgHz[(V-SiYWmOge)z] *7H,0
DMF/acetone {CO(DM F)z(HzO)3}{CO(DM F)4(H20)}[V-5IW10034(DM F)z] *2DMFe11H,0
Co? DMF TBAG[COZ(V-Hg,SinoOgs)z]'3H20
TG TBAG[{CO(Hzo)}z(|J.3-OH)z{CO(HzO)z}z(V-HzSiW1003s)z]‘5Hzo
Ag* TBAs[Age(y-HzSiW10035)2]'5H20
Co® aCGtOHE‘/Hzo TBAgHz[{CO(HzO)}z(ug-OH)2{CO(HzO)z}z(V-SiW1003s)2]'13H20
TBA3H4[{CO4( u3-OH)4}(V-SiW10036)2]'5H20
3+ acetone .
Ce TBAG[{CG(HzO)}z{CE(CHgCN)}2(|J.4-O)(V-SIW10036)2] *4H,0
Fe3+ TBA7H10[Fe(SiW9034)2]‘2H20‘C2H4C|2
Co?** acetone/HZO TBA7H11[CO(SiW9034)2] ¢2H,0eC,H4Cl,
|\/|I’13Jr TBA7H10[M n(SiW9034)2]°3H20
S.ir\l?l‘:‘;):l:][-';-lo:() Sn?* 1,'2—dichloroetha ne TBA;H[Sns(A-a-SiWs034)2]*2H,0
Sn2*/Sn* nitromethane/1,2- TBA/H[SN3SN3(3-0)3(A-0-SiWsO34)2] #3H,0

dichloroethane
Bi3+ 1,2—dich|oroethane TBA7[Biz(A-d-SinOn)z(OAC)(HzO)z]‘3C2H4C|2‘2H20

Ref.
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11

12

13

14
15

16

17
18
19

20

21

22



TBAgH:[Bix(y-SiW10036).]*4H,0

t
acetone TBA;[BisO(y-SiW10036)2(OAC)] » 2CH3COCH; ¢ H,0
= 3+ 2+ 12+ 2+
M = Fe**, C(;)a_:,: Ni“*, Cu”, acetone/HzO TBA7Hn[MMn4(OH)2(A-a-SiW9034)z]'2H200C2H4C|2
M = Mn3*, Cu?%; Ln = Gd**,
Dy*, Lu*; L = acac 1,2-dichloroethane TBAHm[FeMa4{Ln(L)2},02(A-0-SiWs034):]
(acetylacetonate)
Ag* acetone/HZO/DMF TBA16(MEZNHz)sHsAgz[Ag27(5i2W13065)3] '12C3H403°34H20
g acetone TBA7H2[Agz(SiW9031)2(CH3COO)3]‘HzO'CC|4
Gev.l\;chl;\:g[(AO-gl-lg)e] Fe¥* acetone/H,0 TBA7H10[(A-0-GeWs034),Fe]
TBAsN - M = Ce¥*, Nd**, Gd*, Er®,
GEW10834](‘:'[|:0)2] 7 =6 7 acetone/H,0//acetone/H,0, (TBA)nH2[(M(H20)3)(y-GeW1003s),]

Table S2. Survey of existing crystal structures of 4f- and Zr**-doped germanotungstates. GeWi1 = Kg[B2-GeW11039] * 14H,0, GeWio = Kg[y-
GeWi0036] » 6H20. enMe = 1,2-diaminopropane, en = ethylenediamine, D-tartH, = D-tartaric acid, glyH. = glycolic acid, OAc = acetate, tris =
tris(hydroxymethyl)aminomethane.

Germanotungstate building

Formula block present in structure Number & types of M centres Ref.
[EU4(H20)13G92W22073]4-.16.5H20 Bz - GeWq1 4 Ln3+(Ln = EU) 27
[Eu(HzO)zGeW11039]5'010H20 Bz - GeWq, 1 Ln3+(Ln = EU) 27
[Ln(a-GeW11039)z]13' o - GeW1s 1 Ln3+(Ln =La, CE) 28
1Ln3*(Ln =Pr, Nd, Sm, Eu, Gd, Tb
L ~ 12- _ ’ ’ ’ ’ ’ ’ 2
[{ n(p. CH3COO)GEW11039(H20)}2] o - GeWrs Dy, HO, Er, Tm, Yb) 8
1Ln**(Ln=E D E
[{Ln(CH3CO0)GeW:,035(H,0)},]** o - GeWsy n*{Ln = Eu, Gd, Tb, Dy, Ho, Er, 29
Tm, Yb)
[Ln(GEW11039)(HzO)z]lo-‘nHzo a - GeWrs 1Ln%* (Ln =Nd, Tb, Eu) 30

23

24

25

26

this
work



[Pr1.5(GeW11035)(H;0)s.75]>> *nH,0
[La(H,0)2(GeW11030)],'**7H,0
[La(H,0)3(GeW11030)],25 #38H,0
Ln/[o-GeW11039]*

[Lng(a( 1,4)GeW10033)z(HzO)5]12'. nH.O
[Ln (GEW11039)2] 13-
[Ln12(OH)12(H20)18Gen(GeW1003s)s]™

[Lna(H20)6(B-GeW1003s).]*>
[(Ln12GesWs00228(H20)22)n] *nH,0
[(Ln12GesWs00228(H20)24)2]1 nH,0

[KsCe2aGe12W1200456(OH)12(H20)64] %>

[LI‘I4( HzO)s(B-GEW1oo38)z]12-

[Ce20Ge10W1000376(OH)a(H20)30]°¢ ¢ 180H,0

[(A-G-GEW9034)2(Ln0H2)3C03] 13-
[Zr2(0;)2(GeW11030),]**

[Zr;O(OH )z((l-GEW9034)(B-GEW9034)]12_

[Zr24022(OH)10(H20)2(W>010H)2(GeW034)s(GeW3031),]**
[Zrs(p3-0)2(p-OH)2(enMe),(B-a-GeW10037),] 14-/ [Zra(u3-0O)2(p-

OH),(en),(B-a-GeW10037),] 14-

a - GeWy
o - GeWy;
o - GeWyy
o - GeWy;
o - GeWyy
o/B2 - GeWyy

B = (4, 11)—GeW10

ol - (1, 5)-GeWsro
/P - (1, 8)-GeWo
alf - (1, 5)-GeWyo
olf - (1, 8)-GeWyo
/P - (1, 5)-GeWo
olf - (1, 8)-GeWro
O(,/B - (1, 5)—GeW10
O(,/B - (1, 8)—GeW10
ol - (1, 5)-GeWso
OL/B - (1, 8)-GeW10
a/f - (1, 5)-GeWyo
O(,/B - (1, 8)—GeW10

A-B-GEW9034
o - GEW11

A-B-GGW9034

B-a-GeWyOs4, B-a-GeWs03;

B-a-Gero

1 Ln3* (Ln = Pr)

1 Ln* (Ln = La)

1 Ln** (Ln = La)
1Ln* (Ln=Nd, Sm, Y, Yb)

1 Ln* (Ln = Dy, Er)

1 Ln*(Ln = La, Ce, Pr, Nd, Sm, Gd,
Dy; Ho, Er, Tm)

12 Ln**(Ln = Eu, Gd, Dy)

4 Ln3 (Ln = Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu)

12 Ln* (Ln = Pr, Nd, Sm)
24 Ln** (Ln = Nd, Pr)
24 Ln3* (Ln = Ce)

4 Ln* (Ln = Dy, Ho, Er, Tm)
20 Ln* (Ln = Ce)
3Ln*(Ln=Y, Sm, Yb)
1Zr
3Zr

24 Zr*

4 7r%

31

32

32
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34

35

36

37

38

38

39

37

40

41

42

43

44

45



[Zra(H;0),(p-OH)(p3-0)2(D-tartH)(GeW10037)2] >/ [Zra(H20)(ps-

0)2(gly)2(GeW10037)]** B-GeWio
[Zra(p3-0)2(OH)2(OAc),(a-GeW10037)] %/ [Zrs(ps-
0)3(OH)3(OACc)(H20)(B-GeW:10037)3]**/ [{Zrs(ps- o/B-GeWio
OH)4(0H)z}@{Zrz(OAc)z(a-Gewlooas)z}Z]zz.
[Zra(us-0)(tris)2(a-GeW10037),]* —
(TBA)aH2[(M(H:0)s)(v-GeW1003s).] [(n-CaHs)aN]a[y-Ge"W10034(H20);]

47r% 46
4 Zr4+/6 Zr4+/9 Zr4+ 47
4 7r% 48
n+ = 3+ 3+ 3 3
1M™ (M Cezr,4+l\l)d , Gd™, Er™, this work



3. IR-spectra
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Figure S1. IR-spectra of (CisHssN)7H2[M(GeW10035)2] (M = Ce, Nd", Gd", Er", zr").
[Cel(H20)3(GeW1o)2]* (ATR-IR, cm™): 3364.2 (s), 3206.7 (s), 1634.9 (m), 1530.3 (m), 1394.5
(m), 1326.9 (w), 1243.9 (w), 1153.9 (w), 1019.0 (w), 935.9 (w), 748.3 (W), 628.0 (w), 507.8

(w).
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Figure S2. IR-spectra showing the tungsten fingerprint area from 300 - 1000 cm? of
[Ce"(H.0)3(GeWo)2]*, (orange) and the precipitated polyanion catalyst by addition of
tetrabutylammonium bromide after reaction with NPP (NPP = 4-nitrophenylphosphate) or 70
h at 60°C, pD = 7.0 TBA[Ce"'(H.0)3(GeW10)-]® (royal).
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Figure S3. IR-spectra showing the tungsten fingerprint area from 300 - 1000 cm? of
[Zr'V(H20)3(GeWio)2]®, (pink) and the precipitated polyanion catalyst by addition of
tetrabutylammonium bromide after reaction with NPP (NPP = 4-nitrophenylphosphate) for 70
h at 60°C, pD = 7.0 TBA[Zr"V(H20)3(GeW10)2]® (wine red).
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Figure S4. IR-spectra showing the tungsten fingerprint area from 300 - 1000 cm? of
[Zr'V(H20)3(GeWio)2]®, (pink) and the precipitated polyanion catalyst by addition of
tetrabutylammonium bromide after reaction with DMNP (DMNP = 0O,O-dimethyl O-(4-
nitrophenyl) phosphate) for 100 h at room temperature (25°C), pD = 7.0
TBA[ZrV(H20)3(GeWio)2]® (wine red).
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4. Thermogravimetric Analysis

Mass-loss [%)]
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Figure S5. Thermogravimetric curve of (CisHzsN)7H2[Ce(H20)3:(GeW1003s)2] * 3 (CH3).CO.

Table S3. TGA results for compound (CisHzsN)7H2[Ce(H20)3(GeW1003s)2] * 3 (CH3).CO. TBA
= tetra butyl ammonium [(n-C4Hg)4N]*; acetone = (CH3).CO.

Step
|
I
[}

T,°C mass-loss, % number of molecules corresponding to mass-loss
20-290 4.3 3 H,0 + 3 acetone
290-440 20.3 5 TBA*
440-700 2.0 0.5 TBA*
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Figure S6. Thermogravimetric curve of (CigHzsN)7H2[Nd(H20)3(GeW100ss)2] * 3 (CH3).CO.

Table S4. TGA results for compound (C1sHzsN)7H2[Nd(H20)3(GeW1003s)2] * 3 (CH3).CO. TBA
= tetra butyl ammonium [(n-C4Hs)aN]*; acetone = (CHs).CO.

Step T,°C mass-loss, % number of molecules corresponding to mass-loss
| 20-150 1.1 1 acetone
I 150-260 5.7 TBA* + 2 acetone + 3 H,0
[} 260-700 22.0 6 TBA*
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Figure S7. Thermogravimetric curve of (CisHzsN)7H2[Er (H20)3(GeW100s35)2] * 3 (CH3).CO.

Table S5. TGA results for compound (CisHssN)7H2[Er(H20)3(GeW100ss)2] * 3 (CH3).CO. TBA
= tetra butyl ammonium [(n-C4Hg)4N]*; acetone = (CH3).CO.

Step T,°C mass-loss, % number of molecules corresponding to mass-loss
| 20-280 4.3 3 H,O + 3 acetone
1 280-420 19.0 5 TBA*
] 420-700 35 TBA*
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Figure S8. Thermogravimetric curve of (CisHzsN)sH2[Zr (H20)3(GeW1003s)2] * 3 (CH3).CO.

Table S6. TGA results for compound (CisHzsN)sH2[Zr (H20)3(GeW1003s)2] * 3 (CH3).CO. TBA

= tetra butyl ammonium [(n-C4Hsg)aN]*; acetone = (CHs).CO.

Step T,°C mass-loss, % number of molecules corresponding to mass-loss
| 20-280 4.3 3 H,0 + 3 acetone
I 280-430 19.4 5 TBA*
[} 430-700 2.9 TBA*
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5. Single-Crystal X-ray Diffraction

Table S7. Experimental parameter and CCDC-Code.

Sample Machine Sourc Temp. D_etector Time/ #Frames Fr_ame CCDC
e Distance | Frame width
(K] [mm] [s] [°]
[Ce(H20)3(GeW1o)2]% | Bruker D8| Mo | 100 40 40 1856 0.5 |1915355
[Nd(H20)3(GeWao)-]*| Bruker D8| Mo | 100 40 10 2186 0.5 |1915316
[Er(H20)3(GeWio)2]* | Bruker D8 | Mo | 100 45 28 2541 0.5 |1915318
[Eu(H20)3(GeW1o)2]°% | Bruker D8| Mo | 100 52 35 2278 0.5 |1915317
[Zr(H20)3(GeWno),]® | Bruker D8| Mo | 100 47 5 2064 0.5 |2010882
Table S8. Sample and crystal data of [Ce(H20)3(GeWio)2]*.
Chemical formula | Ci21H27sN7074CeGexWoo Crystal system monoclinic
Formula weight
[g/mol] 6977.69 Space group Caim
Temperature [K] 99.99 Z 8
Measurement \f and \w scans Volume [A?] 40734(6)
method
Radiation . Unit_ cell
(Wavelength [A]) MoKa (A = 0.71073) dlme;nsdlcig]s [A] 42.057(4) 90.0
Crystal size / [mm?] 0.51 x 0.55 x 0.41 52.117(5) |95.452(3)
Crystal habit clear orange block 18.6686(17) 90.0
Density (calculated) Absorption
/ [g/lcm?] 1.870 coefficient / [mm] 11.800
Abs. correction 0.0163 ADbs. correction 0.0439
Tmin Tmax
ADs. ‘i%r:”'on multi-scan F(000) [e] 19896.0

Table S9. Data collection and structure refinement of [Ce(H20)3(GeW1o)2]°".

-50<h <50, -62 | Thetarange
Index ranges <k=£62,-22<|< for data 4.378 t0 50.92
22 collection [°]
Reflections Data /
365094 restraints / 38087/465/1041
number
parameters
Refinement Least squares all data R: =0.1255, wR; =
method Final R 0.2172
T e i I v
GOOer?SFS;Of'f” 1.010 V‘éi'ggrmg w=1/[0%(F?)+(0.0751P)?+ 4381.4287P]
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Largest diff. peak
and hole [e A?]

3.20/-2.02 ‘

where P=(F,>+2F:?)/3

Table S10. Sample and crystal data of [Nd(H20)3(GeW1o)2]°.

Chemical formula C121H27sN7074aNdGexW2o gg,{s;rar: monoclinic
Formula weight
[g/mol] 6981.81 Space group Com
Temperature [K] 100.15 Z 8
Measurement \f and \w scans Volume [A?] 40946(2)
method
Radiation Unit cell
MoKa (A = 0.71073) dimensions | 42.1516(13) 90
(Wavelength [A]) (A and []
Crystal size / [mm?] 0.5x0.49x%x04 52.1970(15) | 95.4810(10)
Crystal habit clear bluish block 18.6956(6) 90
. Absorption
Density (calculated) / 1.923 coefficient / 11.774
[g/cm?] 3
[mm~]
Abs.
Abs. correction Tmin 0.024 correction 0.0927
Tmax
Abs. correction type multi-scan F(000) [e] 20672.0

Table S11. Data collection and structure refinement of [Nd(H20)3(GeWh1o)2]*.

-50=<h<50,- | Thetarange
Index ranges 62<k=<62, - for data 4,182 to 50.7
22<1<22 collection [°]
Reflections Data /
576991 restraints / 37974/12/1142
number
parameters
Refinement Least squares all data R:1=0.1082, wR; =
method q Final R 0.1940
Function 2 £ 22 indices R: = 0.0706, wR; =
minimized Z W(Fo" - F%) 1>20(1) 0.1709
Goodness-of-fit 0.975 o w=1/[02(F,2)+(0.0804P)?+1324.0372P]
onF Weighting
Largest diff. peak : scheme e 2 9
and hole [e A<] 3.31/-3.11 where P=(Fy“+2F¢*)/3
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Table S12. Sample and crystal data of [Er(H20)3(GeW1o)2]°.

Crystal

Chemical formula C121H278N7074ErGeaW2o system monoclinic
Formula weight Space
[g/mol] 7004.83 group P21
Temperature [K] 100.01 Z 8
Measurement method \f and \w scans V(J[!&l\J;‘]ne 38620(3)
Unit cell
Radiation _ dimension
(Wavelength [A]) MoKa (A = 0.71073) s [A] and 19.0780(8) 90
[°]
Crystal size / [mm?] 0.51x 0.49 x 0.4 50.483(2) 97'96)86(19
Crystal habit clear pink block 40'49)02(17 90
. Absorption
Dens”y[ (ffr'ncs‘f'ated) / 2.030 coefficient 12.648
9 / [mm™]
Abs.
Abs. correction Tmin 0.0034 correction 0.0192
Tmax
Abs. correction type multi-scan F(000) [e7] 20548.0

Table S13. Data collection and structure refinement of [Er(H20)3(GeWao)2]®.

-22<h<23,- | Thetarange
Index ranges 62<k=<60, - for data 4.24 10 52.24
50<1<50 collection [°]
Reflections Dat_a /
599247 restraints / 76514/31/2196
number
parameters
Refinement Least squares all data R: =0.1036, wR; =
method q Final R 0.2115
Function 2 o2y indices R: =0.0774, wR; =
minimized z W(Fo" - Fc’) 1>2a(1) 0.1921
Goodness-of-fit 1.010 o w=1/[02(F,2)+(0.0912P)2+1071.9873P]
onF Weighting
Largest diff. peak 3 scheme e 2 5

Table S14. Sample and crystal data of [Eu(H20)3(GeW1o)2]°.

Chemical formula C16EuGe25NOg W6 SC;Z,[SQ;I monoclinic

Formula weight 679171 Space Core
[g/mol] group

Temperature [K] 100.01 Z 8

Measurement \f and \w scans Volume [A?] 44825(5)
method
Radiation _ Unit cell
(Wavelength [A]) MoKa (A = 0.71073) dimensions 72.506(5) 90
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[A] and []

Crystal size / [mm?] 0.52 x 0.5 x0.46 18.3403(13) 113.711(2)
Crystal habit clear colorless block 36.816(2) 90
. Absorption
Density (calculated) / 2.013 coefficient / 13.932
[9/cm?] 1
[mm~]
Abs.
Abs. correction Tmin 0.0028 correction 0.0192
Tmax
Abs. correction type multi-scan F(000) [e] 23248.0

Table S15. Data collection and structure refinement of [Eu(H20)3(GeW1o)2]°.

-88<h=<89,- | Thetarange
Index ranges 22<k<22,- for data 4.334 to0 52.262
44 <1< 45 collection [°]
Reflections Dat_a /
524661 restraints / 44559/106/1225
number
parameters
Refinement Least squares all data R:1=0.1109, wR; =
method q Final R 0.2084
Function 2 £ 2y indices R: =0.0707, wR; =
minimized z W(Fo" - Fc’) 1>2a(1) 0.1783
Goodness-of-fit 1.030 o w=1/[0%(F,2)+(0.0838P)2+1437.5043P]
onF Weighting
Largest diff. peak 3.09/-2.40 scheme where P=(Fo>+2F)/3

and hole [e A7)

Table S16. Data collection and structure refinement of [Zr(H20)3(GeW1o)2]?.

Chemical formula C105H236N6O73ZrGezWao g)sltset%l monoclinic
Formula weight 6664.29 Space Cormn
[g/mol] group
Temperature [K] 100.0 Z 8
Measurement Volume
method \f and \w scans A% 39849(4)
Radiation Unit cell
(Wavelength [A]) MoKa (A = 0.71073) dimensions | 42.729(3) 90
J [A] and [°]
Crystal size / [mm?] 0.5x0.5x%0.48 50.160(3) 95.306(3)
Crystal habit clear colorless block 18.6723(11) 90
: Absorption
pensity (calculated) 1.944 coefficient / 11.891
[g/cm?] (mm]
: Abs.
Abs. correction 0.0123 correction 0.0503
Tmin
Tmax
Abs. correction type multi-scan F(000) [e7] 20344.0
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Table S17. Data collection and structure refinement of [Zr(H20)3(GeW1o),]%.

-51<h<51, - Theta range
Index ranges 60 <k <60, - for data 4.172 to 50.7
22<|<22 collection [°]
Reflections Dat_a /
393904 restraints / 36930/434/1211
number
parameters
Refinement R: =0.1008, wR> =
method Leastsquares | ooiR all data 0.2427
Function 2 £ o2y indices R: =0.0804, wR; =
minimized Z W(Fo™ - F%) >20(1) 0.2233
Goodness-of-fit 1.029 o W=1/[02(F+2)+(0.1300P)2+2182.9524P]
onF Weighting
Largest diff. peak |, 76, 5 4g scheme where P=(Fo+2F2)/3

and hole [e A9
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6. Powder X-ray Diffraction (PXRD)
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Figure S9. Comparison of the experimental and simulated PXRD patterns of
[M(H20)3(GeWio)2]™ (n = 9 for M = Ce', Nd", Er''; n = 8 for M = Zr"). Note that differences
between the simulated and the experimental PXRD patterns may be due to factors such as
scanning speed, preferred orientation, and efflorescence of the crystals, which lose solvent
molecules further leading to the collapse of the lattice.
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7. UV-Vis Spectroscopy
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Figure S10. UV/Vis-spectrum of M(H20)3(GeWi). (M = Ce", Nd", Gd", E, ZrV) in
acetonitrile showing typical O—W ligand—-to—metal charge—-transfer (275 nm).
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Figure S11. UV/Vis-spectrum of Na(Ce(H20)s(GeWio).* and Na(Zr(H20)3(GeWao),® in 125
mM Tris-HCI, pH 7.0 showing typical O—W ligand—-to—metal charge—transfer (275 nm).
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8. Hydrolysis Studies

8.1. Hydrolysis experiments on 4-nitrophenylphosphate (NPP):

Stock solutions of the corresponding POM compound [1 mM] [Ce(H20)3(GeW1003s)2]® or
[Zr(H20)3(GeW10035)2]® and NPP (2 mM) were prepared in D2O. After mixing 2.5 mL of each
solution in a scintillation vial, the pD value of the solutions was adjusted by the addition of
DCI or NaOD. The pD value was calculated using the formula pD = pH + 0.41. The reaction
mixtures were heated in a heating block and the reactions followed by means of *H NMR
spectroscopy after different time intervals. The integration of the peaks corresponding to
start, and end products was used to calculate the progress and kinetics of the reaction.

8.2. Hydrolysis experiments on O,0-dimethyl O-(4-nitrophenyl) phosphate (DMNP):

Stock solutions of [Zr(H20)3(GeW10035)2]® [5 mM] and DMNP (8.6 mM) were prepared in
Tris-HCI [125 mM]/D20 (50%) pD 7.0. The pD value was calculated using the formula pD =
pH + 0.41. After mixing 2.5 mL of each solution in a vial, the reaction mixture was stirred with
1100 rpm at a constant temperature of 25°C. The progress of the reaction was followed by
means of 3P NMR spectroscopy after different time intervals. The integration of the peaks
corresponding to start, and end products was used to calculate the progress and kinetics of
the reaction.

8.3. Recyclability experiment on [Zr(H.0):(GeW10035)-]1%

After the end of the first reaction cycle was confirmed by 3!P-NMR measurements (97%
DMNP conversion, Fig. S19), a 100 uL stock solution of DMNP [21.5 mM] was added to the
500 pL NMR-sample containing 2.5 mM of [Zr(H20)3(GeW10035)2]® to obtain a 600 pL
sample with the initial ratio [Zr(H20)3(GeW10035)2]®:DMNP = 1:1.72. The reaction mixture
was mixed thoroughly by flipping the NMR tube various times and monitored by 3!P-NMR
spectroscopy. Based on the 3P-NMR integration values obtained the substrate conversion
was calculated.

Table S18. Comparison of turnover frequency (TOF) values of [Zr(H20)s(GeW100ss)2]® for
the first and the second cycle of reaction.

DMNP conversion (%) TON Time [h] TOF [h1]
1%t cycle 57.6 0.99 49.0 0.02
2" cycle 53.8 0.93 47.4 0.02
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Table S19. General information on the solubility of polyanions [Ce(H20)s;(GeWio)2]®

[Zr(H20)3(GeWao),]® in different solvents.

[Ce(H20)3(GeW1003s),]*

Molecular

weight [g/mol] SEAS
Solubility in
water [mM] 5.3
Solubility in
DMSO [mM] LS
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[Zr(H20)3(GeW100ss)2]*

5294.21

5.1
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Scheme S1. Hydrolysis of 4-nitrophenylphosphate (NPP) [1 mM] to p — nitrophenolate (NP) and ortho — phosphate (OP) catalyzed by
[M(H20)3(GeW1003s)2]™ (n = 9 for M = Ce"'; n = 8 for M = Zr"V) [0.5 mM] in DO at pD 7.0 and 60°. Blue and red spheres represent the M - and
oxygen ions, respectively. Orange for Ge'V and yellow polyhedra for {\WOg}.

NPP NP OoP
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Figure S12. 'H NMR spectra of the hydrolysis of [1 mM] NPP (NPP = 4-

nitrophenylphosphate) to nitrophenol (NP) with [Ce(H20)3(GeW1003s)2]° [0.5 mM] in D20 at
pD 7.0 and 60°.
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Figure S13. Decrease of 4-nitrophenylphosphate (NPP) concentration as a function of time
using the logarithmic 4-nitrophenylphosphate (NPP) concentration values obtained from the
NMR integration values after reaction with [Ce(H.0)s(GeW100zs)2]® at pD 7.0, 60°C for 45,
1200, 1800, 2680, 3790, 5460 and 5580 min. The function is described by the linear fit (R? =
0.97): In (INPP]) = -3.70 (£ 0.20) x 10* x — 6.82 with x being the reaction time in min. The
slope of the linear fit gives the rate constant k = 3.70 (£ 0.20) x 10 min™.
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Figure S14. 'H NMR spectra of 1 mM NPP (NPP = 4-nitrophenylphosphate) in the presence

of 0.5 mM CeCls * 9 H20 in DO (pD = 7.0, 60°C) showing the precipitates formed in the
colorless solution.

30



-6.5

7.04 &

-7.5 1

-8.0 -

-8.5 -

-9.0 -

-9.5 -

Ln [NPP]

-10.0 -

-10.5 T y T ’ T ’ T v T ’ T v T
0 1000 2000 3000 4000 5000 6000

Time [min]

Figure S15. Decrease of 4-nitrophenylphosphate (NPP) concentration as a function of time
using the logarithmic 4-nitrophenylphosphate (NPP) concentration values obtained from the
NMR integration values after reaction with [Zr(H20)s(GeW1003s5)2]® at pD 7.0, 60°C for 60,
225, 1500, 1630, 1720, and 5520 min. The function is described by the linear fit (R* = 0.99):
In ((NPP]) = -5.62 (+ 0.10) x 10 x — 7.07 with x being the reaction time in min. The slope of
the linear fit gives the rate constant k = 5.62 (+ 0.10) x 10* min™.
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Figure S16. Decrease of 4-nitrophenylphosphate (NPP) concentration as a function of time
using the logarithmic 4-nitrophenylphosphate (NPP) concentration values obtained from the
NMR integration values after reaction with [GeW10036]% at pD 7.0, 60°C for 0, 1335, 2726,
9764, 10028, and 11464 min. The function is described by the linear fit (R? = 0.98): In (INPP])
=-1.85 (+0.12) x 10* x — 6.95 with x being the reaction time in min. The slope of the linear
fit gives the rate constant k = 1.85 (+ 0.12) x 10* min™.
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Scheme S2. Hydrolysis of O,0-dimethyl O-(4-nitrophenyl) phosphate (DMNP) [4.3 mM] to p — nitrophenolate (NP) and dimethyl phosphate (DMP)
catalyzed by [Zr(H20)3(GeW1o)2]® [2.5 mM] in Tris-HCI [125 mM] at pD 7.0 and room temperature (25°C). Me = -CHs. Blue and red spheres
represent the Zr'" - and oxygen ions, respectively. Orange for Ge" and yellow polyhedra for {WQOg}.
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O/J)\O—@— NO2

DMNP

Scheme S3. Schematic representation of the thermodynamically unfavored conversion of the dimeric [Ce""V(PW11030)2]**’®- POM (1:2) to the
monomeric [Ce""VPW.1(H.0),]*”* (1:1) species being a crucial step for the POM in order to exhibit hydrolytic activity. Blue and red spheres
represent the Ce"""V - and oxygen ions, respectively. Orange for Ge'V and yellow polyhedra for {\WOeg}.
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Figure S17. Decrease of O,0-dimethyl O-(4-nitrophenyl) phosphate (DMNP) concentration
as a function of time using the logarithmic O,O-dimethyl O-(4-nitrophenyl) phosphate
(DMNP) concentration values obtained from the NMR integration values after reaction with
[Zr(H20)3(GeW10035)2]% at pD 7.0, room temperature (25°C) for 180, 1400, 1524, 1614, and
2940 min. The function is described by the linear fit (R?> = 0.98): In ((DMNP]) = -2.83 (+ 0.19)

x 10* x — 5.49 with x being the reaction time in min. The slope of the linear fit gives the rate
constant k = 2.83 (+ 0.19) x 10 min™.
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Figure S18. Decrease of O,0-dimethyl O-(4-nitrophenyl) phosphate (DMNP) concentration
as a function of time using the logarithmic O,O-dimethyl O-(4-nitrophenyl) phosphate
(DMNP) concentration values obtained from the NMR integration values after reaction with
[GeW10036]% at pD 7.0, room temperature (25°C) for 0, 1335, 2726, 9764, 10028, and 11464
min. The function is described by the linear fit (R?> = 0.98): In ((DMNP]) = -7.38 (+ 0.48) x 10°

X — 5.49 with x being the reaction time in min. The slope of the linear fit gives the rate
constant k = 7.38 (+ 0.48) x 10° min™.
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Figure S19. 3P NMR spectrum showing complete hydrolysis of DMNP.
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Table S20. Concentration dependent hydrolysis of NPP and DMNP using [Ce(H20)3(GeWio)2]®* and [Zr(H20)3(GeW1o)2]®.

POM Substrate Concentration [mM] Time/h Conversion [%]
[Ce(H20)3(GeW1003s)]* NPP 0.5 45.6 34.78
[Ce(H20)3(GeW100ss)2]* NPP 1.0 45.6 49.69
[Ce(H20)3(GeW1003s)]* NPP 1.25 45.6 59.14
[Ce(H20)3(GeW1003s)2]* NPP 2.5 45.6 76.23
[Zr(H20)3(GeW1003s)2]* DMNP 0.5 49 7.34
[Zr(H20)3(GeW1003s),]® DMNP 1.0 49 28.92
[Zr(H20)3(GeW:1003s)2]® DMNP 1.25 49 32.46
[Zr(H20)3(GeW1003s),]® DMNP 2.5 49 68.88
[Zr(H20)3(GeW1003s)5]® NPP 0.5 25 66.05
[Zr(H20)3(GeW1003s),]® NPP 1.0 25 84.09
[Zr(H20)3(GeW:1003s)2]® NPP 1.25 25 100
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9. Antibacterial Activity

Table S21. Details on the investigated compounds and minimum inhibitory concentration (MIC) of [Ce(H20)3(GeW10)2]® against M. catarrhalis
(ATCC 23246)

Compound MW ¢ (mM) m(mg) mg/ml V uL/iml MIC
conc. 512 pl/mL (ug/ml)
[Ce(H20)3(GeWio)2]* 5343.11 1.887 5 10.0 51.20 32
Ce(NO3)3 434.22 23.030 12 10.0 51.20 >256
[GeW10O36]* 2907.9 3.439 10 10.0 51.20 64
azithromycin 0.125
ciprofloxacin <0.06
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Table S22. Details on the investigated compounds and minimum inhibitory concentration (MIC) of [Zr(H20)s(GeW10)2]® against M. catarrhalis
(ATCC 23246).

V uL/1ml

Compound MW ¢ (mM) m(mg) mg/ml conc. 512 pl/mL MIC (pg/ml)
[Zr(H20)3(GeWao)2]® 5294.21 1.897 6.69 10.0 51.20 16
ZrO(NO:3)2 434.22 40.161 24.19 10.0 51.20 16
azithromycin 0.06
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