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DETAILED CHARACTERIZATION TECHNIQUES

1. X-ray power diffraction (XRD). Powder X-ray diffraction patterns were collected on a
Bruker D8 advance X-ray diffractometer fitted with a Lynx eye high-speed strip detector
and a Cu K, radiation source. Diffraction patterns in the 2°-80° region were recorded at a

rate of 0.5 degrees (20) per minute.

2. Scanning electron microscopy (SEM). Scanning electron microscopy images were
taken on a FEI Quanta 200 F, using tungsten filament doped with lanthanumhexaboride
(LaBg) as an X-ray source, fitted with an ETD detector with high vacuum mode using
secondary electrons and an acceleration tension of 10 or 30 kV. Samples were analyzed
by spreading them on a carbon tape. Energy dispersive X-ray spectroscopy (EDX) was
used in connection with SEM for the elemental analysis. The elemental mapping was also

collected with the same spectrophotometer.

3. Transmission electron microscopy (TEM). TEM images were collected using a JEOL
JEM 2100 microscope, and samples were prepared by mounting an ethanol-dispersed

sample on a lacey carbon Formvar coated Cu grid.

4. X-ray photoelectron spectroscopy (XPS). X-Ray photoelectron spectra were recorded
on a Thermo Scientific K-Alpha X-Ray photoelectron spectrometer and binding energies

(£0.1 eV) were determined with respect to the position C 1s peak at 284.8 eV.

5. Raman spectroscopy. Raman spectra were measured by a microscopic Raman

spectrocopic system, Renishaw Ramascope, excited with a He-Ne Laser at 633 nm.
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6. Extended X-ray absorption fine structure spectroscopy (EXAFS). Measurements of
extended X-ray absorption fine structure (EXAFS) at Ag-K edge were carried out in a
transmission mode at room temperature at the NW10A station of the Photon Factory-
Advanced Ring for pulse X-Rays at the Institute of Materials Structure Science, High
Energy Accelerator Research Organization in Japan (KEK-IMSS-PF-AR). The electron
storage ring was operated at 6.5 GeV. Synchrotron radiation from the storage ring was
monochromatized by a Si (311) channel cut crystal at Ag K-edge. lonization chambers,
which were used as detectors for incident X-ray (/p) and transmitted X-ray (/), were filled

with 50% Ar/N, mixture gas and 100 % Ar gas, respectively.

The EXAFS raw data were analyzed with UWXAFS analysis package,!! including
background subtraction program AUTOBK,"?! curve fitting program FEFFIT.”! The
amplitude reducing factor S;”for Ag was fixed at 0.95.The backscattering amplitude and
phase shift were calculated theoretically by FEFF 8.4 code . ATOMS P! was used to

obtain the FEFF input code for crystalline materials.

7. Inductively coupled Atomic Absorption Spectroscopy (ICP-AES). Chemical analyses
of the metallic constituents were carried out by Inductively Coupled Plasma Atomic

Emission Spectrometer; model: PS 3000 uv, (DRE), Leeman Labs, Inc, (USA).

Oxidation of alkenes

Liquid phase oxidation of alkenes was carried out in a double neck round bottom flask in an
oil bath connected with a spiral condenser (length 60 cm) using 0.10 g catalyst, 10 ml
acetonitrile solvent and 1 g of substrate to which 50 % aqueous solution of H,O, was added

dropwise maintaining a substrate: H,O, mole ratio 1:3. The condenser was attached to a
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water circulating bath (Julabo, FC 600) maintaining a constant temperature of 10° C. Small
aliquots of the sample were withdrawn from the reaction mixture at regular intervals for
analysis. In case of propylene, the catalytic reaction was performed in a 100 ml high pressure
teflon lined stainless steel closed reactor. Typically, 10 ml acetonitrile solvent along with 0.1
g catalyst were taken in the reactor and required amount of H,O, was added. The closed
reactor was pressurized with 10 bar propylene and the reactor was heated to the reaction
temperature (80° C) with constant stirring by an external magnetic stirrer. The reaction was
carried out for 16 h.

At the end of the reaction, the solid particles (catalyst) were separated by filtering during the
hot condition and products were analysed by gas chromatograph (GC, Agilent 7890)
connected with a HP-5 capillary column (30 m length, 0.28 mm id and 0.25 pm film
thickness) and a flame ionization detector (FID). Conversion of substrate was calculated
based upon the GC-FID results, where conversion = [moles of substrate reacted]/[initial
moles of substrate used] x 100 and selectivity of products calculated by [total moles of
product formed]/[total moles of substrate converted] x 100. The individual yields were
calculated and normalized with respect to the GC response factors taking chlorobenzene as an
internal standard. The GC response factor was determined changing the amount of
cyclooctene (reactant) consequently, whilst keeping the amount of internal standard
(chlorobenzene) fixed.

The product identification was carried out by injecting authentic standard samples in GC and
GCMS and 'H-NMR was taken to identify the product. The C- balance as well as material
balance was carried out for most of the experiments and it was found between 98-102%. For
the reusability test, after completion of the reaction, the catalyst was recovered from the
reaction mixture by filtration and washed thoroughly with acetone and reused as such for

multiple circles.



Response factor calculation and material balance:

10 ml acetonitrile+ 0.75 g chlorobenzene (internal standard) + 1 g cyclooctene

pA

oo | Solyent
(acgtonitrile)
6000 Internal standard
{chlorobenzene)

6000 J I
4000 4 % Te—Cyclooctene
2000 4

0 . L

¢ 3 i 4 ¢ 10 12 ) 15 18

Peak RetTime Type Width Area Height Area
= [min]) [min) [pA*s] [pA) %
g, | o lz=m=lmrsm=— | o ———— o= m - e o |
1 3.060 BB 0.0285 €430.701é€é 3482.72900 35.82083
2 3.733 BB 0.0385 1.15217e4 4069.24780 €4.17617

Totals : 1.79524e4 7551.¢7&81
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After 1.30 h reaction,

a1 Solvent
oo (aCetpnitrile)
8000
Internal standard
(chlorobenzene)
6000 o

—

4000 2
7 Z<—Cyclooctene
2000 4 I l =e Cyclooctene oxide
i 8 10 12 14 3 15 poe
Peak RetTime Type Width Area Height Area
S [min] (min] [(pA*s] [pA] %
i) ke e leer=ilersnnss b o [ s e o e e |
1 3.059 BB 0.0296 6421.87891 3397.63232 4Z.40389
p 3.710 BB 0.0350 &£68€.54€688 2832.51245 44.15150
3 7.171 BB 0.0235 2036.12720 1217.50159 13.4449€2
Totals : 1.514496e4 7447.6463¢€

Since amount of internal standard was fixed all time (0.75 g),
So, response factor = 6430.70/6421.87=1.001

So, new area of cyclooctene = 6686.54 x 1.001= 6693.22
Everytime we have injected 0.4 ul. amount of sample.

Since, we have prepared solution containing 10 ml acetonitrile + 0.75 g internal standard =
0.67 ml internal standard + 1 g cyclooctene= 1.18 ml cyclooctene

Hence, total volume of solution prepared= 11.85 ml
So, 11.85 ml solution contains 1 g cyclooctene= 1/110 mole
Hence, 0.4 pl. solution contains= 0.306 micromole cyclooctene.

So, initial amount of cyclooctene= 0.306 micro mole whose area = 1.152 x 10*



S7

After 1.3 h reaction, 0.4 pl. injected volume contains cyclooctene area= 6693.22 (after being
normalised by response factor),
So, after 1.3 h reaction, amount of cyclooctene= 0.1293 micro mole
From here,
conversion= [moles of cyclooctene reacted]/[initial moles of cyclooctene used] x 100

=[0.3-0.1293]/0.3 = 56.9
Hence, conversion of cyclooctene = ~57%

Carbon balance and material balance:

Initially,

0.3 umole cyclooctene = (0.3 x 8) micro mole Carbon= 2.4 u mole carbon

and (0.3 x 14) umole H= 4.2 p mole Hydrogen.

After reaction,

0.1293 p mole cyclooctene = (0.1293 x 8) umole Carbon= 1.0344 p mole carbon
and (0.1293 x 14) p mole H= 1.8102 p mole Hydrogen.

So, material balance was carried out by the following procedure,

2.4 n mole carbon = 1.0344 p mole carbon (cyclooctene) + x p mole carbon (from product
cyclooctene oxide)

And

4.2 nmole Hydrogen = 1.8102 pu mole Hydrogen (cyclooctene) + y p mole carbon (from
product cyclooctene oxide).

The calibration of the product cyclooctene oxide taking internal standard (chlorobenzene)
was performed in a similar process and the value of x and y was determined and it was found
between 98-102%.
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The efficiency of H,O, was calculated as per the following equation:

H,0; efficiency (E,) = [Moles of epoxide formed/total moles of H,O, added] x 100

We have calculated the efficiency according to the paper by Borah et al. Angew. Chem. Int.
Ed. 2012, 51, 7756 —7761.

We have taken 1 gm of reactant (cyclooctene) initially and 99% cyclooctene conversion with
97% cyclooctene oxide selectivity was achieved.

So, moles of epoxide formed = (99 x 97)/ (10* x 110) = 9603/ (10* x 110)

(since mol. wt. of cyclooctene is 110)

During the reaction cyclooctene : H,O, mole ratio = 1:3

So, total moles of H;O, added= (1 x 3 x 34)/ (110 x 34) =3/110

(since mol. wt. of H,O; is 34)

Hence, E, (H,O; efficiency) = [Moles of epoxide formed/total moles of H,O, added] x 100

=(9603/10% x 110) x (110/3) = 32.0 (Table 3, entry 6 in the main manuscript)
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GC-MS OF CYCLOHEXENE OXIDE
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GC-MS OF HEXENE OXIDE
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Fig. S2 SEM image a) 30 min stirring before hydrothermal process, b) 1 h stirring just before

hydrothermal process.
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Fig. S3 TEM image after 1 hr HT process.

Fig. S4 TEM image after 24 hr HT process.
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100 nm

Fig. S§ TEM image after Ag:CTAB=1:0.15.
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Fig. S6. W4t 7, W4f 5, core level spectra of the fresh Ag/ WO; catalyst.
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Fig. S7. TEM image of a) fresh Ag/WOs3 nanolayered catalyst, b) spent catalyst (inset, silver

particle size distribution) and ¢) TEM EDX.
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Fig. S8. TPR of Ag/WOj; catalyst
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Fig. S9. EXAFS spectra of fresh Ag/ WOj; catalyst, and spent catalyst. Amplitude: solid

curves; imaginary part: dotted curves; observed data: thick curves; fitting data: thin curves.
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Table S1.Catalytic activities of different reported catalysts for alkene epoxidation

reaction.
Catalyst Substrate Solvent H,0, (wt Mole Temp Time Conv. Sel. Ref.
%) ratio
(W) (h) (%) (%)
Substrate:
HzOz
TS-1 1-Hexene Acetonitrile 30 1:1 60 2 16.5 98 6
W-Zn/Sn0O, Cyclooctene DMC 60 1:1 60 4 99 99 7
Gay05 Cyclooctene Ethyl acetate 50 1:2 80 4 84 99 8
Gay05 Styrene Ethyl acetate 50 1:2 80 4 20 58 8
Mo0;/SiO, Cyclooctene Decane TBHP as 1:1 80 2 90 100 9
oxidant
Ag,0/WO5 Cyclooctene Acetonitrile 50 1:3 80 3 99 97 This
work
Ag,0/WO; Styrene Acetonitrile 50 1:3 80 12 58 61 This
work
Ag,0/WO; 1-Hexene Acetonitrile 50 1:3 RT 18 55 99 This
work
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Table S2. Comparative study of catalytic activities of previously reported catalyst and
the catalyst prepared in this current work for alkene epoxidation reaction.

Catalyst Silver Substrate Mole Temp | Time | Conv. Selectivity Catalyst Ref.
particle ratio reusability
size Substrate: Q) () (%) (%)
(om) H;0,
Ag/WO; 10-70 Cyclooctene 1:3 80 3 43 51 Agglomerated Previous work
. particles after (Journal of
Previous (cyclopctene reaction at Advanced
work OXI,de this reaction catalysis Science
selectivity) condition and Technology)
ref. 10
Ag,0/WO; 3-8 Cyclooctene 1:3 80 3 99 97 Catalyst This work
R (cyclooctene stable upto 5
This work oxide runs at this
selectivity) reaction
condition,
particle size
and
morphology
remained
same
Ag/WO; 10-70 Propylene 1:3 80 16 7 47 Agglomerated Previous work
. (10 bar particles after (Journal of
Previous propylene (propylene reaction at Advanced
work pressure) oxide this reaction catalysis Science
selectivity) condition and | and Technology)
selectivity rapid ref. 10
less due deactivation
production of | ¢ e catalyst
acrolein,acetic
acid as the
major side
product
Ag,0/WO; 3-8 Propylene 1:3 80 16 42 99 (propylene Catalyst This work
R (10 bar oxide stable upto 5
This work propylene selectivity) runs at this
pressure) reaction
condition,
particle size
and
morphology
remained
same
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Fig. S10. Recyclability test of Ag/WO; nanocatalyst for the oxidation of cyclooctene to
cyclooctene oxide.
Reaction Condition: solvent= acetonitrile; cyclooctene =1g; weight of catalyst = 0.10 g;

cyclooctene: H>O, mole ratio =1:3; temperature = 80 °C, time= 3 h.
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Scheme S1.Plausible mechanism for the formation of epoxide.




S25

References:

1.

E. A. Stern, M. Newville, B. Ravel, Y. Yacoby, Haskel, Physica B:Condensed Matter The
UWXAD. FS Analysis Package: Philosophy and Details. 1995, 208-209, 117-120.

M. Newville, P. Livins, Y. Yacoby, E. A. Stern, J. Rehr, Near-Edge X-Ray-Absorption Fine
Structure of Pb: A Comparison of Theory and Experiment. J. Phys. Rev. B 1993, 47, 14126-
14131.

A. L. Ankudinov, B. Ravel, J. Rehr, S. D. Conradson, Real-Space Multiple-Scattering
Calculation and Interpretation of X-Ray-Absorption Near-Edge Structure. Phys. Rev. B. 1998,
58, 7565-7576.

A. L. Ankudinov, A. I. Nesvizhskii, J. Rehr, Dynamic screening effects in x-ray absorption
spectra. J. Phys. Rev. B. 2003, 67, 115120-6 pages.

B. Ravel, J. Synchrotron Rad. ATOMS: Crystallography for the X-Ray Absorption
Spectroscopist. 2001, 8, 314-316.

P. Wu, T. Tatsumi, A New Generation of Titanosilicate Catalyst: Preparation and Application

to Liquid-Phase Epoxidation of Alkenes. Catal. Surv. Asia 2004, 8, 137-148.

K. Kamata, K. Yonehara, Y. Sumida, K. Hirata, S. Nojima, N. Mizuno, Efficient
Heterogeneous Epoxidation of Alkenes by a Supported Tungsten Oxide Catalyst, Angew. Chem.
Int. Ed. 2011, 50, 12062-12066.

W. Lueangchaichaweng, N. R. Brooks, S. Fiorilli, E. Gobechiya, K. Lin, L. Li, S. Parres-
Esclapez, E. Javon, S. Bals, G. V. Tendeloo, J. A. Martens, C. E. A. Kirschhock, P. A. Jacobs,
P. Pescarmona, Gallium Oxide Nanorods: Novel, Template-Free Synthesis and High Catalytic
Activity in Epoxidation Reactions. Angew. Chem. Int. Ed. 2014, 53, 1585-1589.

S. Chandra, D. S. Doke, S. B. Umbarkar, A. V. Biradar, One-pot Synthesis of Ultrasmall MoO3
Nanoparticles Supported on SiO,, TiO,, and ZrO, Nanospheres: An Efficient Epoxidation

Catalyst. J. Mater Chem. A 2014, 2, 19060-19066.



S26

10. Ghosh, S.; Acharyya, S. S.; Tripathi, D.; Bal, R. Room Temperature Selective
Epoxidation of Cyclooctene Over Ag nanoparticles Supported on Tungsten Oxide with H,O,,

J. adv. catal. sci. technol., 2014, 1, 29-33.



