Colloidal Dispersion of Gold Nanoparticles

S. Gross

Abstract Stable sols of gold nanoparticles with an average diameter of about 13
nm were prepared from hydrogen tetrachloroaurate (prepared starting from bulk
metallic gold) and trisodium citrate dihydrate. The organic salt acts as reducing as
well as stabilizing agent for the gold nanoparticles, having an average diameter of
1344 nm. The deep purple colloidal suspension is stable for several weeks. UV-
Vis absorption spectra shows the typical surface plasmon resonance band of na-
nosized gold with an absorption maximum at 521.5 + 0.5 nm.

Classification

form: colloid

function: pigment

preparation: reduction of aqueous metal solution
composition: citrate-stabilized Au nanoparticles

Introduction

Gold colloids have been known since ancient times for their fascinating properties
and colors, which nowadays can be related to the presence of metal nano-
particles.[1] Starting from the pioneering investigations of M. Faraday[2] and W.
Ostwald,[3] gold nanoparticles have been the topic of much interest due to their
easy preparation and high stability.[4] An extensive review on their synthesis,
properties and applications has been recently published.[1] Nucleation and growth
of colloidal gold was thoroughly investigated by Turkevich et al.[5,6,7]

Gold nanoparticles are well-known for producing a strong optical response
(plasmon) due to the excitation of free electrons at the metal surface which results
in typical surface plasmon resonance (SPR) bands.[8] These outstanding optical
properties of gold nanoparticles make them suitable for several uses. Furthermore,
gold nanoparticles are appealing systems for their invaluable chemical, supramo-
lecular, recognition and catalytic properties.[1] Au nanoparticles-oligonucleotide
conjugates are currently attracting great interest because of their potential use in
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DNA detection. Gold colloids have also found application as non-cytotoxic labels,
biolabels and in optical biosensors.[9] Colloidal gold, labeled to various biological
materials like lectins, antibodies, antigens, enzymes, or lipoproteins allows to ob-
serve these systems by transmission or scanning electron microscopic methods.[9]

Two main approaches can be used to generate metal colloids, the first based on
dispersion of larger particles (dispersion method), the second relying on the con-
densation of smaller units (reduction method).[9] While the former affords only
unstable sols, characterized by particles with a wide size distribution, the latter al-
lows to prepare stable sols through reduction of metal salts in solution.[9] Several
routes have been proposed to prepare stable suspensions of gold nanoparti-
cles,[1,6,10,11,12,13] mainly based on reduction of Au(IIl) derivatives.

For example, gold colloids are easily prepared by reduction of HAuCly in dilut-
ed aqueous solution with citric acid or trisodium citrate. A very narrow size distri-
bution can be obtained when the latter reducing agent is used which is oxidized to
carbon dioxide in the course of the reaction. Carbon dioxide is formed after differ-
ent oxidative steps; intermediates and by-products such as acetone dicarboxylic
acid have been reported.[5]

The method described here allows obtaining very stable gold nanoparticles
with a diameter of about 13 nm and a quite narrow size distribution, starting from
a solution of hydrogen tetrachloroaurate and trisodium citrate. Trisodium citrate
acts both as reducing as well as stabilizing agent.

6 1@1,13Jr + C6H5073- +150H —>6Au + 6 C02 +10 H2O

The proposed method presents, with respect to other routes, several advantages,
mainly related to i) easy synthetic procedure, ii) reproducibility of the method iii)
stability of the prepared sol. The aqueous medium used is another advantage, since
water solvates both reagents very well.

Variation of the experimental conditions allows, in principle, tailoring the par-
ticles size up to 900 nm.[9] In particular, Turkevich et al. [5] have extensively de-
scribed the effect of various parameters, such as the temperature, amount of citrate
added or the dilution of the solution, on the formation of colloidal gold. Lowering
the temperature at which the sodium citrate solution is added to the hydrogen tet-
rachloroaurate solution by 10°C, increases the time required for completion of the
reaction by a factor of two. The amount of citrate added or the dilution of the solu-
tion can dramatically affect the average size and size distribution of the gold na-
noparticles. The latter is additionally depending on the relative rates of nucleation
and growth.[5]

However, although variation of the above mentioned parameters over a large
range yields sols of nanoparticles of different size and size distribution, the gen-
eral outcome of the procedure (colloidal gold) remains unaffected. It should fur-
thermore be pointed out that, by using the described procedure, the variation of the
citrate/hydrogen tetrachloroaurate(IIl)-:3H,O molar ratio within a limited range
does not dramatically affect the size and size distribution. However, the prepared
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gold colloids are only stable in solution, because they are protected by ligand mol-
ecules and electric charges preventing coagulation.

Materials

e Metallic gold foil purchased from Nuova Franco Suisse Italia

e Hydrogen chloride, HCI, 37% (Aldrich), used as received

e Nitric acid, HNOs, 65% (Carlo Erba), used as received

e Sulfuric acid, H,SO4, 98% (Carlo Erba), used as received

e Sodium citrate dihydrate, HOC(COONa)(CH,COONa),2H,0, 99.0% ACS
reagent (Merck) used as received

Safety and Disposals

Safety and handling instructions for the chemicals, especially those involved in the
preparation of HAuCl, (strong acids), are reported in the corresponding materials
safety data sheets (MSDS). The employed chemicals should be handled with care
and with protective gloves. Preparation of HAuCl, should be carried out in well
ventilated areas and under an aspirated fume hood due to the development of tox-
ic nitric vapors. Gloves and safety glasses should be worn when working with the
precursor solutions as well as with the colloidal sol.

Procedures

All the procedures were performed in air, at room temperature and atmospheric
pressure, using de-ionised water..

A. Preparation of HAuCly*3H;0

Synonyms: Hydrogen tetrachloroaurate trihydrate, tetrachloroauric acid trihydrate;
chloroauric acid trihydrate.

The reported procedure allows preparing about 1.3 g of HAuCls'3H,O and re-
quires about one week for the preparation and about two weeks for the crystalliza-
tion of the product.

For all concentration/evaporation steps, a wide flask (Petri dish) should be
used, because otherwise condensation of the acid will require considerably more
time.
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(1) About 0.7 g of metallic gold is cut in very small pieces (~ 1 x 2 mm) and put
into a 250 ml beaker. 70 ml of aqua regia (75% v/v HCI, 25% v/v HNOs) are
slowly added.

(2) The mixture is stirred and gradually heated to 50°C. When dissolution of
gold slows down, the temperature is gradually increased to 70-80°C.

(3) Once metallic gold is completely dissolved (after about 2 h), the solution is
continuously heated until it is concentrated to 30 ml.

(4) HCI is slowly added to the hot solution, until brown nitric vapors are com-
pletely eliminated and the volume is about 60 ml.

(5) The procedure described in 3. and 4. is repeated about 5 times, until, after ad-
dition of HCI, no brown nitric vapor is developed.

(6) The solution is concentrated (by heating) to 30 ml.

(7) Bidistilled de-ionised water is added to the solution under stirring which is
kept at about 70-80°C, until a volume of about 50 ml is obtained and until ac-
id vapors are completely absent. The presence of acid vapors is checked by a
litmus paper (pH indicator) which is put into the vapors; this operation (addi-
tion of water, concentration of the solution under heating) is repeated until
pH 7 is reached.

(8) The magnetic stirrer is removed from the beaker and the solution is con-
centrated to 15 ml by heating at 70°C;

(9) The solution is cooled to room temperature.

(10) The beaker is put into a desiccator; on the bottom of the desiccator a crystal-
lizing dish containing concentrated H,SOy is placed;

(11) The desiccator is put in vacuum by using a water pump and protected from
sunlight by an aluminum foil;

(12) The vacuum is periodically checked and the desiccator is left standing for
about 15 d, until crystals of an intense yellow color are formed.

B. Preparation of Gold Nanoparticles Colloidal Suspension

The reported procedure allows the preparation of a stable suspension of monodi-
sperse gold nanoparticles having a diameter of about 13 nm.

A 1 mM aqueous solution of HAuCly is prepared by dissolving 0.39 g of
HAuCly-3H,0 in 1 L of de-ionised water, and a 38 mM solution of sodium citrate
dihydrate by dissolving 11.41 g in 1 L de-ionised water. An amount of 20 ml of
the HAuCly solution is put in a 50 ml beaker equipped with a magnetic bar. The
solution is heated to the boiling point and then 2 ml of the citrate solution are add-
ed (Au : citrate molar ratio 1:3.8) under stirring. The yellow color of the solution
originating from hydrogen tetrachloroaurate first turns colorless. The solution re-
mains clear for about 10 sec and then turns grayish-blue. After about 1 min a deep
wine-red sol is obtained. No further change of color upon prolonged boiling is ob-
served. Deionised water is added drop wise to keep the volume at 22 ml. The solu-
tion is then cooled to room temperature. The pH of the final solution is about 6.7.
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Characterization

A purple red, stable sol is obtained.

UV-Vis characterization: The UV-Vis absorption spectra of the colloidal sol
were acquired in the 200-800 nm wavelength range, using a 2 nm spectral band
width and a 0.5 nm data interval. The absorption maximum is at 521.5+0.5 nm, in
agreement with values reported in literature (Fig. 1).[1,9,12]

Absorbance (arb. units)
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Fig. 1. UV-Vis spectrum of the gold colloid (molar Au: citrate ratiol: 3.8).

Dynamic light scattering measurements (Particle Sizing Systems Nicomp
Model 370 correlator equipped with a thermostated cell holder and a Spectra
Physics Series 2016 Ar laser operating at 488 nm): Hydrodynamic particles diam-
eters were obtained from cumulated fits of the autocorrelation functions at 90°
scattering angle. DLS measurements were performed on the gold sol diluted twice
in Milli-Q water. The sol was filtered through a Sartorius Minisart single use filter
(0.2 um) before measurements. The average particle size (number-weighted) was
12 + 4 nm (Fig. 2).

Comments
(1) The prepared sol is stable for several weeks.

(2) The replacement of sodium citrate by other reducing agents would result in
other nanoparticles sizes and dispersions.
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Fig. 2. Number-weighted Gaussian analysis of the gold sol (Au: citrate molar ratiol: 3.8) as de-
termined by light scattering measurements.
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The addition of sodium citrate should be performed when the HAuCl, solu-
tion is boiling, otherwise longer reaction times are required to achieve the
purple red sol.

The slightly basic pH of the solution ensures that the adsorbed citrate groups
on the gold nanoparticles are completely deprotonated.

The features of the colloidal sols obtained by this procedure are affected by
experimental parameters, such as the temperature: lowering the temperature
at which trisodium citrate is added to the chloroauric acid solution by 10°C
increases the time required to observe the deepening of the solution color,
which indicates the completion of the reaction, by a factor of 2.[1]

The preparation of colloidal gold by this procedure starting from hydrogen
tetrachloroaurate and trisodium citrate solutions is easy, safe, not dangerous,
and can be performed in a reproducible way also by undergraduate chemistry
students.

Addition of strong electrolytes to the gold colloids results in their fast coagu-
lation and precipitation.
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