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A simple procedure has been developed to prepare thiol-derivatized nanoparticles of metals. The procedure
involves the transfer of well-characterized metal hydrosols to a hydrocarbon medium containing the thiol.
Thiol-derivatized nanoparticles Au, Ag, and Pt of near spherical shape forming nanocrystalline arrays have
been characterized by X-ray diffraction, transmission electron microscopy (TEM), and other techniques. Thiol-
derivatized Au particles of mean diameters of 1.0, 2.1, and 4.2 nm from nanocrystalline arrays show
characteristic X-ray diffraction patterns. The nanoparticles exhibit Moinges when deposited on a flake

of MoSe, showing that each particle is in itself crystalline. Besides spherical nanoparticles, thiol-derivatized
particles of other shapes have been prepared, hexagonal Pt nanoparticles being particularly novel. Scanning
tunneling microscopy images not only confirm the size and shape of nanoparticles revealed by TEM, but also
show evidence for thiol molecules on the surface.

Introduction thiol-passivated metal particles formed in this manner are found
to form nanocrystalline arrays on solid substrates giving
characteristic X-ray diffraction patterns. We have examined
the crystallinity of the nanoparticles in such arrays by recording
the Moirepatterns of the particles deposited on a flake of MoSe

We have extended the present method of preparation of thiol-
. i derivatized Au nanoparticles to the preparation of spherical,
the reduction of the relevant metal salt in the presence of 2 thiol-derivatized particles of silver as well as platinum, the latter

suitable surfactant, the surfactant being useful in controlling the ¢ o first time. In addition. we have prepared thiol-passivated
growth of the metal particles. Metal nanoparticles, particularly particles of hex.agonal shaﬁe

those stabilized by alkane thiols, are known to self-assemble
into cross-linked structures or nanocrystalline arrays on removal
of the solvenf8 The procedure employed to prepare thiol- Experimental Section
passivated nanopatrticles involves the extraction of the metal
ions from an aqueous medium to a hydrocarbon layer by means  Thiol-derivatized nanoparticles of Au were first prepared
of a phase-transfer reagent such as tetraoctylammonium bromidestarting with the hydrosol. The hydrosol containing nanopar-
and then to carry out the reduction with NaBid the presence  ticles of Au was prepared by the reduction of 2.0 mL of a
of an alkane thio:X° In this procedure, the attachment of the  solution of HAUC} solution (25 mM) using partially hydrolyzed
thiol molecules to the metal nanoparticles occurs concomitantly tetrakis(hydroxymethyl) phosphonium chloride (THPC) as the
with the formation of the particles and allows little control over reducing agent? having prepared the reagent by the addition
their shapes. Itis therefore desirable to have a procedure wheref 1 mL of a fresh solution of THPC (50 mM) in water to 47
metal nanoparticles themselves, rather than the ions, are phasemL of 6.38 mM NaOH solution. To the dark brown Au sol
transferred for thiol passivation. obtained 100 mL of a 0.25 mM solution of dodecanethiol in
The present study is concerned with developing a simple toluene (Au:S= 2:1) was added to obtain immiscible layers
procedure wherein metal nanoparticles of desired shape and sizeonsisting of the transparent organic phase containing the thiol
distribution in a hydrosol are readily transferred to a nonpolar on the top and the colored hydrosol at the bottom. To this
medium containing an alkane thiol to obtain thiol-derivatized biphasic mixture, 125 mL of concentrated HCIl was added under
particles ensuring a careful replacement of the surfactant layer.stirring. This resulted in a remarkably swift movement (within
The method is different from that of Weisbecker et'alvho 3 min) of the Au nanoparticles to the hydrocarbon layer
obtained self-assembled monolayers on gold colloids in 50% containing the thiol. Clearly, the gold particles have an inherent
aqueous ethanol in the presence of alkanethiols. By employingattraction to the thiol molecules. This could be seen vividly
such a procedure, we have prepared thiol-derivatized Au by the complete transfer of color across the interface as shown
nanoparticles of different sizes and shapes and examined themin Figure 1. The gold sol in toluene was shaken with water
by transmission electron microscopy (TEM) and scanning several times to remove traces of HCl and evaporated to around
tunneling microscopy (STM), besides characterizing the surfaces2 mL in a rotary evaporator. The excess thiol was removed by
of the nanoparticles by various spectroscopic techniques. Thethe addition of 350 mL of ethanol (95%). The dark brown solid
thus obtained was filtered, washed with ethanol, and dispersed
€ Abstract published ilAdvance ACS Abstract€ctober 15, 1997. in 10 mL of toluene. In order to prepare Au particles of different
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Nanoparticles of gold and other noble metals are of great
interest today because of their interesting optical, electrical, and
other properties and possible applications in microelectrdnics.
Chemical methods for the preparation of colloidal metal sols
have been described in the literatdré. The methods involve
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the thiol to yield a milky solution. To this solution, 0.01 M
NaBH, solution was added dropwise followed by vigorous

- shaking, to obtain a thin yellow layer containing thiol-derivatized
Pt nanoparticles floating above the milky layer. The sol was
washed with an excess of NaBldolution.

Thiol-derivatized metal nanoparticles were characterized by
several techniques. X-ray diffraction (XRD) patterns of the
films of the thiol-derivatized metal particles obtained by vacuum
drying of the concentrated toluene sols on glass substrates were
recorded with a Seifert 3000TT instrument using Cua.K
Transmission electron microscopy (TEM) images were recorded

- with a JEOL-3010 microscope operating at 300 KeV. For this
purpose, samples were prepared by placing a drop of the sol
containing thiol-derivatized metal nanoparticles on a holey
carbon grid (dia-3 mm). The solvent was evaporated before
introducing the grid into the microscope. Histograms of particle
size distributions were obtained using Quantimat image analyser.
X-ray photoelectron spectroscopic (XPS) measurements were
carried out using ESCALAB MKIV (VG Scientific) instrument.

A few drops of the toluene containing thiol-derivatized metal

nanoparticles was evaporated on amorphized graphite substrate

(a) (&) before recording the spectrum. AloK(1486.6 eV) radiation

was used as the source. Ultravieteisible absorption spec-
Figure 1. Immiscible layers of (a) the gold hydrosol (at the bottom)  troscopic measurements of the thiol coated metal sols were
anq thg clean tolue.ne solution containing the thiol (on top). (b) Thlql- carried out on a Pye-Unicam SP8-100 spectrophotometer in the
g;a;;:/:tézoetfloﬁ]tlj sol in toluene (on top) and the clean aqueous solution double-beam mode between 86800 nm in 1 cm quartz

curvettes. Scanning tunneling microscopy (STM) images were
aecorded with a Nanoscope (Il) of Digital Instruments by
employing PtIr tips. Samples for STM were prepared by
evaporating the sols of the thiol-derivatized metal nanoparticles
on freshly cleaved highly oriented pyrolytic graphite (HOPG)
surface.

sizes, the above procedure was repeated with hydrosols obtaine
using different amounts of HAugbkolution. The color of the
hydrosol and also that of the toluene sol varied from light brown
to reddish brown as the initial amount of HAuGlolution was
increased from 1.8 to 2.2 mL.

Hydrosols containing nanoparticles of Ag and Pt were
prepared by the use of NaBHs the reducing agent. A 0.01
M solution of NaBH aged fo 3 h was added dropwise up to The simple procedure of transferring the metal nanoparticles
0.5 mL to a beaker containing 100 mL of the stock solution of from an aqueous medium to a toluene medium containing the
0.29 mM AgNGQ; or 2.6 mM HPtCk under vigorous stirring.  thiol, described in the Experimental Section, has enabled us to
The Ag solution turned light yellow and that of Pt became obtain thiol-derivatized Au nanoparticles of different size
yellowish grey due to formation of metal sols. To these distributions. In Figure 2 we show TEM images of thiol-
hydrosols was added 20 mL of the 1.668 mM dodecanethiol derivatized Au nanoparticles of three size distributions, prepared
solution resulting in a biphasic mixture. Around 1.0 mL of from hydrosols containing different concentrations of HAUCI
concentrated HCI was added dropwise under stirring to the The particle size dependence on the concentration of HAuCI
mixture resulting in the transfer of the nanoparticles to the is evident from the figure. The particles are near spherical and
toluene layer, as evidenced by the color change. No specialthe size distributions are reasonably narrow with the mean
precaution to maintain oxygen free atmosphere seemed necesdiameters of the particle arrays in a, b, and c are 4.2, 2.1, and
sary. 1.0 nm respectively.

We have also thiol-derivatized silver nanoparticles, which  X-ray photoelectron spectroscopic studies of the thiol-
were initially coated with poly(vinylpyrrolidone) (PVP).To derivatized Au nanoparticles prepared by the THPC reduction,
a 20 mL of bright yellow Ag-PVP sol in a separating funnel  showed the Au(4f,) core-level feature at 84 eV corresponding
was added 10 mL of the 1.668 mM thiol solution in toluene. to Au® state. There was a feature at 163.5 eV due to S(2p)
To this resulting medium, a fresh aqueous solution of NaBH showing that the thiol molecules were chemisorbed on the
(0.01 M) was added in excess. A thin yellow layer of the thiol- surface of the Au particles. There was no evidence of a feature
derivatized Ag sol formed on the turbid solution. The bottom due to P(2p) from the THPC reagent in the spectrum, unlike
layer was drained out, and the yellow layer was repeatedly particles from the hydrosol which showed a feature~aB3
washed with the NaBldsolution. eV. A curious feature of the thiol-derivatized Au particles is

In a recent report in the literatuPethe preparation of regular  that the Au(4f,) binding energy was identical to the value of
cubic Pt nanopatrticles using sodium polyacrylate as a stabilizing the bulk metal (84 eV), irrespective of the particle size. This
agent has been described. We have adopted a variant of thigs not expected since the core-level binding energy of metals is
procedure to prepare hexagonal nanoparticles of platinum. Inknown to increase with the decrease in particle or cluster size,
our procedure, 2.1 mg of #RtCk was dissolved in 50 mL of  specially when the diameter is smaller than 2 ¥t The
water containing 8.4 mg of sodium polyacrylate (MW 2100, invariance in binding energy with respect to the bulk metal value
Aldrich). Pure argon was bubbled through this solution for 20 found here could either be due to the effect of the thiol molecules
min, followed by H gas for 5 min. The glass vessel was sealed or due to the formation of the nanocrystalline arrays shown in
and left undisturbed for 1214 h. The resulting light-golden  Figure 2. In order to test this, we measured the Au(4f) binding
Pt sol was mixed with 20 mL of 1.668 mM toluene solution of energy of gold clusters of various sizes deposited on amorphized

Results and Discussion
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Figure 2. TEM images of the thiol-derivatized Au nanopatrticles. The
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Figure 4. STM images of (a) a portion of a crystallite formed by thiol-

derivatized Au nanopatrticles ef5 nm diameter. (b) Low-scan image

of Au nanoparticles of the crystallite in a; we ascribe the several small

features seen on each of the particles to the chemisorbed thiol molecules.

Figure 5. TEM image obtained with Au nanocrystallites deposited

particle size distributions are shown in the form of histograms alongside 0" @ MoSe flake. The prominent fringes (shown by an arrow) with a
the TEM images. The nanoparticles in a, b, and ¢ were obtained by regular spacing of 0.55 nm are due to Moin¢erference.

using 2.2, 2.0, and 1.8 mL of the 25 mM HAuGblution, respectively.
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Figure 3. XRD patterns from the nanocrystalline arrays of Au particles
of different mean diameters (4.2, 2.1, and 1.0 nm). Inset of the figure
displays the UV-vis spectra of these particles.

These experiments suggest that the thiol molecules may donate
electrons to the small Au clusters (2 nm diameter) and
compensate for the cluster size effect.

The TEM images in Figure 2 reveal that thiol-derivatized
particles readily form nanocrystalline arrays over tens of nms
with regular spacing~1 nm) between the particles. Particles
with the mean diameter of 4.2 nm form a close-packed structure,
while the smaller particles of mean diameters of 2.1 and 1.0
nm form superstructure islands, with voids in between. All of
them, however, show characteristic XRD patterns. In Figure
3, we show the XRD patterns obtained with the nanoparticles
with the mean diameters of 4.2, 2.1, and 1.0 nm, giving low-
angle peaks corresponding tiespacings of 5.0, 4.5, and 3.8
nm, respectively. These diffraction peaks are likely to result
from the nanocrystalline arrays revealed in the TEM images,
in particular due to the (110) spacing of the BCC structure.
We do not see higher angle peaks due to the limited thickness
of the films and also possibly due to the presence of distribution
of sizes. Accordingly, the XRD feature is more intense in the
case of the bigger nanoparticles and broader in the case of the
small 1.0 nm particles. The distance between the nanoparticles
deduced from thed-spacings is somewhat smaller than the
expected value (twice the radius of the particle and the thiol
layer thickness). Thus, in the case of the 4.2 nm patrticles, the
d-spacing of 5.0 nm gives an inter particle distance of 0.8 nm,
which is smaller than the estimated surfactant layer thickness

graphite substrate by the resistive evaporation of gold in the of ~1.5 nm. It appears that there is a significant overlap (or

UHV chamber of the electron spectrometghefore and after

close-packing) of the passivating layers of the thiol molecules

the passivation of clusters by dodecanethiol. The measuremenpn the neighboring particles.
showed that, in the absence of thiol, gold clusters do indeed The UV—vis absorption spectra of the toluene gold sols (see

show the variation as reported in the literatt#&* Upon thiol-
derivatization, the binding energy of the Aut4f core level of
all the clusters is 84£0.1) eV, irrespective of the particle size.

inset of Figure 3) show a distinct plasmon band centered around
525 nm in the case of the 4.2 and 2.1 nm particles, the intensity
of the band being higher with the bigger particles. We hardly
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Figure 6. TEM image of the thiol-derivatized Ag particles prepared
by NaBH, reduction. Histogram showing the particle size distribution
(mean diameter 4.2 nm) is also displayed.

see any feature in the 525 nm region in the case of the 1.0 nm
particles. Although the presence or absence of a plasmon band
does not provide direct information on the electronic structure,
it is possible that such small particles are truly not metallic.
There is some evidence to show that Au nanoparticles of 1.0
nm diameter or less, prepared by different methods, are
nonmetallict*

Scanning tunneling microscopy (STM) images of thiol-

derivatized Au nanopatrticles of 4.2 nm diameter are shown in (d) 18
Figure 4. The STM image in top view (Figure 4a) shows a 1

large number of particles arranged into a lattice of a crystallite w"!ﬂ\/\f\/ °
extending over 50 nm. We find that the image yield a diameter +4
of the nanoparticle that is close to the value estimated from the 1z
TEM image. The image in a smaller scan shown in Figure 4b

provides certain details. On each of the particles, there is a ' ' '

large number of high-contrast features ascribable to the chemi- © 20 40 60 nm

sorbed thiol molecules. By counting the features on the Figure 7. (a) TEM image of thiol-derivatized Pt nanoparticles prepared
corrugated portion, we obtain an average value for the numberby NaBH, reduction. (b) The histogram shows the particle size
of thiol molecules on a 4.2 nm diameter particle to be around distribution (mean diameter 4.1 nm). (c) STM image of a crystallite
250. We obtain a similar estimate of the number of thiol formteﬁ_tby Sph!imﬁ" t'\’/\tl nanopartlcleks_. (tcrll) E_he Ilr;e pfr?[:”e oft_tr|1e
molecules from the relative intensities of the Au{gfand S(2p) crystafiiie In ¢ With the o arrows marking the dlameter ot ine partice.
features in XPS. It may be noted that the thiol coverage of MoSe is 0.34 nm corresponding to the (006) planes. It is
obtained by us 420 AZmolecule) compares well with the likely that the diffraction pattern due to Au (111) planes (0.24
reported value on plane Au surfaces2l A¥molecule)t® nm) of the nanocrystallites (which are faintly visible in some
We have sought to examine the crystallinity of the Au of the particles in Figure 5) interfere with that from the MgSe
nanoparticles by making use of the Mopatterns obtained from  (006) planes to produce the Moifienges! For instance, with
the nanoparticles on thin flakes of MaSdn Figure 5, we show  the particle indicated by an arrow in Figure 5, the angle between
a TEM image collected in a region where the Au nanoparticles the two interfering lattices is around 2@lose to that estimated
showed strong interference with the support lattice of MoSe from the Moireformula.
The figure distinctly shows Moirg@atterns in the background In Figure 6, we show the TEM image of the thiol-derivatized
of the MoSe lattice. The Moifepattern associated with each  Ag nanoparticles obtained by the NaBtéduction. The particle
particle is uniform with a spacing of 0.55 nm, confirming that shape is not always spherical, but the size distribution is fairly
each of them is a nanocrystallite. The observed lattice spacingnarrow and the mean diameter is 4.2 nm. Here again we see a
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first layer in a AB-type packing. Particles which are not well
formed hexagons are left out in the packing, as evidenced in
the image. The STM image (top view) in Figure 8 is consistent
with the hexagonal shape. The image shows the well-defined
edges of the central nanoparticles. We have not been able to
prepare thiol-passivated cubic parti®le$ Pt by the procedure
described here.

In conclusion, the present work details an alternative method
for thiol-derivatization of metal nanoparticles compared to the
method of Brust et &. In our procedure, metal particles of
desired shape and size distribution prepared initially in a
hydrosol are transferred to an organosol following thiol-
derivatization and the end point of the process is marked by
the transfer of color between the layers if immiscible solvents
like water and toluene are used. This is particularly advanta-
1 geous since many of the water soluble reagents may be easily
washed away. Besides, this method may provide a rather unique
way of replacing polymeric or ligand shells surrounding metal
nanoparticles by thiol molecules.
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