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POM Synthesis and Characterization
The synthesis of (BuyN)s[{Ws50:15sZr(n-OH)},] (ZrWs) was carried out as described previously
[S1]. Anal. Calcd. (%) for CosH,1sNsZraW1003s: C, 28.20; H, 5.33; N, 2.06; Zr 4.47; W, 44.99.
Found: C, 27.70; H, 5.57; N, 2.02; Zr, 4.58; W, 43.7. IR (KBr, 1000—400 cm™!): 970 (sh, W=0),
945 (s, W=0), 881 (m), 812 (br, WOW), 731 (s, ZrOH), 645 (m), 625 (m), 557 (m), 430 (s), 419
(sh). '83W NMR (ppm, in CD;CN): 50.8 (4Wey), 78.2 (1Wyy).
The synthesis of (BuyN)g[{PW11039Zr(p-OH)},] (PWyZr) was adapted from ref. [S2] as
described in [S3]. Anal. Calcd. (%) for CigH294NgP>Z1,W»,05,: C, 20.37; H, 3.90; N, 1.48; Zr,
2.42; W, 53.59. Found: C, 20.20; H, 3.85; N, 1.5; Zr, 2.33; W, 53.3. IR (1100-400 cm™"): 1064,
965, 890, 807, 768 (ZrOZr), 685, 595, 514. 33W NMR (ppm, 0.02 M in CD3CN): 6 -91.6 (2),
-92.6 (2), -96.3 (1), —102.5 (2), —-115.5 (2), —119.1 (2). 3'P NMR (ppm, 0.01 M in CH3CN):
—12.22. Potentiometric titration with BuyNOH (0.77 M in CH;0H) revealed one acid proton per
POM molecule, which is in agreement with the literature [S4].
The synthesis of (BuyN);1H3[{P,W170¢1Zr},(n-OH),] (P,W1;,Zr) was adapted from the literature
[S5]. The lacunary precursor K;o[a,-P,W170¢;] was prepared following the literature protocol [S6]
ZrOCl2:8H20 (135.5 mg, 0.419 mmol) was dissolved in 24.1 mL of water. Then
Kio[0-PoW17041] (2.0 g, 0.4 mmol) of was added, and the mixture was stirred for 15 min. Next,
the pH of the solution was adjusted to 2.5 using 1 M HCI, and the reaction mixture was stirred for
30 min at 90 °C. After cooling to room temperature, 1880 mg of BusNBr (5.838 mmol) was added,
and the resulting white solid was separated by filtration, washed two times with water and then
with ice ethanol, dried overnight at room temperature, and then dried at 60 °C under dynamic
vacuum. The yield of thus obtained BuyN-salt of P,W;Zr was 1.8 g. Anal. Calcd. for
Ci76H401N11Z1,P4sW340126: C, 18.8; H, 3.6; N, 1.4; Found: C, 18.7; H, 3.4; N, 1.4. IR (1200400,
cm™'): 1149, 1089, 1017, 955, 910, 790, 598, 562, 526, 467. 3'P NMR (ppm, 0.02 M in CH;CN at

20 °C): 6-10.70, -13.27.
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The synthesis of (BuyN);[(PW{;TiO39),OH] (PW;Ti) was carried out following the literature
protocol [S7]. The number of BuyN cations determined by the ignition at 600 °C was ca. 3.5 per P
atom. Anal. Calcd. for C;;2H»53N-079P,T1,Wa,: C, 18.78; H, 3.56; N, 1.37; O, 17.64; P, 0.86; Ti,
1.34; W, 56.45. Found: C, 19.11; H, 3.58; N, 1.37; P, 0.66; Ti, 1.16; W, 56.33. IR (1200—400, cm"
N: 8 1076, 971, 891, 815, 655, 594, 515. 3'P NMR (ppm, in dry CH;CN at 20 °C): § -12.76.
13W NMR, (ppm, in CH3CN at 20 °C): 6 —89.5 (2), -98.5 (2), —99.2 (1), —101.5 (2), —105.4 (2),
—-108.7 (2).

The synthesis of (BuyN);[Ws03Ti(OCH3)] (Ti-L) was carried out following the literature
protocol [S8]. IR (1200400, cm™): 1150, 1105, 1055, 1025, 1007, 969, 950, 886, 802, 738, 619,

598, 577, 540, 445. 183W NMR, (ppm, in CD;CN at 20 °C): § —42.6 (4We,), ~74.5 (1W,y).
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Additional characterization data, Kinetic curves and comparison tables
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Figure S1. TGA curves for N-CNT support (upper panel) and representative supported PW,,Zr

catalysts (lower panel).
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Figure S2. Adsorption isotherms for a) PW,Zr, b) ZrW5 and c) P,W7Zr adsorption on N-CNT

using H* as immobilizing agent.
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Figure S3. XPS survey spectra of: (1) TBA-salt PW,,Zr, (2) N-CNT, and (3) PW,Z1/Zn-N-CNT.
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Figure S4. a) C 1s XPS spectra of N-CNT and PW,,Zr/Zn-N-CNT. b) N 1s XPS spectra of (1)
PW1Zt/Zn-N-CNT, (2) N-CNT, (3) difference spectrum obtained by subtracting the spectra of

samples (1) and (2), and (4) TBA-salt PWZr.
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Figure S5. W 4f and Zr 3d XPS spectra of (1) TBA-salt PW,Zr and (2) PW,Zr/Zn-N-CNT.
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Figure S6. FT-IR spectra of TBA-salt of P,W;Zr Zr-POMs and corresponding heterogenous

catalyst 10% P,W7;Zr/Zn-N-CNT.

Figure S7. HAADF-STEM and HRTEM images of 14% PW,Zr/Zn-CNT. In the high-resolution

HAADF-STEM images, yellow circles indicate individual Zr-POM particles, blue arrows indicate

agglomerates of Zr-POM particles formed under the action of the electron beam.
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Figure S8. Effects of the support and immobilizing agent nature on the rate of MPS oxidation with
30% H,0, over immobilized PW,Zr catalysts. Reaction conditions: [MPS] = 0.1 M, [H,0;] =

0.1 M, 0.1 umol Zr-POM, 1 ml CH;CN, 27 °C.
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Figure S9. Kinetic curves for MPS oxidation with 30% H,0, over PW,Z1/Zn-N-CNT catalysts
with varied PWZr content. Reaction conditions: [MPS] = 0.1 M, [H,0,] = 0.1 M, 0.1 umol

Zr-POM, 1 ml CH;CN, 27 °C.
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Figure S10. Kinetic curves of MPS oxidation with 30% H,0, in the presence of
18 wt.% PW1Zr/Zn-N-CNT and homogeneous PW;Zr. Reaction conditions: [MPS] = 0.1 M,

[H,0,] =0.1 M, 0.0033 or 0.0094 mol.% Zr-POM, 10 ml CH;CN, 27 °C.
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Figure S11. Kinetic curve for omeprazole sulfide oxidation with 30% aqueous H,O, over
18% PW,1Z1r/N-CNT catalyst. Reaction conditions: [omeprazole sulfide] = 0.05 M, [H,0;] =

0.05 M, 0.1 pmol Zr-POM, 1 ml CH5CN, 27 °C.
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Figure S12. Hot filtration test for MPS oxidation with 30% aq. H,O, over 18 wt.% PW,Zr/Zn-

N-CNT in ethanol. Reaction conditions: [MPS] = 0.1 M, [H,O,] = 0.1 M, 0.05 pumol Zr-POM,

1 ml ethanol, 60 °C.

w b
o [$)] o
1 1 1
||
| |
||
||

Hot filtration

N N w
o (&)
1 1

MPS conversion, %
o
[ ]
[ ]

N
o

(¢)]

o
¥ -n..n

60 120 180 240 300 360 420 480
Time, min

o

Figure S13. Hot filtration test for MPS oxidation with 30% aq. H,O, over 10 wt.% P,W;Z1/Zn-N-

CNT in ethanol. Reaction conditions: [MPS] = 0.1 M, [H,0,] = 0.1 M, 0.1 pumol Zr-POM, 1 ml

ethanol, 27 °C.
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Figure S14. Hot filtration test for MPS oxidation with 30% aq. H,O, over 10 wt.% PW,,Ti/Zn-N-
CNT in ethanol. Reaction conditions: [MPS] = 0.1 M, [H,0;] = 0.1 M, 0.1 pumol Ti-POM, 1 ml

ethanol, 60 °C.
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Table S1. Comparison of Zr-POM content in Zr-POM/(N)-CNT based on TGA and UV-vis.

Amount of Zr-POM Amount of Zr-POM

Catalyst based on UV-vis, wt.%  based on TGA, wt.%

ZrWs/Zn-N-CNT 13 16
ZrWs/Zn-CNT 13 14
ZrWs/H-N-CNT 11 11
P,W17Z1/Zn-N-CNT 19 22
P,W,7Zt/Zn-CNT 12 12
P,W,,Zt/H-N-CNT 23 24
PW,,Zt/Zn-CNT 13 14
PW1Zr/Zn-N-CNT 18 20
PW,,Zr/H-N-CNT 16 16

Table S2. Textural data for CNT and N-CNT supports and representative supported Zr-POM catalysts.

Catalyst / Support SgeT, M%/g Vo, cm’/g
CNT 148 0.70
14 wt.% PW 1 Zt/Zn-CNT 119 0.63
1.8 at.% N-doped CNT 157 0.61
10 wt.% ZrWs/Zn-N-CNT 120 0.54
15 wt.% ZrWs/Zn-N-CNT 112 0.50
18 wt.% PW,Zr /Zn-N-CNT 110 0.47
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Table S3. Elemental composition of TBA-salt PW,,Zr, N-CNT support and PW,Z1/Zn-N-CNT catalyst based on XPS data.

C O N Cl 7r w P 7n

at. wt. at. wt. at. wt. at. wt. at. wt. at. wt. at. wt. at. wt

TBA-salt PWZr 579 325 344 257 23 15 - - 06 26 43 370 05 0.7 - -
N-CNT 955 942 29 38 15 1.7 01 03 - - - - - - - -
15% PW1Zt/Zn-N-CNT 879 740 9.05 102 1.5 15 005 0.1 0.1 06 09 11.6 0.1 02 04 1.8

Table S4. Blank experiments and effect of Zn(NOs), additives on catalytic performance.

Loading, Time, MPS MPSO MPSO,

Ne Catalyst + additive mM/m min €OV select., select.,

8 % % %
PW i Zr + Zn(NOs),, 1+6/

2 6 equiv. to POM  7.5+1.8 ! 73 85 15

3 PWZr 0.1/0.75 3 74 85 13

4 18% PWZt/Zn-N-CNT  0.1/4.2 10 80 88 11

5 N-CNT -/5 180 1 0 0

6 N-CNT+Z0(NOsk. 597 180 40 95 4

10 equiv. to N
7 CNT -/5 180 5 95 4
3 CNT + of Zn(NOs),, same /5499 130 7 96 3

amount as for N-CNT
Reaction conditions: [MPS] = 0.1 M, [H,O0,] =0.1 M, 1 ml CH3CN, 27 °C.
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Table S5. Comparison of catalytic performance of various heterogeneous catalysts for selective oxidation of MPS with 30% H,O,.

Catalyst [MPS], M [Hf\? o), (r:;é?'l};z’ ;F é Solvent Trlnn;ne, (i)/irlljvs., MieSIZCUVl;}[’l;S/; e?ﬁ?;) T?N 1;31:’ }ile;telﬁ)egglfj Ref.
Yo catalysis

PW,,Zt/Zn-N-CNT 0.1 0.1 0.1 27 CH,CN 10 80 88 12 90 880 10200 + This work

PW,,Zt/Zn-N-CNT 0.1 0.1 001 27 CHCN 130 78 87 12 84 9360 n.d. + This work
Ui0-66 0.1 0.1 4 25 CH,CN 15 48 1 99 96 24 180 + [S9]
Zr-MMM-E 0.1 0.1 1.3 60 CH;CN 60 57 37 63 93 71 130 + [S10]
PW,/CNT 0.1 0.1 1 27 CH,CN 150 93 90 10 99 99 106 + [S11]
PW,-PIILP 0.33 0.83 05 45 CH;OH 15 95 96 4 nd. 200 760 + [S12]
PW,-Zn/SnO, 0.1 0.1" 07 20 DMC 7 87 84 16 99 143  nd. + [S13]
WO3-Zn/SnO, 0.1 0.1 05 20 DMC 90 84 81 19 99 200 nd. + [S14]
W-MMM-E 0.1 0.1 1 25 CH,CN 300 91 91 9 99 106 120 + [S15]
[W1005,]4/Si0,-NH;* 0.2 0.23 0.1 25 %1;32(2311{2/ 90 97 95 5 98 960  n.d. + [S16]
[VO,(sal-ambmz)]-Y 0.25 0.25 0036 25 CHCN 120 96 97 3 98 2750 1345 + [S17]
[Csmim]5[PMo,04] 0.1 0.11 2 25 CH,0H 30 99 98 2 91 50  nd n.d. [S18]
[M0O,(0,)(L),]*-MRA 1 2 0.1 25 CH,OH 40 >99  >99 <1 nd. 980 1470 + [S19]
. f;’;f;“&fhz\f)dvli‘;?fgen 0.25 0.5 78 60 CH;OH 70 99 97 3 nd. 13 nd + [S20]
TS-1-Lam 0.4 0.2 045 25 CH,CN 120 50 99 1 nd. 118 324 n.d. [S21]
TS-1 8.3¢ 11.6 02 25 nosolv. 120 65 81 12 nd. 230 nd + [S22]
Ti-IEZ-MMW 8.3¢ 11.6 02 25 nosolv. 120 99 94 6 99 490  nd. + [S21]
Ti-MMM-2 0.1 0.12 1.6 20 CHCN 35 98 76 24 nd. 74 100 + [S23]
Ti-Beta 0.1 0.3 2 40 CH,CN 30 93 65 35 nd. 6  nd n.d. [S24]
Ti-MCM-41 0.1 0.3 13 40 CHCN 30 80 75 25 nd. 77 nd n.d. [S23]
Ti-FER-12.5 Dark 0.02f 0.1 5 25 CH,CN 250 80 95 5 >95 17 14 n.d. [S25]

2 Catalyst mol.% was determined as the ratio of moles of substrate per moles of active sites under the assumption that all metal (active compound) sites are accessible for reactants; "TON (turnover number) = (moles

of MPSO + 2 x moles MPSO, generated) / moles of catalyst; “TOF (turnover frequency) = moles of substrate consumed / (moles of catalyst x time), determined from initial rates of substrate consumption or taken

from reported data; n.d. — not determined (no kinetic data were provided); 4*“+” — proved by hot filtration test, n.d. — the nature of catalysis was not determined,; °calculated under the assumption that each viologen

residue is a catalytically active site; f1 mmol of neat MPS was used and 1.2 mmol of 35% H,0,, [MPS] = 8.3 M and [H,0,] = 11.6 M; Diphenyl sulfide was used as a substrate, "60% H,0, was used.
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