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The stereoelectronic properties of the stabilizing ligands of 
gold nanoparticles (AuNPs) are shown to play a considerable 
role in their catalytic efficiency for the 4-nitrophenol 
reduction by NaBH4, consistent with a mechanism involving 
restructuration of the AuNP surface that behaves as an 
“electron reservoir”. 
 

Gold nanoparticles (AuNPs) have recently received 
considerable interest in a variety of applications owing to their 
unique physical and chemical properties.1 In particular, extensive use 
in catalysis2 has followed the seminal discoveries of low-temperature 
CO oxidation by small AuNPs by Haruta.3 Among the transition 
metal-catalyzed redox reactions, the reduction of nitroaromatics is 
one of the most crucial ones.4 Indeed, 4-nitrophenol (4-NP) is 
anthropogenic, toxic and inhibitory in nature. Its reduction product, 
4-aminophenol (4-AP), finds applications as a photographic 
developer of black and white films, corrosion inhibitor, dying agent, 
precursor for the manufacture of analgesic and antipyretic drugs, and 
in particular intermediate for the synthesis of paracetamol.5 Noble 
metal nanoparticle catalysts are widely employed for the reduction 
of 4-NP to 4-AP,6-8 and this reaction, with an excess amount of 
NaBH4, has often been used as a model reaction to examine the 
catalytic performance of metal NPs,6,7  as first shown by Pal et al.8 
AuNP catalysts that have been examined so far are solid-supported 
AuNPs7 or various thiolate-AuNPs. The reaction mechanism is still 
unknown, although Ballauf’s group provided strong evidence for a 
process fitting the Langmuir-Hinshelwood (LH) model. This 
mechanism involves adsorption of both reactants on the surface of 
the catalyst for AuNPs or PdNPs that are immobilized on the surface 
of spherical polyelectrolyte brushes with an induction time caused 
by dynamic restructuring of the nanoparticle surface.6c,7b,d,9 With 
other AuNPs, Pal’s group also showed that the catalytic reaction 
took place at the AuNP surface.10  Ghosh group showed that the rate 
constant increased with a decrease in the size of AuNPs and was  
proportional to the total surface area of AuNPs,9 as in Ballauf 
group’studies,11 and  Liu et al. reported that surface functional 
groups influenced the catalytic behavior.12 Katz suggested a 
completely different mechanism in which the active site was a 
leached gold species that was present in exceedingly small 
concentrations.13 Zhang et al suggested that the borohydride salt 
transfered a hydride to the AgNPs in the case of TiO2-supported 

AgNPs.14 Scott’s group showed that in the presence of excess 
borohydride salts, thiolate-AuNPs that catalyze 4-NP reduction 
growed to larger sizes.15 

Here we show the dramatic influence of the stereolectronic 
effects of the ligand on the reaction rate, and we emphasize the 
electron reservoir behavior of the gold nanoparticle catalysts. 
Therefore, we compare, under identical conditions, the rates of the 
homogeneous 4-NP reduction by excess NaBH4 catalyzed in water 
by water-soluble AuNPs stabilized by citrate, polyethyleneglycol 
(PEG) thiolate of different lengths, and mono, bifunctional, 
polymeric and dendritic 1,2,3-triazoles terminated with PEG 400 or 
2000 (Figure 1). The catalytic 4-NP reduction is easily monitored via 
UV-vis spectroscopy by the decrease of the strong adsorption of     
4-nitrophenolate anion at 400 nm, directly leading to the rate 
constant.8 Isosbestic points in the spectra of the reacting mixtures 
demonstrate that no side reaction occurs.6c  The various stable 
AuNPs that are studied have sizes around 3 nm, but larger AuNPs 
have also been examined for comparison (Table 1). The reduction 
rate has been observed, as in many preceeding cases, to be pseudo-
first-order in the presence of a large molar excess of NaBH4

 (here 81 
equiv. NaBH4 per mol 4-NP per Au atom).  All the apparent kinetic 
constants are summarized in Table 1. In order to obtain data that are 
independent from the surface, the rate constant (k1 = kapp/S) was also 
estimated normalized to the surface (S) in the assumption of the LH 
mechanistic model7b,16 (see also Table 1). The results clearly show 
that the best stabilizers, thiolates, provide the slowest AuNP 
catalysts, followed by the citrate. Citrate-AuNPs are large, but the 
comparison between thiolate-AuNPs and citrate-AuNPs of the same 
size (diameter : 13.5 nm) shows that the citrate-AuNPs are slightly 
less slow catalysts than the thiolate-AuNPs. The similarity of results 
with these two types of ligands, however, reveals a similarity of 
bonding to the AuNP, i.e. the citrate-AuNP bond should reflect 
coordination of citrate to the AuNP surface, as the thiolate-AuNP 
bond, in spite of the difference of electronegativity and polarizibility 
between these two chalcogen atoms.   

All the 1,2,3-triazole (trz)-stabilized AuNPs17 that are 
examined here are much more efficient catalysts than the AuNPs that 
are stabilized by the formally anionic thiolate and citrate ligands. 
This reveals the considerable advantage, in terms of catalytic 
reaction rates, of neutral ligands such as triazoles that form only 
weak coordination bonds with the AuNP surface given the 
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impossibility of back bonding due to high-lying nitrogen π* orbitals. 
This weak bonding of the trz ligands, compared to the stronger 
bonding of thiolate and citrate ligands, is responsible for their easy 
displacement from the AuNP surface by substrates. It is also striking 
that the induction time  (t0), that usually is directly connected to the 
surface rearrangement on the AuNP surface,7b,d is only found with 
the thiolate-AuNPs and citrate-AuNPs. 

 

 
 
Fig 1. Various AuNPs under study. See the diameters (D) in Table 1. 
The ligands of 7 and 8 are resp. HS-PEG400 and HS-PEG2000. 

Table 1. Catalytic AuNP activity in the reduction of 4-NP at 20ºC. 
AuNPs 

stabilized 
D 

(nm) kapp (s-1) t0 (s) k1 
 (L s-1m-2) 

Ea  
(KJ mol-1) 

1 3 fast* 0 - 24 
2 3 fast** 0 - 29 
3 6 1.4x10-2 0 4.3x10-2 37 
4 6 6.7x10-3 0 2x10-2 40 
5 3.5 7.5x10-3 0 1.2x10-2 - 
6 3.6 1.1x10-2 0 1.9x10-2 - 
7 3.5 7x10-4 900 1x10-3 132 
8 13.5 4x10-4 2100 3x10-3 - 
9 13.5 6x10-4 1200 4x10-4 - 

 
*  At 13ºC : kapp = 1.2x10-2 s-1, k1= 1.7x10-2 L s-1m-2 

** At 13ºC : kapp = 9.6x10-3 s-1, k1= 1.4x10-2 L s-1m-2 

 
With these ligands, they are rather long, and by contrast, 

under these conditions, no induction times are found for all the     
trz-AuNPs, confirming the very facile trz displacement by the 
substrates. Among the trz-AuNPs, the dendrimer-stabilized           
trz-AuNPs are the less efficient catalysts. The polymer-stabilized  
trz-AuNPs are more efficient than the related dendrimer-stabilized 
trzAuNPs, but less so than the non-dendritic mono- and disubstituted 
trz ligands. Thus, it appears that this order of catalytic efficiency of 
the trz-AuNPs is related to their steric effects, the largest steric bulk 

being provided by the dendrimer framework that is bulkier than that 
of the polymer, whereas the less bulky non-macromolecular trz 
ligands provide by far the most efficient AuNP catalysts. These two 
AuNPs catalyze reactions that are so fast, under the same conditions 
as the other liganded AuNP catalysts, that they are too fast to 
observe a measurable rate at 25°C. It is possible to compare these 
two AuNP catalysts, however, at lower temperatures. Then the 
monosubstituted trz-AuNPs appear to be more efficient than the 
bulkier disubstituted trz-AuNPs, as expected.  

These results confirm that ligand displacement by 
substrate on the AuNP surfaces is the dominant feature of the 
mechanism that involves restructuration of the surface. This is in 
accord with the mechanis proposed by Ballauff and others following 
the LH kinetic model, which in particular also discards a leaching 
mechanism. With the series of trz-AuNPs, it also appears that 
diffusion of substrates towards the trz-AuNP shows the filtration 
effect of the dendrimer and polymer frameworks, because the order 
of reaction rates follows the order of steric bulk of the trz-containing 
frameworks.  

These data also confirm that the AuNPs play the role of an 
inner-sphere redox catalyst,18 because BH4

- tranfers a hydride to the 
AuNP surface, resulting in the formation of a covalent Au-H bond.7d 
This means that the negative charge is transferred to the AuNP, as 
already suggested,7d,19 charge delocalization being largely facilitated 
by the low-lying conduction band of the AuNP. Indeed, addition of 
NaBH4 to the trz-AuNPs leads to color change corresponding to a 
blue shift of the surface plasmon band (SPB) that indicates the 
accumulation of several negative charges at the AuNP surface. Such 
as shift that has been already observed in particular with thiolate 
AuNPs is shown here with trz-AuNPs (Fig. 2). 

 

 
 

Fig. 2. Trz-AuNPs 3 after addition from left to right of 0, 0.1, 0.2, 
0.3, 0.4, 0.5, 1, 1.5 and 2 equiv. of NaBH4 per gold atom. The blue 
shift upon NaBH4 addition is emphasized by values of λmax (SPB). 

This effect is accompanied by another effect, AuNP 
aggregation, i.e. AuNP size increase (Ostwald ripening),20 upon 
NaBH4 addition, that is characterized by a red shift of the SPB. After 
observation of the blue shift upon NaBH4 addition, this red shift 
appears upon addition of more NaBH4. Gold precipitation then 
occurs when the amount of added NaBH4 becomes too high (Fig. 2).  

The accumulation of negative charges at the AuNP surface 
proceeds along with the Au-H bond formation until the resulting 
electrostatic effect becomes too important. Along this line, 
electrochemical experiments conducted by Quinn’s group by 
differential pulse voltammetry with well-defined thiolate-Au147NP 
showed a series of 15 electrochemically and chemically reversible 
single electron transfer steps with Coulomb blockades (only limited 
by the electrochemical window) leading to stable multiply charged 
AuNPs.21 In the presence of nitrophenolate anions on the AuNP 
surface, the electrochemical peak spacing that corresponds to the 
quantized capacitance charging was found be decrease compared to 
that obtained in its absence, which corresponds to a small decrease 
of the AuNP capacitance.22 This shows that the AuNPs behave as 
“electron reservoirs”.23 This role is efficiently fulfilled by the AuNP 
redox catalysts for 4-NP reduction in the transformation of inner-
sphere single electron transfers from borohydride ions to the surface 
into a multi-electron transfer. A multi-electron transfer is necessary 
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for each 4-NP reduction to 4-AP. The citrate anions, as hydrides, 
form coordination bonds with the AuNP surface involving partial 
charge transfer from the ligand to the AuNP surface. Such as 
coordination with a tripod of dihapto carboxylates that are 
coordinated to Au (111) is known,24 although the degree of AuNP-O 
covalency and charge transfer has not been addressed. 
 In conclusion, the role of the stabilizing ligands in the 
AuNP catalyzed 4-NP reduction has been shown here to be 
crucial. It is involved both in the restructuration at the AuNP 
surface following the LH kinetic model with considerable 
variation of efficiency from “anionic” thiolate or citrate ligands 
to neutral trz ligands and the steric or filtering effect25 of the 
substrate through the bulk of the trz ligand framework. The 
difficulty to exchange the thiolate ligands does not inhibit 
Suzuki-Miyaura cross carbon-carbon coupling reactions with 
analogous PdNPs,26a because a leaching mechanism is 
involved.26b On the other hand, it considerably slows down 
AuNP-catalyzed 4-NP reduction in contrast with the situation 
involving easily exchanged trz ligands.17 The data and apparent 
accumulation of several negative charges in the AuNPs that 
occurs while the Au-H bonds form upon NaBH4 reaction 
emphasizes the role of “electron reservoirs” of these redox 
catalysts. Well-known precedents are found for instance in the 
role of PtNPs as redox catalysts in water photosplitting.27 These 
finding should significantly contribute to shed light on the 
surface mechanism and optimize the design of effective 
catalysts for this intensively searched “green” aqueous reaction. 
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