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Figure S1. 1H NMR spectrum of propiophenone. 
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Figure S2. 1H NMR spectrum of 2‑aminobutanal.










Post‑reaction characterization of the catalyst after O₂‑mediated oxidation of benzyl alcohol
FT‑IR Spectroscopy
In the FT‑IR spectra (Figure S3), the observed absorption bands in curve a, appearing at 3436, 1635, and 1464 cm⁻¹, are attributed to the structure of BSA–Cu NCs before reaction with oxygen. These bands correspond to the stretching vibrations of O–H or N–H, C=O stretching, and N–H bending modes, respectively. After the reaction, these characteristic bands in the FT‑IR spectrum of BSA–Cu NCs are shifted to higher wavenumbers, indicating changes in the coordination environment. 
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Figure S3. FT‑IR spectra of BSA–Cu NCs recorded in the solution state: (a) fresh catalyst before the oxidation reaction and (b) catalyst after the aerobic oxidation of benzyl alcohol.


Moreover, in curve b, the characteristic peaks of copper nanoclusters observed at 1101, 960, and 920 cm⁻¹ may be associated with the interaction between BSA and Cu(0), which is consistent with the FT‑IR spectrum of the catalyst prior to the reaction [2]. When you compare the IR spectra of the copper nanoclusters before and after the reaction, you can see that the bands related to ligand–metal interactions have become much less intense. These observations point to the fact that some of the BSA ligands are partially freed from the copper nanoclusters' surface during the catalytic reaction.
UV–Vis Spectroscopy
The UV–Vis spectra of the copper nanoclusters before and after the oxidation reaction are shown in Figure S4, recorded in the wavelength range of 220–450 nm. The spectrum of BSA–Cu NCs before the reaction (curve a) exhibits two characteristic absorption bands at 280 nm and 230 nm, which are attributed to ligand-centered electronic transitions (π→π*) of BSA and ligand-to-metalligand-to-metal charge transfer (LMCT) transitions, respectively. After the reaction, the UV–Vis spectrum of BSA–Cu NCs (curve b) shows that the ligand-related absorption band at 280 nm stays pretty much the same. This means that the BSA framework stayed the same after catalytic oxidation. The absorption band linked to the metal center, on the other hand, moves slightly toward higher wavelengths, around 230 nm. This suggests that the electronic environment of the copper nanoclusters changes during the catalytic process, but their overall structure stays the same.
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Figure S4. UV–Vis spectra of BSA–Cu NCs recorded in the solution state: (a) fresh BSA–Cu NCs catalyst before the oxidation reaction and (b) BSA–Cu NCs after the aerobic oxidation of benzyl alcohol.





Transmission Electron Microscopy (TEM)

The TEM image of water‑soluble copper nanoclusters after the oxidation reaction in the presence of oxygen is shown in Figure S5a. As observed from the TEM analysis, the average particle size of the copper nanoclusters after the reaction is 3.8 ± 0.7 nm, which represents an increase of approximately 1.6 nm compared to the particle size before the reaction. In addition, a certain degree of self‑aggregation of the copper nanoclusters is observed after the catalytic process. Furthermore, the normal particle size distribution curve corresponding to the TEM image is presented in Figure S5b, confirming the broader size distribution of the nanoclusters after the reaction[1].

Figure S5. (a) TEM image , and (b) the corresponding particle size distribution histogram of  BSA–Cu NCs after the oxidation reaction in aqueous solution

Post‑reaction characterization of the catalyst after aerobic oxidation of benzyl alcohol using air
FT‑IR Spectroscopy
The FT‑IR spectra of the catalyst before and after aerobic reaction are shown in Figure S6. In the FT-IR spectrum of BSA–Cu NCs before they react with air (curve a), the absorption bands at 3436, 1635, and 1464 cm⁻¹ are due to O–H or N–H stretching vibrations, C=O stretching, and N–H bending vibrations, which are all typical of the BSA framework. After the oxidation reaction (curve b), these bands move to higher wave numbers, which means that the ligand's coordination environment has changed since it was exposed to air. In addition, the characteristic absorption bands of copper nanoclusters at 1256, 1119, and 1078 cm⁻¹, which can be associated with the interaction between BSA and Cu(0), are observed and show good agreement with the FT‑IR spectrum of the catalyst before reaction[2]. Comparison of the FT‑IR spectra of the copper nanoclusters before and after the reaction reveals a decrease in the intensity of bands related to ligand–metal interactions, suggesting partial weakening of these interactions during the catalytic process. Based on these observations, it can be concluded that although ligand dissociation from the surface of copper nanoclusters after reaction with air appears to be less pronounced than that observed after reaction with pure oxygen, this phenomenon cannot be neglected
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Figure S6. FT‑IR spectra of BSA–Cu NCs in solution: (a) before ,and (b) after the aerobic oxidation of benzyl alcohol using air.




UV–Vis Spectroscopy
The UV–Vis spectra of the copper nanoclusters before and after the aerobic oxidation reaction are shown in Figure S7 and were recorded in the wavelength range of 220–450 nm. The absorption band at 280 nm, which is attributed to ligand‑centered electronic transitions, and the absorption band at approximately 230 nm, assigned to ligand‑to‑metal charge transfer (LMCT) transitions, are observed both before (curve a) and after (curve b) the reaction with air. After the reaction, there were no major changes in the position or intensity of these absorption bands. This shows that the electronic structure of the BSA–Cu nanoclusters stays mostly the same during the aerobic oxidation process. This finding supports the idea that the catalyst is very stable after the oxidation reaction with air, which is in line with the FT‑IR and TEM results.
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Figure S7. UV–Vis spectra of BSA–Cu nanoclusters (BSA–Cu NCs) in solution: (a) before and (b)after the aerobic oxidation of benzyl alcohol using air.





Transmission Electron Microscopy (TEM)

The TEM image of the water soluble BSA–Cu nanoclusters after the aerobic oxidation reaction in the presence of oxygen as the oxidant is shown in Figure S8a. As observed, the average particle size determined from the TEM images is 4.1±1.0 nm, indicating an increase of approximately 3 nm compared to the fresh catalyst before reaction. In addition, self-aggregation of the copper nanoclusters is clearly observed after the catalytic process. As previously reported, particle growth and aggregation of colloidal nanoparticles during chemical reactions are unavoidable phenomena, which can be attributed to partial ligand desorption and interparticle interactions under reaction conditions. Figure S8b presents the corresponding normal particle size distribution histogram, obtained by measuring a statistically significant number of nanoclusters.


[image: ]Figure S8.  (a) TEM image, and; (b) corresponding particle size distribution histogram of BSA–Cu NCs after the aerobic oxidation reaction in aqueous solution
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