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1. Experimental Section 

Synthesis of Au36(DMBT)24: Au36(DMBT)24 cluster was synthesized using a two-step 

method.S1 Step 1: 50 mg of HAuCl4∙3H2O dissolved in 1 mL pure water was mixed 

with 10 mL CH2Cl2 containing tetraocty-lammonium bromide (TOAB; 80 mg). After 

vigorously stirring for 20 min, the organic layer was transferred into a 50 mL flask and 

60 μL 3,5-dimethylbenzenethiol (DMBT) was injected. The above mixture was stirred 

until the color of the solution was clear, and then an aqueous solution containing 25 mg 

NaBH4 was added. The reduction was allowed to proceed for 6 h. After that, the reaction 

mixture was dried by a rotary evaporator, and the obtained precipitates were washed 

Supplementary Information (SI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2024



2 
 

with methanol three times. Step 2: the obtained precursor was extracted with 0.5 mL 

toluene and then etched by 0.5 mL DMBT for 48 h at room temperature. The crude 

product was washed with CH3OH and separated by thin-layer chromatography. 

Au36(DMBT)24 clusters were crystallized in toluene/acetonitrile solution by vapor 

diffusion over two weeks. 

Synthesis of Au36(TBBT)24: Au36(TBBT)24 cluster was synthesized by a size focusing 

process.S2 100 mg HAuCl4·3H2O in 2 mL pure water was added to 15 mL CH2Cl2 

solution containing TOAB (154 mg). After vigorously stirring for 30 min, the water 

phase was removed and then 125 μL TBBT (4-tert-butyl-benzenethiolate) was added to 

the organic phase. The solution was vigorously stirred in an ice bath for 3 h and then 3 

mL aqueous solution containing 47 mg NaBH4 was quickly added to the cold reaction 

mixture. The reduction was allowed to proceed overnight. The reaction product was 

evaporated and washed with methanol for three times. Poly-dispersed Aux(TBBT)y was 

obtained. Subsequently 300 μL TBBT was added to the Aux(TBBT)y precursor in 3 mL 

toluene under 80 °C for 2 h. The crude products dissolved in 5 mL dichloromethane 

(DCM) were separated on PTLC plate. The final solids were dissolved in CH2Cl2 and 

centrifugated at 10,000 rpm. The solvent was evaporated to give the Au36(TBBT)24. 

Synthesis of Au25(SC2H4Ph)18: Au25(SC2H4Ph)18 clusters were prepared according to 

the previous method.S3 0.203 mmol HAuCl4·3H2O and 0.235 mmol TOAB were 

dissolved in 15 mL tetrahydrofuran in an ice bath. Until the above solution turned a 

wine red (30 min), 140 µL phenylethanethiol was added immediately the above solution. 

The mixture was slowly stirred about 1~3 h, and then 5 mL cold water of 78 mg NaBH4 
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was quickly added. After stirring for 3 h, the ice water bath was removed. Then, the 

mixture solution was stirred to proceed overnight. The obtained product was washed 

with methanol five times. Finally, Au25(SC2H4Ph)18 clusters were extracted with 

CH3CN. 

Synthesis of Au28(TBBT)20: Au28(TBBT)20 clusters were synthesized by reacting 

Au25(SC2H4Ph)18 clusters with excess TBBT under 80 °C.S4 10 mg Au25(SC2H4Ph)18 

was added to the mixture of 0.5 mL toluene and 0.5 mL TBBT. The reaction solution 

was heated at 80 °C for 2 h. The reaction product was washed with methanol three times. 

Finally, Au28(TBBT)20 clusters were extracted with CH2Cl2. 

Synthesis of Au44(TBBT)28: Au44(TBBT)28 was prepared according to the synthesis of 

Au36(TBBT)24. The crude products dissolved in 5 mL DCM were separated on PTLC 

plate. A knife was used to cut the bands in the PTLC plate, and then the final solids 

were dissolved in CH2Cl2 and centrifugated. The solvent was evaporated to give the 

products Au36(TBBT)24 and Au44(TBBT)28, respectively. 

Pt/C: The 5%Pt/C catalyst used in the work was purchased from Macklin without 

further purification. 

Synthesis of ligand-off gold catalyst: The carbon black support was stirred in a 

solution of Au36(SR)24 in DCM at room temperature for 12 h. Then a rotary evaporator 

was used to remove the solvent at 30 °C. The sample was calcined at 250 °C in an Ar 

atmosphere for 2 h with a heating rate of 2.5 °C/min. Finally, it was cooled to room 

temperature in an Ar atmosphere to obtain the ligand-off gold catalyst. 

Catalytic hydrogenation of nitrobenzene 
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Catalytic hydrogenation of nitrobenzene was performed in a 50 mL stainless-steel 

autoclave. Typically, 3 mg catalyst, 10 mg CTAB and 0.5 mmol nitrobenzene were 

added into sulfuric acid solution. First, the reactor was purged with N2 several times to 

replace the air in the system, and the batch reactor was purged with H2. The reaction 

system was heated to 120 °C with a continuous stirring rate of 1000 r/min, and kept at 

this temperature for 24 h. After the reaction, the reactor was cooled to room temperature 

naturally, and the catalyst was filtered. The cluster catalyst was washed with methanol, 

and dried at 60 °C after each cycle of reaction. The fresh clusters were supplemented 

to 3 mg per cycle. The products analyzed by HPLC (Agilent 1260) equipped with the 

UV detector (254 nm) and a C18 column. The eluent was methanol/water (70/30). The 

nitrobenzene conversion and product selectivity were calculated according to the 

following equation: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑚𝑚𝑚𝑚𝐶𝐶𝑚𝑚/𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐) =
𝑚𝑚𝐶𝐶𝑚𝑚𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑛𝑛 −𝑚𝑚𝐶𝐶𝑚𝑚𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖𝑛𝑛

𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝑐𝑐𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚𝑐𝑐𝐶𝐶𝑛𝑛  

𝑆𝑆𝐶𝐶𝑚𝑚𝐶𝐶𝑐𝑐𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶𝑛𝑛𝑐𝑐(%) = �
𝑚𝑚𝐶𝐶𝑚𝑚𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝐶𝐶𝑖𝑖𝐶𝐶𝑐𝑐𝐶𝐶𝑜𝑜𝐶𝐶𝑐𝑐 𝑖𝑖𝐶𝐶𝐶𝐶𝑝𝑝𝑖𝑖𝑐𝑐𝑛𝑛
𝑛𝑛𝐶𝐶𝑛𝑛𝑚𝑚𝑚𝑚 𝑚𝑚𝐶𝐶𝑚𝑚𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝐶𝐶𝐶𝐶𝑝𝑝𝑖𝑖𝑐𝑐𝑛𝑛

� ∗ 100 

Characterizations 

The UV-vis optical spectra were characterized by a SHIMADZU UV-1800 

spectrometer. Transmission electron microscope (TEM) images were obtained on a 

JEM-2100F operated at a voltage of 200 kV. H2-D2 exchange reactions were performed 

in a quartz reactor. Typically, the sample (10 mg) was pretreated with high-purity Ar at 

393 K for 1 h followed by cooling to 0 ℃. The sample was treated in pure H2 gas flow 

for 0.5 h. Then, pulses of high-purity D2 were injected into a H2 stream and the 

temperature raised to 120 ℃. H2 (m/z = 2), D2 (m/z = 4), and HD (m/z = 3) were 
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analyzed by mass spectrometry. 

FTIR spectra of the clusters with time at 120 ℃ were recorded by a Bruker Tensor 27 

instrument equipped with a transmission accessory and a high-temperature/pressure 

reaction chamber, and spectra were recorded after 64 scans at a resolution of 4 cm-1. 

KBr disk was scanned as a background spectrum under Ar flow, and the 

dichloromethane solution of clusters was respectively dropped on the disk and then 

evaporated by an infrared lamp. FTIR spectra were collected at certain time intervals 

when the temperature was kept at 120 °C. 

In situ FTIR experiments of nitrobenzene adsorption were conducted on a Bruker 

Tensor 27 FT-IR spectrometer. Before measurement, the sample was heated in Ar at 

100 °C for 2 h to remove impurities on the sample surface, and then cooled to 25 °C. 

After the background spectrum was recorded, the bubbling device of nitrobenzene was 

installed at the outlet of Ar flow (60 mL/min), and in situ FTIR spectra of the samples 

were obtained at some time in the stage of nitrobenzene adsorption. During the 

desorption stage, the nitrobenzene bubbling device was removed, then purged with Ar 

flow (60 mL/min) at 120 °C, and IR spectra of the samples were collected at specific 

times. Time-resolved in situ FTIR spectra of the nitrobenzene with H2 over the catalysts 

were monitored using a temperature-controlled gas-solid cell which allowed for the use 

of Bruker Tensor 27 system. In the measurement, the sample was pressed into a 13 mm 

diameter disk and placed in a gas-solid cell, Ar was injected at 120 °C to remove excess 

gas and water, filled with 4 MPa H2, and the reaction was performed at 120 °C.  

All solution 1H NMR experiments were conducted on a Bruker Avance-III 500 
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spectrometer with a 11.7 T magnetic field, corresponding to a 1H frequency of 500 MHz. 

The spin-spin relaxation time (T2) was measured using the CPMG (Carr-Purcell-

Meiboom-Gill) pulse sequence. 150 μL of a phenylhydroxylamine solution saturated in 

benzene was added to a 1.5 mm outer diameter glass capillary tube along with 5.0 mg 

of either a Pt/C or Au cluster catalyst. The glass capillary tube was then flame-sealed. 

As a control, a phenylhydroxylamine solution without any added catalyst was also 

prepared. For NMR measurement, the sealed glass capillary tube was transferred to a 5 

mm NMR tube containing 0.4 mL chloroform-d (CDCl3) for the deuterium lock 

solution. The protons in positions neighboring and para to the phenylhydroxylamine 

exhibited the strongest NMR signals in the 1H NMR spectra. Therefore, these protons 

were used as representatives to compare the T2 relaxation times of the entire 

phenylhydroxylamine molecule both with and without the catalysts added. All 

measurements were conducted at atmospheric pressure and room temperature. 

Raman spectra were collected on XploRA PLUS, HORIBA Scientific, France, with a 

laser wavelength of 532 nm and intensity of 100 %. Reaction conditions: 120 °C, 40 

mL of 0.5 mol/L sulfuric acid solution, 3 mg catalyst, 40 mg CTAB, 400 μL 

nitrobenzene, 2.0 MPa H2, rotation speed 900 r/min. 

Computational Methods 

The reaction pathways for the hydrogenation and acid-aided dehydration reactions of 

PhNO2 with and without the Au cluster catalysts were predicted. The Au28(SR)28, 

Au44(SR)28, and Au36(SR)24 cluster catalysts were modelled using the simplified 

Aun(SR)m models with R = CH3, built based on the crystal structures. To predict the 
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interconversion of the three clusters, presumably driven by the Au aggregation, the 

chemical potential of the solid gold is estimated at the same level of theory. In order to 

do so, pure Aun clusters (n = 13, 19, 43, 55, and 79) were built using the Wulff 

construction on the fcc crystal structure and optimized at the DFT level; extrapolation 

of the chemical potentials for these clusters to n → ∞ limit yield the approximate 

chemical potential for the fcc gold (solid). All of the calculations were performed at the 

density functional theory (DFT) level using Gaussian09 software suit.S5 The Perdew–

Burke–ErnzerhofS6 (PBE) exchange-correlation functional and a LANL2DZ basis set 

and pseudopotentialS7,S8 were adopted for the DFT calculations. 
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2. Supporting Figures and Tables 

 

Fig. S1 Effects of reaction conditions on catalytic performances of Au36(SR)24 catalysts for 

nitrobenzene hydrogenation: (a) CTAB; (b) reaction temperature; (c) reaction time; (d) H2 pressure. 

All the data were the average of the three reactions. 
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Fig. S2 Recyclability of Au36(SR)24 catalysts. Reaction conditions: 3 mg catalyst, 0.5 mmol 

nitrobenzene, 10 mg CTAB, 4 MPa H2, 0.5 mol/L sulfuric acid solution, 120 ℃ for 24 h.  
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Fig. S3 (a) UV-vis spectra of Au36(SR)24 clusters at 120 ℃ in sulfuric acid solution (0.5 mol/L). (b) 

In situ FTIR spectra of Au36(SR)24 clusters at 120 ºC in the Ar gas. UV-vis spectra of the Au36(SR)24 

clusters under 120 ℃ in sulfuric acid solution (0.5 mol/L) were detected to determine the structural 

robust of the clusters under reaction conditions. In situ FT-IR spectra showed that the ligand of 

clusters had no obvious change during the reaction, further indicating that the Au36(SR)24 clusters 

were robust under reaction conditions. 
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Fig. S4 UV-vis spectra of fresh and spent Au36(SR)24 clusters. 
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Fig. S5 (a) Crystal structure of Au36(DMBT)24. Color code: orange = Au; yellow = S; gray = C. The 

H atoms are omitted for clarity. (b) Catalytic performances of Au36(DMBT)24 and the ligand-off 

gold catalyst for the nitrobenzene hydrogenation. 
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Fig. S6 (a) TEM image of the ligand-off gold catalyst. (b) The corresponding size distribution. 
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Fig. S7 The concentration for PhNO, PhNHOH and PhNH2 over the Au36(SR)24 and Pt/C catalysts 

at 120 min of reaction from Figure 2c and d. The concentration of the species was semiquantitative 

from the band intensity. 
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Fig. S8 In situ Raman spectra showing the reduction process of catalytic hydrogenation of 

nitrobenzene over Au36(SR)24 cluster. Calculated Raman spectra of nitrobenzene, PHA, PAP and 

aniline were plotted for comparison. (Reaction conditions: 120 ℃, 0.5 mol/L sulfuric acid solution, 

3 mg catalyst, 40 mg CTAB, 400 μL nitrobenzene, 2.0 MPa H2, rotation speed 900 r/min). 
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Fig. S9 1H NMR spectra obtained from PHA dissolved in benzene with or without addition of the 

catalysts. 
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Fig. S10 T2 CPMG relaxation data of PHA dissolved in benzene with or without catalysts: (a) Blank; 

(b) Pt/C catalyst; (c) Au36(SR)24. The fitting was based on the equation: Mxy(2nτ) = M0 exp(-2nτ 

/T2). 
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Fig. S11 (a) UV-vis spectra of fresh and spent Au28(SR)20 clusters. (b) UV-vis spectra of fresh and 

spent Au44(SR)28 clusters. 
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Fig. S12 Interconversion of Au28(SR)20, Au36(SR)24 and Au44(SR)28 clusters with solid Au formation. 

(a) The reaction energy per Au equivalence for the interconversion reactions at 298 K (blue) and 

400 K (orange in parenthesis). (b) The fitting of solid Au energy (for the evaluation of 

interconversion reaction energies) using the method of least squares. The thermal stabilities of the 

three cluster catalysts are compared by examining the interconversion reactions. Considering the 

interconversion with solid Au yielded as aggregation product, the three clusters exhibit comparable 

stabilities in the order: Au44(SR)28 < Au36(SR)24 < Au28(SR)20. The conversion of the least stable 

Au44(SR)28 into Au28(SR)20 is exergonic by less than 1 kcal/mol per Au, implying the degradation 

of Au36(SR)24 and Au28(SR)20 requires non-ambient conditions. It is also found that raising the 

temperature increases the relative stability of Au36(SR)24 with respect to Au28(SR)20, while 

decreasing the relative stability of Au44(SR)28. Such prediction is consistent with the experimental 

founding that Au44(SR)28 partially turns into Au36(SR)24 during the highly exergonic reaction at 

120 °C. 
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Fig. S13 The proton-transfer pathway with catalysts: (a) Au28(SR)20 cluster; (b) Au44(SR)28 cluster. 

The Gibbs free energies at 298 K are given in kcal/mol, the spin multiplicities are given in the 

parenthesis (singlet if omitted). The atomic color code: O = red, N = blue, C = black, H = green, Au 

= orange, and S = yellow. The unpaired electrons are indicated by the white circles. The distance 

between the active Au site and the organic species are labelled with texts. 
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Fig. S14 Gas-phase deprotonation energy (DPE, black) for the para-H and proton affinity (PA, red) 

for N of PhN: (triplet) on (a) no catalyst, (b) Au28(SR)20, (c) Au36(SR)24, and (d) Au44(SR)28 at 298 

K at the DFT level, respectively. The Gibbs free energies at 298 K are given in kcal/mol. 
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Table S1. Comparison of the activity and PAP selectivity for the nitrobenzene hydrogenation on the 

reported catalysts and this work’s catalysts. 

Catalyst Acid n(acid)/ 

n(nitrobenzene) 

Nitrobenzene 

conversion (%) 

PAP selectivity 

(%) 

Reference 

5 % Pd/C H3PO4 2 90 61.1 S9 

3%Pt/C-3 H2SO4 32.77 100 75 S10 

Pt/C H2SO4 0.5 99 81 S11 

1.5% Pt/C H2SO4 0.8 100 84.3 S12 

1% Pt/5P-ACC H2SO4 3.1 100 89.9 S13 

Pt-Rh/AC H2SO4 2.76 82.5 95.4 S14 

1% Au/TiO2 H2SO4 0.41 78 81 S15 

3% Pt/C-2 H2SO4 1.26 97 74 S16 

1% Pt/ZrP H2SO4 1.15 96 89 S17 

Ni/CN H2SO4 65.07 43 100 S18 

3 % Pt/C H2SO4 0.55 100 88 S19 

CNMC-2 H2SO4 66.5 47.5 99 S20 

2%Pt/CMK-1 H2SO4 1.7 67 84 S21 

Pt-S(thiourea)/C H2SO4 1.29 99.8 72.5 S22 

Pt/CS3 H2SO4 1.28 98.4 65.1 S23 

Pd@SOC H2SO4 9.24 100 87.5 S24 

Au36(SR)24 H2SO4 3 90 ~100 This work 

Au44(SR)28 H2SO4 3 62 ~100 This work 

Au28(SR)20 H2SO4 3 30 ~100 This work 
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