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Addition of an aqueous solution of NaBH4 to a dispersion of small (~1.2 nm) gold clusters 

stabilized by poly(N-vinyl-2-pyrrolidone) (Au:PVP) induced a localized surface plasmon 

resonance (LSPR) absorption for a certain period while maintining the cluster size. The 

duration of the LSPR band could be lengthened by increasing the NaBH4 concentration and be 

shortened by increasing the concentration of dissolved O2, and the LSPR band could be made 

to appear and reappear repeatedly. The appearance of the LSPR band is explained by the 

electron donation to the Au core from the adsorbed H atoms that originate from NaBH4, 

whereas its disappearance is ascribed to the removal of H atoms by their reaction with O2. 

These results suggest that the transition between the metallic and nonmetallic electronic 

structures of the Au clusters can be reversibly induced by the adsorption and desorption of H 

atoms, which are electronically equivalent to Au. 

 

Introduction 

Gold clusters stabilized by poly(N-vinyl-2-pyrrolidone) 

(Au:PVP) have provided us an ideal platform to study the 

cluster-size-dependent catalytic properties1 and useful 

precursors of a variety of ligand-protected Au clusters.2 This is 

because chemical sunstances can access the surface of the Au 

clusters exposed for catalysis and ligation. For example, it was 

found that Au:PVP clusters with an average diameter of ~1.2 

nm show high catalytic activity for various aerobic oxidation 

reactions such as the oxidation of alcohols, organoboron 

compounds, and benzylic ketones.3 Thus, it is desirable to 

synthesize Au:PVP clusters with a diameter of ~1 nm for 

applications in catalysis. 

According to the LaMer model,4,5 small monodisperse 

metal clusters can be produced by instantaneous reduction of 

the precursor metal ions, thereby completing nucleation and 

suppressing the subsequent nuclei growth. Conventionally, 

small Au:PVP clusters are prepared by rapid injection of an 

aqueous solution containing an excess amount of NaBH4 into a 

mixed solution of HAuCl4 and PVP (average molecular weight 

= 40 kDa).6,7 After stirring for 1 h, the Au:PVP clusters are 

collected and deionized by centrifugal ultrafiltration. TEM 

observation of the Au:PVP thus produced indicated that their 

average diameter is 1.2 nm, and MALDI mass spectrometry 

revealed that cluster sizes are smoothly distributed over the 

range of 30–70 atoms.8 The Au:PVP clusters were brownish 

and did not have the localized surface plasmon resonance 

(LSPR) band,9 that is typically observed at around 520 nm for 

Au clusters larger than 2 nm.10,11 Interestingly, the color of the 

dispersion turned from yellow to red immediately after the 

addition of NaBH4 and, then, to dark brown after some time. 

Figure 1 shows the change in the optical spectra of a Au:PVP 

hydrosol over time during their preparation in air by the 

described method. The LSPR band emerged soon after the 

addition of NaBH4, and the absorbance was maintained for 

about 30 min, after which it rapidly disappeared. There are two 

possible scenarios to explain this phenomenon. One is that Au 

clusters larger than 2 nm were initially formed, but became 

smaller over time. The other is that the LSPR band appeared 

because of the interaction between Au:PVP (~1.2 nm) and 

NaBH4.  

Motivated by this phenomenon, we studied the spectral 

changes in the interaction of small (~1.2 nm), preformed 

Au:PVP clusters with NaBH4. It was found that the duration of 

the LSPR band can be increased by increasing the 

concentration of NaBH4 and can be shortened by increasing the 

concentration of O2 dissolved in water. These phenomena were 

explained in terms of the reversible electronic modulation of 

the Au clusters, induced by the adsorption and desorption of 

hydrogen atoms. 

Page 1 of 5 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
Figure 1. Changes in absorption spectra over time during the preparation of 

Au:PVP clusters with an average diameter of 1.2 nm. Inset shows change in 

absorbance at 509 nm versus time. 

An aqueous solution of NaBH4 was added to the hydrosol 

of the preformed Au:PVP (1.2 nm) clusters in air. The changes 

in the absorption spectra were measured over time and showed 

that the LSPR emerged soon after the addition of NaBH4, 

remained constant for ~70 min, and then disappeared rapidly 

(Figure S1). The sizes of the Au:PVP clusters before and after 

the reaction with NaBH4 were compared by transmission 

electron microscopy (TEM), X-ray diffraction (XRD) analysis, 

and X-ray absorption fine structure (XAFS) spectroscopy. 

Figure 2 compares the TEM images and size distributions of the 

Au:PVP clusters before and after the reaction with NaBH4. The 

average diameter of the Au:PVP clusters did not change 

appreciably after the reaction. This conclusion is supported by 

both XRD and XAFS analyses (Figures S2 and S3). These 

findings indicate that the appearance of the LSPR band at the 

initial stage of the reaction was not associated with the growth 

of Au clusters, but was caused by the interaction between the 

preformed Au:PVP clusters and NaBH4. In the framework of 

this mechanism, the duration of the LSPR is related to the 

concentration of NaBH4 in water. To test this assumption, the 

duration of the LSPR was measured as a function of the 

concentration of added NaBH4 ([NaBH4]). An aqueous solution 

of NaBH4 with concentrations of 0.1, 0.2, or 0.3 M was added 

to the hydrosol of Au:PVP (1.2 nm) in air. The changes in 

absorbance at 509 nm over time at different [NaBH4] (Figure 

S4) show that the LSPR duration lengthened monotonically 

with increasing [NaBH4] (Figure 3a), as anticipated. The 

repeatability of this phenomenon was studied by adding a fresh 

solution of NaBH4 to the deionized dispersion of Au:PVP 

clusters. Figure 4 shows the change in the absorbance at 509 

nm over time after repeated addition of NaBH4 to the Au:PVP 

(1.2 nm) hydrosol. These results indicate that the electronic 

structure of the Au:PVP clusters can be modulated repeatedly 

by reaction with NaBH4. 

 
FFigure 2. TEM images and size distributions of Au:PVP clusters before (a) and 

after (b) reaction with NaBH4. 

 

 
Figure 3. Dependence of the duration of the LSPR on (a) the concentration of 

NaBH4 in air and (b) the presence of different gases in the measurement cell 

([NaBH4] = 0.1 M) 

 

 
Figure 4. Three measurements of the change in absorbance at 509 nm versus 

time after addition of aqueous solutions of NaBH4. 

What kind of species were produced during the reaction, 

and what determined the duration of the LSPR band? It is known 

that Au nanoparticles catalyze the hydrolysis of BH4
– 
(Refs. 

12,13) and the reduction of 4-nitrophenol by NaBH4.
14
 It has 

been proposed that the catalytic reduction proceed via the 

Langmuir-Hinshelwood mechanism, in which substrates and 

reductants adsorbed on the nanoparticle surface are involved in 

the reaction.
14
 According to computational studies, hydrides or 

borohydrides can be bound strongly to the Au nanoparticles
15
 

and donate negative charge to the Au core.
16–18

 In order to gain 

insights into the chemical nature of the reaction products, the 

duration of the LSPR was measured as a function of O2 

concentration (Figure S4). The LSPR duration was greater when 

air was replaced by Ar in a closed vessel, whereas it was 

shortened when air was replaced with pure O2 (Figure 3b). This 

result suggests that the appearances and disappearances of the 

LSPR band are associated with the adsorption of hydrogen atoms 

Page 2 of 5Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

to the Au clusters (1.2 nm) and removal of the hydrogen atoms 

by the reaction of O2 dissolved in water, respectively.
19,20 

How do the hydrogen atoms affect the electronic structure 

of the Au cluster? Given that the LSPR band is specific to Au 

clusters larger than 2 nm, the above results can be understood if 

the adsorption of hydrogen atoms has similar effect as Au cluster 

size increases. This assumption is plausible because the 

electronic properties of gold and hydrogen are similar; they have 

similar electronic configurations with a single valence electron in 

an ns orbital; moreover, they have comparable electronegativities 

as a result of the strong relativistic effects in gold.
21,22
 It has also 

been reported that the chemical properties of gold are very 

similar to those of hydrogen.
23-27

 Buckart et al. proposed, based 

on the almost identical photoelectron spectra of Aun
–
 and Aun-1H

–
 

(n = 3–8), that hydrogen atoms mimic gold atoms.
28
 Based on 

these reports, we concluded that the adsorption of hydrogen 

atoms on the surface of the gold clusters increased both the 

number of confined s-electron and the electron density, thus, 

inducing LSPR.
29
 

In order to test whether NaBH4 substantially increased the 

electron density in the Au cluster, the spectral changes were 

studied after adding NaBH4 to larger (1.8 ± 0.5 nm) Au:PVP 

clusters that showed the LSPR band. According to the Drude 

model,
30
 the plasmon wavelength is blue shifted as the electron 

density in the metal nanoparticles increases. The LSPR peak of 

Au:PVP (1.8 nm) was blue shifted after the addition of NaBH4 

(Figure S5), and there was a small increase in absorbance. This 

result confirms that reaction with NaBH4 increases the electron 

density of the Au:PVP clusters due to electron transfer from 

hydrogen to the Au core. 

We have recently demonstrated that an LSPR band appears 

on going from Au144(SC12)60 to Au187(SC12)68, where SC12 

represents dodecanethiolates.
11
 The theoretically predicted Au 

cores were Au114 and Au148 with 84 and 121 valence electrons, 

respectively.
31
 Roughly speaking, the confinement of ~100 

electrons in the Au~130 core is critical for the appearance of an 

LSPR band. The sizes of the Au:PVP clusters were distributed in 

the range of 30–70 atoms, as found by MALDI mass 

spectrometry.
8
 If we assume that all the surface atoms of the Au 

cluster are capped by a single H atom and that each H provides 

one electron to the Au cluster, the total number of s-electrons 

confined in the Au core is estimated to be 120 at most, even for 

the largest Au70 cluster. This rough estimate suggests that the 

critical size for the appearance of the LSPR band for a H-capped 

Au cluster is comparable or smaller than that of a Aun(SR)m 

cluster. This difference is probably due to the difference in the 

atomic sizes of Au (144 pm) and H (0.53 pm).
32,33
 Adsorption of 

hydrogen atoms can increase the electron density of Au clusters 

without any increase in the total cluster volume. 

In summary, small (~1.2 nm) Au clusters stabilized by PVP 

exhibited LSPR on reaction with NaBH4. We explain this 

observation as being a consequence of the adsorption of H atoms, 

derived from NaBH4, on the cluster surfaces. Hydrogen atoms 

adsorbed on the Au cluster electronically mimic Au atoms and 

do not significantly increase the volume of the cluster and, 

therefore, the volume of electron confinement because of their 

significantly smaller size than Au atoms. This unique feature of 

hydrogen atoms allows us to modulate the electronic structures 

of small, non-metallic Au clusters reversibly and repeatedly; that 

is, adsorption makes the electronic structure metallic, and 

desorption returns the clusters to a nonmetallic state. 
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