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1. Experimental section 

1.1 Materials and chemicals 

Graphite fluoride (>61 wt.% F, C1F1.1), NaCN (p.a. ≥97%), N,N-Dimethylformamide (≥99.8%), 

HAuCl4 (99.99%), (Ph3P)AuCl, IprAuCl, Na2SO4 anhydrous (≥99%), ethyl acetate anhydrous 

(99.8%), 1,4-Dioxane anhydrous (99.8%), Graphene oxide (GO) (C112/GOB013/Pw), all 

aromatic silanes, were purchased from Sigma Aldrich and TCI chemicals used as received 

without further purification. All solvents were HPLC grade. All aqueous solutions were 

prepared with ultrapure water (UPW) (18 MΩ cm–1). 

1.2 Catalysts preaprations 

Synthesis of Cyanographene (G-CN)  

Cyanographene was synthesized by following our previously described method.1 Briefly; 

fluorinated graphite (120 mg, ∼4 mmol of C-F units) was added to 15 mL of DMF and stirred 

for 2 days. Then sonicated (Bandelin Sonorex, DT 255H type, frequency 35 kHz, power 640 

W, effective power 160 W) for 4 h under nitrogen atmosphere. Then 800 mg of NaCN (∼16 

mmol) was added and the mixture was heated at 403 K with a condenser under stirring (500 

rpm). After 2 days, the mixture was left to cool to room temperature. After washing and 

isolation of the pure product, the material was suspended in UPW.  

Synthesis of G(CN)-Au:  

The G(CN)-Au was prepared by adding the 0.012 M HAuCl4 (0.5 ml) into the G-CN aqueous 

dispersion (100 mg G-CN dispersed in 20 mL of UPW and sonicated for 10 minutes). The 

corresponding mixture was stirred at room temperature for 24 h. The resulting material was 

separated via centrifugation at 21000 RCF for 15 min, then mixture was washed twice with 

UPW and centrifuged to isolate the final gold-loaded GCN.  Finally, the G(CN)-Au was re-

dispersed in 4 ml of UPW and freeze dried and stored for further use. The determination of the 

gold content in the solid catalysts performed by inductively coupled plasma mass spectrometry 

(ICP-MS). The BET surface area of G(CN)-Au catalyst was found to be 96 ± 0.8 m2/g. 
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Synthesis of Au/GO  

The graphene oxide (GO) loaded gold, material was prepared by identical procedure as used 

for G(CN)-Au. Brifely, the GO aqueous dispersion (100 mg GO dispersed in 20 mL of UPW 

and sonicated for 10 minutes). The corresponding mixture was stirred at room temperature for 

24 h. The resulting material was separated via centrifugation at 21000 RCF for 15 min, then 

mixture was washed twice with UPW and centrifuged to isolate the final gold-loaded Au/GO.  

Finally, the G(CN)-Au was re-dispersed in 4 ml of UPW and freeze dried and stored for further 

use.  

Representative procedure for dehydrogenative coupling of organosilane with alcohol 

In the typical experimental procedure, a 10 ml vial was charged with dimethylphenylsilane (1 

mmol), 1.5 ml ethyl alcohol and 10 mg of G(CN)-Au (0.6 wt%) and the resulting reaction 

mixture was stirred at 25 °C for 5 min. thereby yielding the desired dimethylethoxyphenylsilane 

product. The progress of the reaction was monitored with gas chromatography (GC) and gas 

chromatography-mass spectrometry (GC−MS). After completion of the reaction, catalyst was 

isolated by centrifugation. For 1H and 13C NMR analysis products were purified by column 

chromatography on silica gel with anhydrous ethyl acetate/hexane mixture followed vacuum 

drying process. 

Representative procedure for dehydrogenative coupling of organosilane with water 

In the typical experimental procedure, a 10 ml vial was charged with dimethylphenylsilane 

(1mmol), 2 ml acetone, 0.1 ml water and 10 mg of G(CN)-Au (0.6 wt%) and the resulting 

reaction mixture was stirred at 25 °C, thereby yielding the desired dimethylphenylsilanol 

product. The reaction progress, conversion and selectivity were determined and confirmed by 

GC-FID and GC-MS. 

Representative procedure for oxidation of alkyl silane with alcohol 

In the typical experimental procedure, a 10 ml vial was charged with triethyl silane (1mmol), 

2ml ethyl alcohol and 10 mg of G(CN)-Au (0.6 wt%) and the resulting reaction mixture was 
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stirred at 25 °C for 5 min., thereby yielding the desired ethoxytriethylsilane product. The 

reaction progress was monitored with GC-FID and GC-MS. 

Representative procedure for gram scale dehydrogenative coupling of organosilane with 

alcohol 

In the typical experimental procedure, a 100 ml round botton flask was charged with 

Dimethylphenylsilane (10 mmol), 20 ml ethyl alcohol and 100 mg of G(CN)-Au and reaction 

mixture was stirred at 25 °C. The reaction progress was monitored with GC-FID and GC-MS. 

Representative procedure for dehydrogenative coupling of silanes with alcohol under 

continues flow 

In the typical experimental procedure, 30 mg of G(CN)-Au catalyst placed in a catalyst holder 

size (24 mm x 4 mm) and 60 µl dimethylphenylsilane in 40 ml ethanol was flown through the 

column under autogenous pressure for 10 min. The reaction progress was monitored by GC-

FID and GC-MS. 

TOF calculation  

The TOFs were calculated based on the conversion, selctivity of silanes and total loading of 

gold. Dispersity of single atomic surface gold species considered as 1.  

TOF = [Mol(substrate)*(conversion*selectivity)]/[Mol(Au)*dispersity*reaction time (hour)]   

2. Characterization details 

X-ray diffraction (XRD) patterns for G-CN, G(CN)-Au and G(CN)-Au-R samples were 

measured on Aeris diffractometer, Co-Kα radiation: λ = 0.178901 nm, scanned in the 2θ range 

from 5° to 105°, step size 0.022° 2θ, 63 min in total. Au/GO sample was measured using 

Empyrean diffractometer, Co-Kα radiation: λ = 0.178901 nm, scanned in the 2θ range from 5° 

to 80°, step size 0.026° 2θ, 78 min in total. 

Microscopic TEM images were obtained by HRTEM TITAN 60-300 with X-FEG type 

emission gun, operating at 80 kV. This microscope is equipped with Cs image corrector and a 

STEM high-angle annular dark-field detector (HAADF). The point resolution is 0.06 nm in 
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TEM mode. The elemental mappings were obtained by STEM-Energy Dispersive X-ray 

Spectroscopy (EDS) with acquisition time 20 min. For HRTEM analysis, the powder samples 

were dispersed in ethanol and ultrasonicated for 5 min. One drop of this solution was placed on 

a copper grid with holey carbon film. XPS surface investigation has been performed on the PHI 

5000 VersaProbe II XPS system (Physical Electronics) with monochromatic Al-Kα source (15 

kV, 50 W) and photon energy of 1486.7 eV. Dual beam charge compensation was used for all 

measurements. All the spectra were measured in the vacuum of 1.3 x 10-7 Pa and at the room 

temperature of 21 °C. The analyzed area on each sample was spot of 200 µm in diameter. The 

survey spectra were measured with pass energy of 187.850 eV and an electron-volt step of 0.8 

eV while for the high-resolution spectra was used pass energy of 23.500 eV and electronvolt 

step of 0.2 eV. The spectra were evaluated with the MultiPak (Ulvac - PHI, Inc.) software. All 

binding energy (BE) values were referenced to the carbon peak C 1s at 284.80 eV. EPR spectra 

were recorded on JEOL JES-X-320 operating at X-band frequency (~ 9.0 - 9.1 GHz), equipped 

with a variable temperature control ES 13060DVT5 apparatus or with a CT470 liquid He 

variable temperature apparatus operating at T = 77 K. The cavity Q quality factor was kept 

above 5000 in all measurements. The powder materials (HAuCl4 precursor, G-CN and G(CN)-

Au) were loaded into polypropylene VSM holders (P125E) and inserted directly into highly-

pure quartz tubes, and air was purged by fluxing with nitrogen gas (Suprasil, Wilmad, ≤ 0.5 

OD). Spin density was evaluated by using the CuSO4 × 5H2O (99.999%, CAS Number: 7758-

99-8), which was loaded into the VSM holder in powder form. Au L3 edge of sample G(CN)-

Au has been measured at SAMBA beamline of synchrotron SOLEIL2 Pd mirrors have been set 

at 4mrad to reject harmonics, the monochromator was equipped with Si (220) crystals, 

measurements have been performed in fluorescence mode with a 35 pixels HPGe detector 

(Mirion/Canberra) in conjunction with DxMap DSP (XIA), while ionization chambers where 

filled with nitrogen at 1 bar (7.5% absorption at 12keV), the machine current was 16 mA (single 

bunch mode). Data analysis has been performed via Athena and Artemis3 codes. 
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Measurements of reference materias have been performed in transmission.  In order to refine 

EXAFS, a model structure has been built and relaxed with empirical potentials via the software 

CrystalMaker and then fed to FEFF in Artemis. The S0
2 has been deduced from a fitting on a 

gold foil and set to 0.9 as usual. The metal content of G(CN)-Au catalyst metal loadings was 

determined using inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7700x, 

Agilent, Japan). The remaining Au was dissolved with freshly prepared aqua regia. The 

obtained solution was transferred to a volumetric flask and diluted with Milli-Q water, and the 

Au concentration was measured using ICP-MS. The reaction products conversion and 

selectivity were analyzed by gas chromatography (Model: Agilent 6820) equipped with an 

Agilent DB-5 capillary column (30 m × 0.32 mm, 0.5 m) and mass spectrometry (GC-MS). 

Nuclear magnetic resonance (NMR) spectra 1H and 13C NMR spectra of ensued compounds 

from the catalytic reactions were recorded on 400 MHz NMR Varian spectrometer (Varian, 

Santa Clara, CA, USA) and on an JNM-ECA600II NMR spectrometer (JEOL, Japan) at 298 K, 

using CDCl3/DMSO-d6 as a solvent. 

 

2.1 Computational details 

To analyze reaction energies, structural features, spin and charge distributions and other 

characteristics of species involved in the oxidative coupling of silanes with alcohols catalyzed 

by the G(CN)-Au catalyst, we performed density functional theory (DFT) calculations applying 

the PBE0 method4 with the effective core potential (ECP) DEF2-TZVP basis set.5 The choice 

of the exchange-correlation functional and the basis set was based on the benchmark study by 

Pasteka et al.6 comparing the performance of a wide range of DFT functionals and various basis 

sets for evaluating the binding energies of coinage metals with lone-pair ligands taking the 

CCSD(T) results as the reference. For the open-shell system, the spin unrestricted formalism 

was applied. The solvent effects were included by using the universal continuum solvation 

model based on solute electron density (SMD).7 While the structures of small species (H2O, 
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ethanol, silane, product, …) were fully relaxed in geometry optimizations, to mimic the 

semilocal rigidity of graphene sheets, the G(CN)-Au and alike structures were obtained by 

constrained geometry optimizations keeping the edge carbon atoms fixed. The G-CN substrate 

was modeled as a finite-size system containing two cyanogroups bound to the central part of 

cor (Figure S1a). To check the appropriateness of the model size, the binding characteristics for 

the G(CN)-Au catalyst were also evaluated for a larger model derived from circumpyrene (cp) 

(Figure S1b). Optimized structures of Au(I) atoms coordinated by acetonitrile (ACN), cor-2CN, 

and cp-2CN along with a single water molecule are displayed in (Figure S1d-f). The population 

analysis based on Mulliken, natural and extended Hirshfeld Charge Model 5 (CM5).8 Charges 

(Table S3) was carried applying the second-order Douglas-Kroll-Hess (DKH2) approach9-11 in 

combination with the all-electron relativistic ANO-RCC-VDZP basis set.12,13 All finite-size 

calculations were performed with the Gaussian09 program.14 To obtain the optimized structures 

of a gold nanocluster adsorbed on the graphene substrate, periodic boundary condition (PBC) 

calculations were performed in combination with PBE-D2 functional15 as implemented in the 

Vienna Ab-initio Simulation Package (VASP).16,17 A minimum cutoff of 300 eV and 3 × 3 × 3 

Γ-centered Monkhorst-Pack k-point mesh18 per conventional 6 × 6 triclinic cell containing 72 

carbon atoms and 20 gold atoms were used. In the first step, a unit cell containing a gold 

nanocluster of twenty atoms (Au20) and 72 carbon atoms corresponding to the graphene 

substrate was fully optimized at the PBE-D2 level15 using the VASP program.16,17,19,20 A 

particular choice of the size and shape of the model nanocluster was based on the EXAFS data 

predicting the size of about 20 atoms and previous study by Li et al. arguing based on 

photoelectron spectroscopy and relativistic DFT calculations that Au20 has a tetrahedral 

geometry similar to a fragment of bulk face-centered cubic (fcc) gold.21 The optimized structure 

was then used to construct a finite-size model (Figure S1c) which was further applied in 

calculations related to the binding of the gold nanocluster on the graphene substrate as well as 
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possible interactions between reactants (i.e., silane and ethanol) with the nanocluster (Table S7 

and related comments).  

3. Supplementary Tables  

Table S1. Structural parameters resulting from fitting of the EXAFS signal of G(CN)-Au 

sample.  

Path N R (nm) 2  (nm2 x 10-5) 

Au-N 1 0.202(3) 4(1) 

Au-O 1 0.195(2)  

Au-C 1 0.315(3)  

C-N (Au-C)-(Au-N) if linearly coordinated 0.113(4)  
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Table S2. Selected bond lengths (in Å), binding energies (BE, in kcal/mol), atomic spin densities 

(in a.u.) and Mulliken charges on the gold atom of model R-CN-Au systems in water computed at 

the SMD/PBE0/DEF2-TZVP level of theory. 

 

Model ACN-Au Coronene-2CN-Au cp-2CN-Au 

RC-N/RN-Au 
   

R-CN-Au(0) (M=2) 1.149/ 2.196 1.154/ 2.252 1.154/2.247 

R-CN-Au+ (M=1) 1.146/ 1.965 1.146/ 1.964 1.146/ 1.965 

R-CN-Au3+ (M=1) 1.170/ 1.965 1.144/ 1.966 1.144/ 1.963 

Binding energy 

R-CN-Au(0) (M=2) -1.7 -1.2 -1.1 

R-CN-Au+ (M=1) -25.9 -24.2 -24.1 

R-CN-Au3+ (M=1) -69.7 -197.6 -206.0 

Spin density on Au 

R-CN-Au(0) (M=2) 0.98 0.95 0.96 

Mulliken Charge density on Au 

R-CN-Au(0) (M=2) -0.13 -0.06 -0.07 

R-CN-Au+ (M=1) 0.85 0.88 0.88 

R-CN-Au3+ (M=1) 1.61 0.92 0.90 

 

Comment: The calculations revealed that the binding energy of Au(0) to G-CN is significantly 

smaller (-1.2 kcal/mol) than that of Au(I) (ca. -24 kcal/mol) suggesting that in the case of 

complete reduction of gold ions, the zero-valent atoms would easily be released from the nitrile 

sites and could group into nanoclusters. 
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Table S3.  Selected bond lengths (in Å) and partial atomic charges (Mulliken: qMul, natural: qnat, 

and extended Hirshfeld Charge Model 5: qCM5) on the gold atom of model R-CN-Au-H2O systems 

in water computed at the all-electron relativistic DKH2-PBE0/ANO-RCC-

VDZP/SMD(solvent=water) level of theory using the structures optimized at the PBE0/DEF2-

TZVP(+ECP)/SMD(solvent=water) level. 

 

Model ACN-Au-H2O cor-2CN-Au-H2O cp-2CN-Au-H2O 

RC-N/RN-Au/RAu-O 
   

R-CN-Au+-H2O (M=1) 1.145 / 1.945 / 2.066 1.146 / 1.943 / 2.061 1.145 / 1.943 / 2.061 

R-CN-Au3+-H2O (M=1) 1.144 / 1.943 / 1.952 1.144 / 1.939 / 2.059 1.144 / 1.939 / 2.063 

Charge density on Au qMul / qnat / qCM5 qMul / qnat / qCM5 qMul / qnat / qCM5 

R-CN-Au+-H2O (M=1) 0.49 / 0.68 / 0.50 0.51 / 0.69 / 0.52 0.51 / 0.69 / 0.52 

R-CN-Au3+-H2O (M=1) 1.88 / 2.17 / 1.94 0.55 / 0.72 / 0.55 0.53 / 0.71 / 0.54 
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Table S4. Dehydrogenative coupling of dimethylphenylsilane (1a) and ethanol in the presence of 

various catalysts.a 

 

-  

Entry Catalysts Conv.(%) / Sel.(%) TOF (h-1) 

1     - n.d.  n.d. 

2 G-CN n.d. n.d. 

 3b (Ph3P)AuCl n.d n.d. 

 4c [(iPr)AuCl] n.d. n.d. 

5 HAuCl4 n.d. n.d. 

6 G(CN)-Au >99/99 96378 

 7 G(CN)-Au-R  20/99 7895 

8 GO n.d. n.d. 

9 Au/GO 09/98 n.d.. 

aReaction conditions unless specified otherwise: Dimethylphenylsilane (1 mmol), 10 mg of 

G(CN)-Au (0.6wt% based on Au) dispersed in 1.5 ml of ethanol, reaction for 5 min, 25 °C, 

Selectivity was determined upon the maximum conversion monitored by GC and GC-MS.  

b5 mg of metal salt used, c10 mg of metal salt used, n.d. -Not detected. 
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Table S5.  Oxidative coupling of organosilanes with alcohols; a comparison of performance. 

 

Catalysts Silane Alcohols 

Time 

(min/h) 

 

TOF (h-1) 
Atmo-

sphere 
Reference a 

 

G(CN)-Au 

Me2PhSiH MeOH 1 min 
139494  h -1 

 

air  

 

This work a, b 

Me2PhSiH EtOH 1 min 
96378  h -1 

Me2PhSiH n-BuOH 
5 min 

25000  h -1 

AgCr@CN-800 Me2PhSiH EtOH 3 min 327  h -1 air ACS Sustainable 

Chem. Eng.22 

Co SAs/2D N–C Me2PhSiH EtOH 2 hr 3858  h -1 Ar 
Chem. Commun.23 

KCC-1-

APTS/Au 

Me2PhSiH EtOH 24 h 21625 air J. Mater. Chem. A24 

Cu3(BTC)2 Me2PhSiH n-BuOH 5 min 266 Ar Chem. Comm.25 

Cu(B)G Me2PhSiH EtOH 24 h 4.16 air 

Angew. Chem., Int. 

Ed.26 

Au/HAPnano 

(667) 

Me2PhSiH EtOH 1 h. 128 air Chem. Eur. J.27 

10Dod-AuNP Me2PhSiH n-BuOH 1 h. 55000 air Adv. Mater. 28 

[Au]-SMAP-Rh 

(75000) 

Me2PhSiH EtOH 16 h 3750c air 

Angew. Chem., Int. 

Ed.29 

aIn batch mode. bIn continuous mode.  cTOF calculated from the TON, which is provided in the 

original article. 

Reaction conditions for this work:  Dimethylphenylsilane (1 mmol), 10 mg of G(CN)-Au           

( 0.6 wt% based on Au) dispersed in 1.5 ml of ethanol, reaction for 5 min, 25 °C. 
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Table S6. Single-atom G(CN)-Au catalyzed oxidation of various organosilanes with water.a 

 

 aReaction conditions: 1 mmol substrate (silane),10 mg G(CN)-Au (0.6wt % based on Au) 

dispersed in 2 ml acetone and 0.1 ml water at 25 oC, percentage conversions (C) and selectivities 

(S) were determined and confirmed by GC and GC-MS. Selectivity was determined upon the 

maximum conversion monitored by GC and GC-MS.  
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Table S7.  Binding energies (in kcal/mol), selected bond lengths (in Å), and Mulliken charges on 

the gold nanocluster of model Gr-Au20…X systems (X = silane, ethanol) in water computed at the 

SMD/PBE0-D3/DEF2-TZVP level of theory. Corresponding structures are shown in 

Supplementary Fig. S29. 

System Binding energy Bond lengths Comments 

Gr…Au20 
 

RC-N/RC-Au q(Au20) 

cp-Au20
(0) (M=1) -53.1 2.96a -0.58 

cp-Au20
+ (M=2) -56.2 2.96a 0.42 

 

(Gr-)Au20…HSiR3  RAu-H/RH-Si  

Au20
(0)…HSiR3 -30.2 1.93/1.56 binding through H 

Au20
+…HSiR3 -36.5 1.80/1.59 binding through H 

cp-Au20
(0)…HSiR3 -17.3 1.88/1.56 binding through H 

cp-Au20
+…HSiR3 -26.3 1.78/1.60 binding through H 

 

((Gr-Au20…HSiR3)…ethanol  RAu-H/RSi-O  

(Au20
(0)…HSiR3)…ethanol -20.2 1.99/7.23 

large distance  

between silane and  

ethanol 

(Au20
+…HSiR3)…ethanol -15.2 1.79/6.13 

(cp-Au20
(0)…HSiR3)…ethanol -18.8 1.96/6.10 

(cp-Au20
+…HSiR3)…ethanol -9.8 1.79/4.35 

aThe geometry of the neutral system optimized with PBC/PBE-D2. 
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4. Supplementary Figures 

 

Figure S1.  Model structures of (a) dicyano-coronene (cor-2CN), (b) dicyano-circumpyrene 

(cp-2CN), (c) Au20 nanocluster on the graphene substrate, (d) ACN-Au(I)-H2O (ACN = 

acetonitrile), (e) cor-2CN-Au(I)-H2O, and (f) cp-2CN-Au(I)-H2O. Structures a, b, d-f were 

optimized at the PBE0/DEF2-TZVP/SMD level of theory. Structure c was obtained by a 

combined periodic and finite-size approach (see text for details). Carbon atoms are grey, 

nitrogen blue, hydrogen white, and gold orange. 
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Figure S2. X-ray diffraction pattern of G(CN)-Au. i) pristine cyanographene (G-CN) and ii) 

the gold-loaded cyanographene (G(CN)-Au). X-Ray radiationused: Co K-alpha (1.789 Å).  

 

Comment: The catalyst (as well as the rest of the solids) lacks completely reflections from 

any inorganic nanoparticles. Only the presence of very broad reflection at 30.4 degrees was 

observed in G-CN and G(CN)-Au, typical of non-restacked graphene powders present in 

carbon materials.  
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Figure S3.   Fitting of k2-weighted EXAFS signal for the G(CN)-Au sample.  
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Figure S4.  Survey XPS spectrum for G(CN)-Au 
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Figure S5. Frontier molecular orbitals (contour isovalue 0.08) of Au(I/III) cations and cor-

CN with EDD plots (shown as insets; contour isovalue 0.003 e) of a) G(CN)-Au(I) and b) 

G(CN)-Au(III) complexes in water obtained at the PBE0/DEF2-TZVP/SMD level of theory.  

Comment: Whereas the energy of the LUMO in Au(I) lies higher compared to the HOMO of 

cor-2CN, for Au(III) the ordering is reversed. Consequently, the Au(III) cation can be readily 

reduced by the cor-2CN type of substrates. 
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Figure S6. Comparison of the binding in a, b) cor-2CN… Au(I) (PBE0/DEF2-VTZP) and c, 

d) cor-2CN-Cu (I). (B3LYP/6-31+G(d)) (contour isovalue in EDD plots: 0.003 a.u.) in water. 

Similarities of Mulliken charges on metal ions as well as electron density changes 

accompanying the formation of G(CN)…metal bonds involving polarization of the CN bond 

and the increase of the electron density on the metal ion in the plane perpendicular to the 

G(CN)…metal  bond suggest that the binding in cor-2CN… Au(I) is analogous to that in 

cor-2CN...Cu(I). Carbon atoms are grey, nitrogen blue, hydrogen white, gold yellow, and Cu 

purple.  
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Discussion for the HR-XPS of N1s envelope  

The N1s spectra of G-CN and G(CN)-Au were deconvoluted into three components (Figure 

S7a).  The two main components (N1 and N2) in the spectra could be accounted to the 

attachment of nitrile (-CN) groups in different local environments (i.e., environments with and 

without nearby defects in the graphene skeleton). The relative areas under the curve of the two 

main components showed some change, where the N1/N2 ratio altered from 1.5 to 1.9 after the 

Au(I) ions were bound onto the material. Particularly, the lower binding energy N1 component 

was enriched after coordination of the Au(I) ions, in line with the theoretical calculations of the 

N1s binding energies for nitrile nitrogens in G-CN (399.3 eV)30 and G(CN)-Au (398.8 eV, this 

work). Intuitively, the Au(I) cation should attract electron density from its ligands. For instance, 

both experimental and computational studies have shown that the binding energies of nitrogen 

atoms in N-doped graphene shift to higher values upon the complexation with Co(II) ions.31 

The increased area of the lower binding energy component after coordination was thus a clear 

indication of charge-transfer toward the -C≡N groups in this case. The shift in the binding 

energy also confirms the interactions (i.e. the formation of coordinative bonds) between the 

nitrile groups and Au cations.  

The two main components in the N1s XPS spectra can be ascribed to the attachment of nitrile 

groups in different local environments (i.e. environments with and without nearby defects in 

the graphene skeleton). This is also clearly reflected in the IR band of the nitrile groups, which 

is asymmetric and was fitted with  three  C≡N components (Figure S7b). 
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Figure S7. N1s XPS spectrum and FT-IR spectrum of G(CN)-Au. a) Deconvoluted HR-XPS 

N1s spectra for G-CN and G(CN)˗Au samples. Circles represent experimental data and solid 

lines the fitting results. b) IR spectrum of G˗CN showing the asymmetric nitrile band at 2200 

cm-1. The inset shows this asymmetric band after deconvolution into three components, 

supporting the hypothesis that the material contains nitrile groups in distinct local environments. 
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Figure S8. Dehydrogenative oxidation of silanes. a) Dehydrogenative coupling of silanes 

with ethanol. b) Comparison of TOF values among different commercial Au catalysts, G(CN)-

Au and G(CN)-Au-R (reduced catalyst). 
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Figure S9. a, b) TEM images of G(CN)-Au-R, (scale bar 50 nm and 20 nm). c) HR-XPS 

shows the presence of Au (0) and Au(I). d) The X-ray powder diffraction (XRD) spectrum 

displays the presence of very broad reflection at 30.4 degrees, typical for non-restacked 

graphene powders and present in carbon materials (PDF card 00-041-1487) and charescristic 

peaks of gold (PDF card 04-003-3089). 
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Figure S10. a, b) TEM images of Au/GO, (scale bar 1µm and 500 nm) displayed the small 

nanoparticles with size (40-60 nm). c) HR-XPS shows the presence of Au (0) species.                        

d) X-ray diffraction demonstrates the peak at 44.71° (space group Fm-3m JCPDS card number 

01-071-4615) corresponding to gold nanoparticles.32 
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Figure S11. Gram-scale dehydrogenative coupling of dimethylphenylsilane with ethyl 

alcohol. 
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Characterisation of recycled catalysts 

The valence state of recycled catalyst, as analysed by XPS, retained up to 21 % Au(I), though 

four peaks with binding energies of 83.95, 87.62, 84.99, 86.66 eV corresponding to Au(0)  4f7/2, 

Au(0)  4f5/2, Au(I) 4f7/2, and Au(I) 4f5/2, respectively were observed33 (Figure. S12b) revealing 

that Au(0) species are generated in recycled catalyst. Post-recycling TEM of G(CN)-Au after 

three recycling experiments revealed the formation of small Au(0) nanoparticles probably due 

to the reduction of active Au(I) sites or cationic species by the silane substrates34 during the 

reaction (Figure. S11c-g).  

 

 

 

Figure S12. Characterizations of recycled G(CN)-Au. 

a) Catalytic recyclability of G(CN)-Au catalyst for dehydrogenative coupling of 

dimethylphenylsilane with ethanol. Reaction conditions:  Dimethylphenylsilane (1 mmol), 

10 mg of G(CN)-Au (0.6wt% based on Au) dispersed in 2 mL of ethanol, reaction for 5 min, 

23 °C. b) HR-XPS shows the presence of Au(I). c-g)  c), scale bar 100 nm, d, e) scale bar 20 

nm and f, g) scale bar 50 nm. 
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Stability of G(CN)-Au catalyst under continuous flow 

Dimethylphenylsilane conversion (90-99%) and the product selectivity (70-96% to 

dimethylethoxyphenylsilane) was maintained after streaming for 5 to 25 hours affirming the 

stability of G(CN)-Au catalyst under continuous flow (Figure S13).  

 

 

 

Figure S13. Stability performance of G(CN)-Au for the conversion of dimethylphenylsilane 

under continuous flow in function of time-on-stream.  
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Insights from continuous wave (CW) EPR spectroscopy measurements 

The X band EPR resonance envelopes of the solid HAuCl4 metal precursor (Figure. 14A(a)) 

neat G-CN compound (Figure S14A(b)), and the G(CN)-Au active catalyst (Figure S14A(c)), 

were recorded at T = 143 K. Screen shots of the EPR resonance spectra obtained, as recorded, 

from the EPR spectrophotometer are given in Figure S15-S17. The Au(III) chloride salt used 

for the synthesis of the active catalyst does not show any strong resonance signal (Figure 

S14A(a)), due to the diamagnetic nature of the Au(III) electronic configuration ([Xe]4f145d8). 

Only a very weak resonance emerges upon closer inspection of the EPR spectrum, around g = 

2.00 (Figure S14A), upper red-spectrum. This resonance is expected to arise from small 

paramagnetic Au(0) nanoclusters present/entrapped within the solid gold precursor, HAuCl4.
35

 

The EPR signal of neat G-CN is depicted in Figure S14A(b), that exhibits a strong resonance 

signature centered at g value of 1.9960, arising from the presence of spin containing defects 

embedded in the organic G-CN support. Furthermore, the signal cannot be simply described by 

a single Lorentzian or Gaussian signal and shows broad resonance tails developing slightly 

asymmetrically with respect to the central (and narrow) dχII/dB resonance line. Such feature 

indicates the existence of spin defects with different nature embedded in the G-CN backbone, 

some of which solely localized on C centers and some place nearby the CN groups, hence 

containing effective nuclear hyperfine terms (A) originating from the 14N nuclei (IN = 1) that 

perturbs their electronic transitions (H = g μB B0 S +  A.S.I).  The spin density of neat G-CN, 

evaluated against CuSO4 standard, accounts for 2.0  1019 spin/g. The EPR signal of the active 

catalyst G(CN)-Au is shown in Figure S14A(c), it displays similar features as those seen in G-

CN Figure S14A(b), similarly to G-CN with a strong derivative signal at g = 1.9960. However, 

the recorded EPR signature of G(CN)-Au is also characterized by slightly broader wings 

compared to the G-CN resonance. The recorded G(CN)-Au EPR spectrum indicates that the 

gold cations adopt either the diamagnetic Au(III) or the diamagnetic Au(I) oxidation states. 

Although the minor presence of Au(0) cannot be totally excluded here, as we noticed the 
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presence of Au(0)  in the starting salt material, but its contribution (and concentration) to the 

observed EPR spectrum in G(CN)-Au Figure S14A(c)  is negligible. This appears in agreement 

with the XPS results, in which Au(0) was not observed. The spin density of G(CN)-Au, 

evaluated against CuSO4 standard, falls to 1.57  1019 spin/g. Thus, a substantial reduction 

(~21%) of the spin concentration is observed in the active catalyst compared to neat G-CN. The 

result can be interpreted in terms of an electron transfer occurring from the G-CN support to 

the Au(III) cations during the synthesis of G(CN)-Au, forming Au(I) centers ([Xe]4f145d10) 

entrapped/coordinated to the CN groups of the organic matrix. In addition, the possible 

generation of diamagnetic Au(I)O- specie from Au(0) cannot be excluded.36 

 

 

Figure S14. X-band EPR spectra of powder materials recorded in a polypropylene VSM 

holders. Panel A. a) HAuCl4 salt precursor, b) neat G-CN and c) G(CN)-Au. The VSM holder 

background signal has been subtracted from the resonance traces shown in a) to c). 

Experimental parameters: 9.14 GHz, T = 143 K, 100 kHz modulation frequency, microwave 

power of 0.8 mW (a), 0.6 mW (b), and 0.6 mW (c). Sweep time of 4 min and time constant (t) 

of 0.03 sec. Sweep time of 4 min and time constant (t) of 0.03 sec. Panel B. X-band EPR spectra 

(9.09 GHz, T = 77 K) of recovered powder materials of G(CN)-Au, after one, two and three 

reaction cycles. Experimental parameters: 100 kHz modulation frequency, 0.8 mT modulation 

width, microwave power of 2.0 mW, sweep time of 2 min and time constant (t) of 0.03 sec. 
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These observations from the EPR analysis appears in harmony with the XPS results reported 

earlier, which indicated two different types of embedded Au(I) cations in G-CN, some being 

coordinated to the CN groups and the rest electrostatically entrapped as Au(I)O- specie by 

positively charged vacancies in the G-CN basal plane. It should be noted that only the former 

Au(I) site may function as catalytically active center in the H-abstraction process from silyl 

substrates, because only such sites can facilitate the Au(I)…H- interaction (see the Step 3 in 

(Figure. 3, main text) within turnover, while interactions between Au(I)O- and H- should be 

hampered by electrostatic repulsions.  

We also assessed the extent to which EPR features of G(CN)-Au catalyst changed after one, 

two and three reaction cycles, upon collecting and drying the material from the reaction mixture 

(Figure S14B). The as recorded EPR spectra (screen shots) taken from the EPR instrument are 

given in Supplementary Figure S18-S20. From the sequential catalyst’s recycling, increase in 

the EPR signal associated to the broad wings underneath the strong g = 1.9960 signature. Taken 

into consideration the EPR features shown in (Figure S14A(a)), in which the presence of small 

Au(0) nanoclusters in HAuCl4 salt gives weak and broad EPR resonance at ~ g = 2.00, we 

suggest that in G(CN)-Au the witnessed increase, upon recycling, of the broad wings is 

associated to a slow accumulation of small Au(0) clusters, which do not contribute to catalysis. 

For further reference, a model system made of GO and gold salt was assembled, in the same 

manner as G(CN)-Au wherein Au/GO composite displayed EPR features associated with the 

formation of large Au(0) nanoclusters entrapped in the organic framework (Figure S21-S22). 

Clearly, the Au(0) cluster being formed in G(CN)-Au after some reaction cycles are much 

smaller (in dimension) than those observed in the model system Au/GO, and should comprise 

only few Au atoms interacting together. These results are consistent with the observed mild 

decrease in the catalytic efficiency of G(CN)-Au after sequential re-use, and with the XPS 

results obtained from the recovered catalysts.  
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Figure S15. X-band EPR spectrum of HAuCl4 precursor recorded at T = 143 K. Details of 

the experimental settings used within signal acquisition are given in the spectrum plot, which 

is reported as recorded. 
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Figure S16. X-band EPR spectrum of neat G-CN recorded at T = 143 K. Details of the 

experimental settings used within signal acquisition are given in the spectrum plot, which is 

reported as recorded. 
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Figure S17.  X-band EPR spectrum of G(CN)-Au precursor recorded at T = 143 K. Details 

of the experimental settings used within signal acquisition are given in the spectrum plot, 

which is reported as recorded. 
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Figure S18. X-band EPR spectrum of G(CN)-Au precursor recorded at T = 77 K as recovered 

powder material after the first catalytic cycle. Details of the experimental settings used within 

signal acquisition are given in the spectrum plot, which is reported as recorded. The EPR 

signal intensity has not been divided by the mg of material placed in the EPR tube. 
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Figure S19. X-band EPR spectrum of G(CN)-Au precursor recorded at T = 77 K as recovered 

powder material after the second catalytic cycle. Details of the experimental settings used 

within signal acquisition are given in the spectrum plot, which is reported as recorded. The 

EPR signal intensity has not been divided by the mg of material placed in the EPR tube. 
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Figure S20. X-band EPR spectrum of G(CN)-Au precursor recorded at T = 77 K as recovered 

powder material after the third catalytic cycle. Details of the experimental settings used 

within signal acquisition are given in the spectrum plot, which is reported as recorded. The 

EPR signal intensity has not been divided by the mg of material placed in the EPR tube. 
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Figure S21. X-band EPR spectra (9.09 GHz, T = 77 K) of graphene oxide (GO) with gold 

nanoclusters. Experimental parameters: 100 kHz modulation frequency, 0.7 mT modulation 

width, applied microwave power of 1.0 mW, sweep time of 2 min. with 3 signals 

accumulations and time constant (t) of 0.03 s. The screen-shot of this measurement taken 

from the EPR spectrophotometer is given in Figure S22. 
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Figure S22. X-band EPR spectrum of GO with Au nanoclusters. Details of the experimental 

settings used within signal acquisition are given in the spectrum plot, which is reported as 

recorded. 
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Figure S23. An attack of a silane molecule on the GCN-Au(I)-H2O site in water (step 2 in 

Scheme 1). Reaction energies (in kcal/mol) related to the energy of separated reactants were 

obtained at the PBE0/Def2TZVP/SMD level of theory. Carbon atoms are grey, nitrogen blue, 

hydrogen white, gold orange, and silicon yellow.   

 



    

42 

 

 

Figure S24. A direct attack of an ethanol molecule on the silane ligand in water (step 3 in 

Fig. 3). Reaction energies (in kcal/mol) were obtained at the PBE0/Def2TZVP/SMD level of 

theory. Carbon atoms are grey, nitrogen blue, hydrogen white, oxygen red, gold orange, and 

silicon yellow.   

 Comment: The alcohol can alternatively bind to the Au(I) site with the BE of -3.4 kcal/mol 

(practically with no barrier; see (Figure S24), adopting a square planar configuration with 

the ethanol molecule in the trans position with respect to the silane moiety (Figure S25). The 

barrier to bind to silane from this configuration is 12.0 kcal/mol (Figure S26). 
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Figure S25. Binding of an ethanol molecule with G(CN)-Au(I)...DMPS (attack on the 

Au(I) site) in water leading to a square planar complex. Reaction energies (in kcal/mol) 

were obtained at the PBE0/Def2TZVP/SMD level of theory. Carbon atoms are grey, 

nitrogen blue, hydrogen white, oxygen red, gold orange, and silicon yellow.   
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Figure S26. Optimized structures of (a) G(CN)-Au(I)...DMPS, (b-d) G(CN)-

Au(I)...DMPS…ethanol, (e) G(CN)-Au(I)...H2…product, (f) G(CN)-Au(I)...H2 and (g) the 

product in water obtained at the PBE0/DEF2-TZVP/SMD level of theory. Carbon atoms are 

grey, nitrogen blue, hydrogen white, oxygen red, gold orange, and silicon yellow.    

 

  



    

45 

 

 

Figure S27. An indirect attack of an ethanol molecule on the silane ligand starting from a square 

planar configuration of the G(CN)-Au(I)...DMPS…ethanol complex in water (alternative to 

step 3 in Figure 3). Reaction energies (in kcal/mol) were obtained at the PBE0/Def2TZVP/SMD 

level of theory. Carbon atoms are grey, nitrogen blue, hydrogen white, oxygen red, gold orange, 

and silicon yellow.   
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Figure S28. Deprotonation of a positively charged ethanol-silane complex in water leading 

to the formation of an intermediate with the hydrogen molecule bound to the Au(I) site (step 

4) followed by the release of the product (step 5). Reaction energies (in kcal/mol) were 

obtained at the PBE0/Def2TZVP/SMD level of theory. Carbon atoms are grey, nitrogen blue, 

hydrogen white, oxygen red, gold orange, and silicon yellow.   
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Figure S29. Structures of (Gr-)…Au20 interacting with silane and ethanol in water obtained 

at the SMD/PBE0-D3/DEF2-TZVP level of theory. Carbon atoms are grey, hydrogen white, 

oxygen red, gold orange, and silicon pink.   

 

Commentary: 

The calculations showed that the binding of Au20 nanoclusters on the graphene substrate is 

energetically favorable, and the charge of the nanocluster only slightly affects the BE (-53.1 

and -56.2 kcal/mol for Au20 and Au20
+

, respectively). In both neutral and charged systems, 

charge transfer from the substrate to the nanocluster of ca. 0.6e was observed. The decrease of 

the charge of nanoclusters is reflected in the BE values for an attack by a silane molecule, which 

are by ~10-15 kcal/mol higher (more negative) for free solvated Au20 and Au20
+

 compared to 

their counterparts grafted on graphene (Table S7). Let us recall that BE for the binding of silane 

on G(CN)-Au(I) is -32.5 kcal/mol, i.e., the binding of silane on catalytic centers is more 

favorable than that on nanoclusters stuck to the substrate. In the next reaction step, an ethanol 

molecule is supposed to come into contact with the silane moiety. Although the binding of 

ethanol on gold nanoclusters is energetically feasible, it preferably binds to a facet of the Au20 
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tetrahedron rather than to its upper vortex which is occupied by the silane molecule (Figure 

S29) making the reaction sterically problematic. To sum up, the Au nanoclusters represent a 

stable form on the G-CN lattice, but the catalytic process predominantly takes advantage of the 

presence and nature of the single Au(I) ions occupying cyano groups of G-CN. 
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5. Supplementary Video  

 

Supplementary Video 1. Hydrogen evolution Experiment. Experimental setup used for 

monitoring quantitative analysis of hydrogen for dehydrogenative coupling reaction with an 

inverted burette. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hydrogen Evolution-Video.mp4
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6. NMR and Mass spectra of compounds 

 

1H-NMR and 13C-NMR spectra of products 

 

Ethoxydimethylphenylsilane (2a) 

 

 
 

 

1H-NMR (400 MHz, CDCl3) δ 7.61 (td, J = 4.1, 1.2 Hz, 2H), 7.41 (q, J = 2.4 Hz, 3H), 3.70 

(q, J = 7.0 Hz, 2H), 1.21 (t, J = 7.1 Hz, 3H), 0.41 (s, 6H) 13C-NMR (101 MHz, CDCl3) δ 

138.11, 133.58, 129.67, 127.95, 18.55, -1.62. 

 

 

 

 

2a. Ethoxydimethylphenylsilane  1H NMR (400 MHz, CDCl3) 
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2a. Ethoxydimethylphenylsilane  13C-NMR (101 MHz, CDCl3) 
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GC-MS spectra 
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