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3-Mercaptopropionic Acid Capped Gold Nanoclusters: Quantized

Capacitance in Aqueous Media

LI, Di(Z#) LI, Jing-Hong* (£ & 1)
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Changchun , Jilin 130022, China

3-Mercaptopropionic acid monolayer protected gold nanoclusters
(MPA-MPCs) were synthesized and characterized by transmission
electron microscopy, UV-Vis spectroscopy, X-ray photoelectron
spectroscopy and Fourier transform infrared spectroscopy. The ex-
act value of quantized double-layer capacitance of MPCs in aqueous
media was obtained by differential pulse voltammograms.
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Introduction

An extensive research interest'’2 in monolayer protected
gold clusters (MPCs) has arisen ever since the milestone re-
port of Brust et al.> The particularly interesting property of
the MPCs core is its small capacitance (sub-attofarad, aF),
which causes that single electron transfers to/from the core
leading to readily measurable changes in its electronic poten-
tial. That is, the electrochemical charging of the MPCs core
becomes a quantized process. However, usual alkanethiolate
MPCs are not water-soluble, resulting in the limitation of
their potent applications. Little work has been reported on the
preparation of water-soluble gold MPCs*> and the exact value
of cluster capacitance in aqueous solution has not been ob-
tained until now. In this article, we synthesized and charac-
terized 3-mercaptopropionic acid (MPA) monolayer protected
gold nanoparticles (MPA-MPCs) ,%7 and obtained the quan-
tized capacitance charging in aqueous media via differential
pulse voltammogram (DPV) experiment.

Experimental
Chemicals

3-Mercaptopropionic acid was purchased from Aldrich.
HAuCl,+4H,0 (A.R.), NaBH,(A.R.) and KCl (A.R.)
were acquired from standard source and used as received.
Water was purified with Milli-Q (18.3 MQ) water system.
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Synthesis

The synthesis of MPA-MPCs was based on the reduction
of tetrachloroauric acid with sodium borohydride in the pres-
ence of MPA. In brief, MPA (1.5 mmol/L) was added to a
vigorously stirred tetrachloroauric acid aqueous solution of e-
qual mole. The mixture was stirred for 15 min before the ad-
dition of 9-fold excess sedium borohydride reductant. The re-
sultant solution quickly turned dark, indicating the presence
of gold nanoparticles, and it was further stirred for another 8
h. The crude product was purified by loading it into cellulose
ester dialysis membrane, placing in a 1-L beaker of water for
96 h and recharging with fresh water every 8 h to remove ex-
cess sodium ions, borohydride ions and chloride ions. Before
dialysis, pH of the solution was 9 due to excess sodium boro-
hydride and it turned to be 6 after dialysis.

Instruments

Transmission electron microscopy (TEM) was performed
on a JEOL-JEM-2010 (JEOL, Japan) electron microscope
operated at 200 kV. Samples for TEM were prepared by cast-
ing one drop of cluster solution (ca. 4 mg/mL) onto a stan-
dard carbon-coated (20—30 nm) formvar film on copper grid
(230 mesh) . Core size distribution for at least 100 individual
clusters was obtained using Scion Image Beta 4.02.

Electrochemical measurements were carried out at CHI
832 electrochemical station (CHI Inc., USA) with a tradi-
tional three-electrode cell. The electrodes were a 0.031 cm’
gold working electrode, an Ag/AgCl (saturated KCl) refer-
ence electrode and a Pt coil counter electrode. The working
electrode was polished by 1 p, 0.3 g and 0.05 p alumina
polishing compounds consecutively, rinsed with excess water,
ethanol and briefly sonicated prior to each experiment. The
electrolyte was 0.1 mol/L KCI (purged with high pure N,).

UV-Vis spectra of the clusters were acquired with a
Cary-500 UV-Vis-NIR spectrophotometer (VARIAN, USA).

X-Ray photoelectron spectroscopy was conducted using a
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VG ESCALAB MK II spectrometer (VG Scientific, UK) em-
ploying a monochromatic Mg Ka X-ray source (v = 1253.6
€V) . Peak positions were internally referenced to the Cy, peak
at 284.6 eV.

Fourier transform infrared spectroscopy was conducted at
FTS135 infrared spectroscopy (BIO-RAD, USA). Transmis-
sion spectra of the samples were obtained by forming thin
transparent KBr pellet containing the interested materials.

Results and discussion

TEM analysis

TEM has been a favorable tool to determine the core
shape and the size distribution of metal nanoparticles. The
number of atoms per core tends towards .closed shell structures
(“magic number”) with an equilibrium truncated octahedral
shape.® The closest core-core distance is proximately equal to
the length of a single ligand, indicating the intercalation of
chains between adjacent clusters.” Fig. 1 shows the TEM im-
ages of MPA-MPCs before and after dialysis respectively. The
average core diameter was ca. 6.8 nm. It can be seen from
the image that collectively connected particles formed partially
continuous network. In Fig. la, small loosely packed aggre-
gates and individual particles were observed. While in Fig.
1b, aggregation increased with few free particles observed.
The aggregation could be attributed to the head-to-head H-
bond between adjacent terminal carboxylic groups, leading to
the formation of irregular “fractal” type structure.

Fig. 1 TEM image of MPA-MPCs before dialysis (a) and after
dialysis (b). The scale bar, 20 nm.

UV-Vis spectroscopy

UV-Vis spectra of the MPA-MPCs before and after dialy-
sis are shown in Fig. 2. Metal nanoparticles exhibit strong
UV-Vis absorbance, which is absent for bulk metal. It is at-
tributed to a resonance in the collective motion of the conduc-
tion electrons in response to optical excitation, which was
called localized surface plasmon resonance (SPR). The SP
absorbance band of the MPA-MPCs appeared at 529 nm (be-

fore dialysis) in Fig. 2a and shifted to 536 nm (after dialy-
sis) in Fig. 2b. For low pH, red shift of the SP band could
be attributed to the aggregation of gold nanoparticles due to
the formation of H-bond,>'® which can be seen from TEM
image .
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Fig. 2 UV-Vis spectra of MPA-MPCs before dialysis (a) and afier
dialysis (b) .

XPS analysis

Fig. 3 gives the XPS spectra of the MPA-MPCs, Bind-
ing energy of Awg,, and Sy, appeared at 84.2 eV and 163.1
eV respectively. The Auyg,» peak value tended to that of a
surface layer of Au(I) (84.9 eV).! The Syp binding energy
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Fig. 3 XPS spectra of MPA-MPCs showing the Awyg, and Sp,

binding energy at 84.2 ¢V (a) and 163.1 eV (b) respec-
tively.
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value was 162 eV for alkanethiolate ligands on flat Au sur-
face!! (2D-SAMs) and MPCs, therefore the 163.1 eV in this 40 @
experiment corresponds to a negative charge-bearing sulfur
( —2) absorbed to gold. The elemental ratio of gold to sulfur & 307
was 1.6 according to Eq. (1,2 ) 8
g o
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Nodfur L sutfur S gold &
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where S, and S, are the sensitivity factors of gold and . . — . r T
sulfur respectively, I,q and I, are the peak intensities of 1900 1800 ‘;700 16:0 159? 1400 1300
Auyg/; and S, respectively. avemumber (em’)
75
FT-IR spectroscopy ®)
70
Curves a, b and ¢ in Fig. 4 show the mid frequency re- S 651
gion of FT-IR spectra of free MPA, MPA-MPCs before and bt 3
after dialysis respectively. Several characteristic peaks are la- g 601 - 8
beled. P —
In the mid frequency range, the ionization of the car- E
boxylic acid may be detected by monitoring the carboxy 507
stretching vibration. In Fig. 4a the C = O stretch was 1710 45 2

cm™! for free MPA. In this study when pH=9 (Fig. 4b),
the symmetric stretch of COO~ (v,) in MPA-MPCs, as the
form of sodium salt, was 1576 cm~!, " while its symmetric
stretch (v,) was not well-resolved for it was overlapped with
several bands [e. g., v(CH,) ~1415 em™!, v(C—O0) +
8(OH) 1430—1460 cm~']. In Fig. 4c, while for pH =6,
the v, and v, shifted to 1585 cm™! and 1401 cm™! respec-
tively. The C = O stretch appeared at 1671 cm™! indicating
the presence of polymeric hydrogen bonding. 5 The 1621 cm ™!
can be interpreted'* as the C—O stretching vibration for the
protonated MPA. The detection of both —COOH and
—COO~ species was indicative of partial protonation-depro-
tonation of MPA. As pH increased, the C = O stretch dis-
played a gradual decrease in intensity, indicating the ioniza-
tion of MPA.

The results of TEM, UV-Vis and FT-IR indicated that
when pH was 9 with high ionic strength, the acid was ionized
to COO~ Na* and the aggregation was disfavored because of
repulse interactions between negatively charged carboxylate
capped nanoparticles.'> However, at low pH, when most
sodium ion, borohydride ion and chloride ion had been re-
moved by dialysis, the ionic strength decreased and ionization
was weakened. Formation of H-bond between adjacent car-
boxylic acid groups caused the aggregation.

Differential pulse voltammograms

Quantized capacitance charging property of MPCs is an
electrochemical analogue to Coulomb staircase charging'® and
may have application potentials in electronic device. In the
present study, the quantized capacitance charging behavior of
the MPA-MPCs was observed via DPV experiment. The clus-
ters were not fractioned compared with the alkanethiolate-
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Fig. 4 Mid frequency region of FI-IR spectra of free MPA (a),
MPA-MPCs before dialysis (b) and after dialysis (c).

MPCs in organic solvent.'”"!® Fig. 5 shows a series of fairly
regularly spaced, one-electron transfer peaks. The consecu-
tive (one-electron) double-layer charging peaks are formally
analogous to current peaks observed in traditional redox reac-
tions. The spacing (AV) is controlled by the capacitance per
cluster ( C¢yy) according to the simple relation AV = e/
Cciy, where e is the electronic charge. In our work, the ca-
pacitance value of MPA capped gold cluster was 0.43 aF.
The theoretical value of Ccy could be calculated ac-

cording to concentric conducting spheres model !
CCLU = 47'(606(7‘/(1) (T+ d) (2)

where Cpy is the cluster capacitance, € the permitivity of
free space, ¢ the dielectric constant of the capping monolay-
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Fig. 5 Differential pulse voltammogram (DPV) of MPA-MPCs in
0.1 mol/L KCI. Concentration: ca. 2 mmol/L. Working
elecirode: gold disk electrode (0.031 cm?). Reference
electrode: Ag/AgCl. Counter electrode: Pt coil. DPV pa-
rameters: pulse amplitude, 80 mV; pulse width, 50 ms;
pulse period, 100 ms.

er, r the radius of the core, and d the chain length of the
monolayer. 0.43 aF of the MPA-MPCs corresponds to a core
ridus of 0.8 nm. Thus the quantized capacitance charging re-
flected the attribution from fraction of very small gold
nanoparticles.

The formal potentials for successive quantized double
layer capacitance chargings, Z/Z -1, can be shown to vary
with charge state as, '’

EY 71 = Epe + (Z - 1/2)e/Cay (3)

where E% ;_1 is the formal potential of the Z(Z - 1) charge
state, which is obtained from DPV peak potentials. E,. is
the potential of zero charge with the value of ca. —0.2 V
(vs. Ag/AgCl)."” Fig. 6 shows the formal potential of charg-
ing events depending on the charge state. There is a good lin-
ear relationship between the charge state and the formal po-
tential .
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Fig. 6 Plot of formal potentials of charging events versus cluster

charge state ( Z) .

Conclusion

MPA capped gold nanoparticles with average core size of

6.8 nm and narrow size distributions were synthesized. pH
dependence of the ionization of MPA-MPCs was studied by
TEM, UV-Vis and FT-IR. The results showed that aggrega-
tion of the MPA-MPCs was more serious in low pH than in
high pH, being attributed to H-bond formation between adja-
cent carboxylic groups. The quantized double-layer capaci-
tance of MPA capped gold nanoparticles in aqueous media was
0.43 aF, reflecting the main attribution from the fraction of
very small nanoparticles.
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