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Introduction

Gold nanoparticles (Au NP) have unique physical and chemical properties and can be used in a variety of applications such as nanomedicine, 1 nanoelectronics, 2 chemical and biological sensing 3 or catalysis. The catalytic activity of metal nanoparticles is depending on the size of the NP. Decreasing the size of the NP usually corresponds to an increase in activity and gold in bulk is catalytically inactive. 4 Consequently, the control of the size as well as the shape of Au NP is crucial to obtain high catalytic activities. The addition of a protective agent is often required for the synthesis of small size Au NP. 5 Cyclodextrins (CD) can act as steric stabilizers of water-dispersed Au NP playing additionally the role of a reducing agent of the gold precursor by their hydroxyl groups. Moreover, CD can solve mass transfer problems in biphasic aqueous catalysis via supramolecular interactions between CD and a chosen substrate. 6 CD are especially interesting for applications in the field of gold nanocatalysis. 7 Several publications have already reported the synthesis of Au NP in water stabilized by native and functionalized CD. 8 Only a few reports have previously described the use of Au NP for catalytic applications. The synthesis of Au NP stabilized by -CD, -CD or SH--CD and the catalytic reduction of 4-nitrophenol has been shown and the dual role of CD as reducing and stabilizing agents has been demonstrated. 9,10 Large-ring cyclodextrins (LR-CD) are composed of 9 or more glucose units with unique conformations different from the small-ring -CD, -CD and -CD. [11][12][13] Their potential application in the food and pharmaceutical industries has been proposed. 14,15 Their use for catalytic reactions has not yet been reported while small-ring CD have been described in homogeneous, 16 heterogeneous 17 and nano-heterogeneous 18 catalytic reactions. The lack of information on LR-CD in catalysis is due to the fact that they have been previously available only in very small amounts and as a mixture composed of different ring sizes. [19][20][21] Positive synergistic effects have been reported in homogeneous transition metal catalyzed reactions using mixtures of methylated CD of various sizes as mass transfer additives, demonstrating that CD mixtures can be advantageously used in catalytic reactions. 22 Herein, we report the synthesis of Au NP stabilized by LR-CD 23 and their catalytic activity in the reduction of 4-nitrophenol to 4-aminophenol. We compare the stabilizing effects of a mixture of CD containing 8 or more glucose units with the effects of single -CD, -CD and -CD. The colloidal suspensions were characterized by transmission electron microscopy (TEM), UVvis spectroscopy and dynamic light scattering analysis.

Materials and methods

Materials

Hydrogen tetrachloroaurate hydrate (Au 49 wt %) was purchased from Strem Chemicals Inc. -CD was supplied by Roquette Frères. The LR-CD mixture was prepared as previously reported. 23b Sodium borohydride, -CD, -CD and 4-nitrophenol were purchased from Please do not adjust margins Please do not adjust margins Aldrich. HPLC water was purchased from Honeywell (CHROMASOLV-PLUS). D2O (99.92 % isotopic purity) was purchased from Euriso-Top.

Analysis of Au NP

TEM was performed with a Tecnai microscope (200 kV). A drop of the colloidal suspension was deposited onto a carbon-coated copper grid. Au NP size distributions were determined from the measurement of about 200 nanoparticles found in arbitrarily chosen areas of the image using the open source ImageJ software. Dynamic light scattering analysis was conducted at a controlled temperature (25 ± 0.1°C) using a Malvern Zetasizer Nano ZS equipped with a 632.8 nm helium-neon laser for analysis of the scattered light at an angle of 173 ° utilizing a non-invasive backscatter technique. The cell and syringes were washed at least five times with deionized water. All the samples were analyzed in triplicate without any filtration using the DTS Software from Instruments to acquire correlograms (correlation of function vs. time). UV-vis spectroscopy was carried with a Shimadzu 2600 UV-Vis spectrophotometer and the spectra were evaluated using UV Probe 2.62 software from Shimadzu company. T-ROESY NMR analysis was performed with a Bruker DRX300 spectrometer operating at 300 MHz. X-ray photoelectron spectroscopy (XPS) experiments were performed using an AXIS Ultra DLD Kratos spectrometer equipped with a monochromatized aluminum source (Al Kα=1486.7 eV) and charge compensation gun. All binding energies were referenced to the C 1s core level at 285 eV.

Synthesis of CD-stabilized Au NP

The synthesis of CD-stabilized Au NP was performed by the reduction of HAuCl4 in presence of CD in alkaline aqueous solution. In a typical synthesis, 3.9 mL of HPLC water, 1.0 mL of 6.7 mM CD and 0.1 mL of 0.01 M HAuCl4 were mixed at room temperature (22 ± 3 °C). Then 0.02 mL of 0.5 M NaOH was added giving a solution with a pH value higher than 10.5. Then the reaction mixture was heated in an oil bath at 60 °C for 3 h at 400 rpm resulting in the formation of Au NP. The CD/Au molar ratio was 6.7 and the NaOH/CD molar ratio was 1.5.

Analysis of the LR-CD mixture

Their analysis was performed by HPAEC-PAD on a DIONEX ICS3000 chromatographic system with pulsed amperometric detection. 25 The injection volume was 25 µl. The separation was performed with a CarboPAC PA100 (4 x 250 mm) column using 150 mM NaOH with a gradient of NaNO3. The elution protocol was 0-2min, 8 mM NaNO3, followed by linear gradients to 14, 22, 32, 42, 52, 60, 80, 100, 200 and 8 mM NaNO3 at 10, 36, 45, 55, 70, 80, 85, 87, 90 and 93 min. Measurements were performed in triplicate. Peak assignments were carried out with internal standards for CD6 to CD12. The internal standards were either of commercial origin (CD6 to CD8 CAVAMAX, Wacker AG, Germany) or (for CD9 to CD12) purified by C18H chromatography and analyzed by ESI-MS.

Catalytic reduction of 4-nitrophenol

The catalytic reduction of 4-nitrophenol was performed in an aqueous solution in a standard cell with a 1 cm path length. In a typical catalytic reaction, 1.0 mL of 0.015 M NaBH4 was mixed together with 1.7 mL of 0.2 mM 4-nitrophenol in the cell. Immediately after addition of 0.3 mL of the colloidal suspension, the UV-vis absorption spectra were recorded with a time interval of 120 s in a scanning range of 200-500 nm at ambient temperature.

Results and discussion

The gold nanoparticles were synthesized as described previously by the reduction of HAuCl4 in an alkaline aqueous solution in the presence of CD. Cyclodextrins were used both as reducing agents and nanoparticles stabilizers (scheme 1). 10 Scheme 1 Possible Au reduction mechanism and stabilization of Au_NP by a cyclodextrin.

The LR-CD mixture included CD from CD8 to CD38. Analysis by HPLC showed a composition of 4 % of CD8, 9 % of CD9-C10, 59 % of CD11-CD20, 16 % of CD21-CD25 and 12 % of CD26-CD38 corresponding to an average molecular weight of 2810 g.mol -1 .

Four gold colloidal suspensions were synthesized with -CD, -CD, -CD or LR-CD as protective agents. With all CD used, an aqueous red colloidal suspension was obtained after heating at 60 °C for 3 h. The red colour due to the surface plasmon resonance of small Au NP indicated the reduction of the metal precursor (Fig. S1 in ESI). 26 X-ray photoelectron spectroscopy (XPS) was realized to determine the chemical composition of the samples resulting from the reaction in aqueous medium of a mixture of CD and HAuCl4 at 60 °C for 3 h. The 4f5/2 and 4f7/2 signals displayed in the XPS spectrum (Fig. S2 in ESI) confirmed the presence of both Au(0) and Au(I) species with different Au(I)/ Au(0) ratio for each cyclodextrin. The formation of Au NP was also confirmed by TEM (Fig. 1). With all CD, homogeneous dispersions of spherical NP were obtained. The mean diameter of Au_-CD NP, Au_-CD NP, Au_-CD NP were 13.2 ± 1.2 nm, 12.0 ± 1.2 nm, 10.1 ± 1.2 nm, respectively. With the single smallring CD, the mean diameter of the Au NP was decreasing concomitantly with the increase of the ring size of the CD. Au_LR-CD NP showed a mean diameter of 11.8 ± 1.9 nm, suggesting that the presence of LR-CD did not affect notably the Please do not adjust margins Please do not adjust margins size of the NP even if a broader size distribution can be observed with LR-CD which could come from the heterogeneity of the LR-CD mixture leading to a heterogeneity in size of Au NP in comparison to Au NP stabilized by small-ring CD. TEM analysis of the Au_LR-CD NP at a magnification of 490 K indicated the presence of crystalline domains with distinct lattice planes. Their presence could also be confirmed by reduced Fast Fourier Transformation (FFT) analysis (Fig. 1i). The FFT-derived diffraction pattern indicated that the diffraction spot corresponded to Au nanocrystals with a face-centeredcubic structure, based on the reflection from the (111) planes with a typical d-spacing of 0.23 nm (Fig. 1j). The reduction of the gold precursor in the reaction mixtures containing LR-CD was monitored by UV-vis spectroscopy (Fig. S3). A typical absorption profile with a well-resolved peak was obtained with all CD-containing samples. The SPR bands were located at 518 nm, 517.5 nm, 518.5 nm and 526 nm for Au NP stabilized by -CD, -CD, -CD, and LR-CD, respectively. The intensity of the characteristic surface plasmon resonance (SPR) band of Au LR-CD NP at 526 nm increased during the reaction until obtaining a constant value after 3 h indicating the completion of the reaction (Fig. S4). The red shift observed could be explained by an increase in the size of the NP. 27 However, it could be more likely attributed to the broader size distribution as indicated by TEM analysis, a different environment around the Au NP or to the presence of Au NP with a triangular shape. Indeed, while most of the NP stabilized by LR-CD were spherical, the presence of NP with a triangular shape could be confirmed by TEM (Fig. 1g). The aqueous colloidal suspensions were also analyzed by dynamic light scattering analysis (Fig. S5). A comparison of the hydrodynamic diameters of 21 nm (Au_-CD), 15 nm (Au_-CD), 18 nm (Au_-CD) and 38 nm (Au_LR-CD) were observed. The larger hydrodynamic diameter of the Au_LR-CD NP could be explained by the larger size of the LR-CD compared to -CD, -CD and -CD resulting in a larger hydrodynamic diameter of the Au NP surrounded by LR-CD. potential determination was also performed. Negative values were obtained for all colloidal suspensions. The potential found for Au_-CD NP, Au_-CD NP, Au_-CD and Au_LR-CD was -49.1 ± 0.6 mV, -52.5 ± 1.4 mV, -41.5 ± 1.4 mV and -31.6 ± 1.8 mV, respectively. The Au_LR-CD NP were highly stable at room temperature (22 ± 3°C). Analysis by UV-vis spectroscopy showed that no shift of the SPR band at 526 nm and no significant decrease of the absorbance occurred within 7 days when Au_LR-CD NP were kept under vigorous stirring. Nevertheless, an obvious absorbance decrease was noticed within 21 days. An evaluation of the catalytic properties of the stabilized Au NP was performed using the reduction of 4-nitrophenol to 4-aminophenol as standard reaction. 28 After addition of NaBH4 to the 4-nitrophenol solution, 4-nitrophenolate (yellow colour) was formed and converted to 4-aminophenol (uncoloured) (Fig. S6). Since 4nitrophenol is water soluble, no mass transfer limitations occurred in the aqueous phase. No catalytic activity was observed in controls without the addition of Au NP (Fig. S7). When CD-stabilized Au NP were added to a mixture of 4-nitrophenol/NaBH4, 4-nitrophenol was completely converted to 4-aminophenol within 20 min, 12 min, 8 min and 10 min, respectively by Au_-CD NP (Fig. S8a), Au_-CD NP (Fig. S8b), Au_-CD NP (Fig. S8c) and Au_LR-CD NP (Fig. 3). These results correspond to turnover frequencies (TOF) of 17 h -1 , 29 h -1 ; 43 h -1 and 34 h -1 , respectively. Consequently, the reaction rates were very similar with -CD, -CD and LR-CD and higher compared to -CD. Assuming a first order reaction, kinetic kapp values were obtained by plotting ln (A/A0) vs. time (where A and A0 are the absorbance at 400 nm at a time t and the initial absorbance, respectively). For Au_-CD NP, Au_-CD NP, Au_-CD NP and Au_LR-CD NP, kapp values of 0.0026 s -1 , 0.0034 s -1 , 0.0067 s -1 and 0.0049 s -1 , respectively, were determined (Fig. S9). The significant lower reaction rate observed with Au_-CD NP could be the result of a complex formation between -CD and 4-nitrophenol. A previous analysis of the interaction of 4-nitrophenol with -CD, -CD, and -CD by NMR has shown that the complex stability constant was highest with -CD and decreased with increasing cavity sizes. 29 Previous kinetic studies of catalytic reactions of Au NP have shown that this reaction could be well described by the Langmuir-Hinshelwood model. 30 According to this model, the two reactants first adsorbed on the surface of the Au NP. 31 Subsequently, a supramolecular complex was formed between 4-nitrophenol and -CD resulting in the inclusion of the aromatic ring of 4-nitrophenol into its cavity interfering with both the adsorption and the interaction between 4-nitrophenol and the surface of the Au NP. The interaction of -CD with the substrate could therefore explain the lower reaction rate observed with Au_-CD NP. In contrast, a T-ROESY NMR analysis of an equimolar 4-nitrophenol/LR-CD mixture in D2O in the presence of NaBH4 confirmed that there was no interaction between 4-nitrophenol and the LR-CD sample (Fig. S10).

Conclusions

The synthesis of Au NP stabilized in an aqueous medium by CD including LR-CD mixture composed of 8 and more glucose units was performed. Au NP containing LR-CD were highly stable and their catalytic activity in the reduction of 4-nitrophenol to 4aminophenol was higher or comparable to Au NP stabilized with CD of smaller ring sizes. The LR-CD mixture has an advantage compared to traditional -, and -CD, because it large size (17 glucopyranose units, in average) impedes it to form inclusion complexes. Thereby, the organic substrates and products involved in the catalytic reaction are less able to modify its metallic NP stabilizing properties.

Fig. 1

 1 Fig. 1 TEM images at a magnification of × 100 000 and size distribution of Au_-CD NP (a and b), Au_-CD NP (c and d), Au_-CD NP (e and f), Au_LR-CD NP (g and h), TEM image of Au_LR-CD NP at a magnification of × 490 000 (i) and its respective reduced FFT-derived diffraction pattern in a typical crystalline region.

Fig. 2

 2 Fig.2UV-Vis spectra of Au_LR-CD NP after -1 day, -4 days, -5 days, -6 days, -7 days and -21 days at room temperature.

Fig. 3

 3 Fig. 3 Change of the UV-vis absorption spectrum during the reduction of 4-nitrophenol to 4-aminophenol with NaBH4 in the presence of Au_LR-CD NP.
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