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Water-dispersible, isolable thiolate-stabilized platinum nanoparticles are synthesized by two one-phase
methods: one is conducted in water; another mainly in methanol, through the reduction of chloroplatinic
acid with sodium borohydride, using mercaptosuccinic acid (MSA) as the stabilizer. The well-separated particles
with mean diameter of 2.5 nm are obtained in water when the initial molar ratio of MSA to chloroplatinic
acid (S/Pt) is 0.7. High-resolution transmission electron microscopy reveals that most particles are fcc single
crystals of cuboctahedral or truncated octahedral morphology with cell parameter similar to that of bulk Pt.
The average particle diameter increases from 2.5 nm to around 4.7 nm upon decreasing the S/Pt ratio from
0.7 to 0.1; at the same time, particle aggregation occurs due to the incomplete coverage of thiolate molecules
on the particle surface. The particles with mean diameter of 2.3 nm are also obtained while using methanol
as the solvent at an initial S/Pt ratio of 0.5. Experiments through changing the concentration of sodium
borohydride show that the reaction is thermodynamically controlled; the final Pt particle size is dictated by
the initial S/Pt ratio.

Introduction

Metal nanoparticles have drawn increasing interest due to their
novel properties, which are caused by size and surface effects
and are different from those of bulk or molecular materials,1

and due to their potential applications in catalysis2 and nonlinear
optics,3 and as electronic,4 magnetic,5 or other advanced6

materials. An important contribution to this area is the successful
synthesis of long-chain thiolate-stabilized gold nanoparticles,7

which are air stable, isolable, and dispersible in organic solvent.
These properties make it possible to prepare the monodispersed
particles by fractional precipitation,8 or to store and manipulate
the particles as stable solid and used for device applications.
On the other hand, since long alkyl chains cover these particles,
they are not dispersible in water. Hence, their applications in
biological systems, which normally work in aqueous environ-
ments, are prevented. To overcome this problem, recently others9

and we10 have succeeded in the synthesis of water-dispersible
thiolate-stabilized gold nanoparticles. We have also extended
our method to the synthesis of silver nanoparticles.11 As an
extension of our ongoing work, in this report, we describe the
synthesis of water-dispersible thiolate-stabilized platinum nano-
particles. Similar to the analogue of gold,10 these nanoparticles
display good properties such as air stability, isolability, and
redispersibility.

Platinum particles have been prepared previously using
various stabilizers including polymers, ligands, and surfactants.
If classified according to the active atoms of the functional
groups in the molecules, these stabilizers can be (a) oxygen-
containing, such as sodium citrate,12 poly(vinyl alcohol),13

carbon monoxide,14 poly(ethylene glycol) monolaurate, and 10-
undecenoic acid;15 (b) nitrogen-containing (in some cases also
containing oxygen), such as tetraalkylammonium,13,16poly(vinyl

pyrrolidone) (PVP),13,17 poly(methyl acrylate-co-N-vinyl-2-
pyrolidone),18 disodium 1,10-phenanthroline-4,7-bis(benzene-
4-sulfonate),19 poly(N-isopropylacrylamide),20 and p-amino-
benzenesulfonate;21 (c) phosphorus-containing, such as poly-
phosphate22 and phosphine.14b In contrast, sulfur-containing
molecules such as thiolates have rarely been used directly for
the synthesis of Pt nanoparticles. Based on the knowledge that
thiolates can form monolayers on metallic platinum surfaces,23

it is reasonable to infer that thiolates can also be used for the
synthesis of platinum nanoparticles. In this regard, limited
examples include the long-chain thiolate stabilized platinum24

and gold-platinum alloy25 nanoparticles, as well as 4-mercapto-
aniline26 or per-6-thio-â-cyclodextrin27 modified platinum par-
ticles. Different from these particles, the mercaptosuccinic acid
modified platinum nanoparticles described in this paper possess
the negatively charged carboxylate groups on their surface.
Using a cationic surfactant tetraoctylammonium bromide (TOAB)
as the phase-transfer agent, we find that the particles can be
transferred into organic solvent such as toluene, benzene or
diethyl ether. This is a remarkable property for the as-prepared
nanoparticles, which differs from others. It shows that the
nanoparticles can display the property similar to that of the
anions if their surface is properly functionalized. Before this,
phase transfer property is normally observed for anions, such
as AuCl4-, etc.7

Experimental Section

Chemicals.Hydrogen hexachloroplatinate(IV) hexahydrate
(H2PtCl6‚6H2O, >98.5%), mercaptosuccinic acid (HOOCCH2-
CH(SH)COOH, 97%, denoted as MSA), methanol (99.8%),
ethanol (99.5%) and other organic solvents were from Wako.
Sodium borohydride (NaBH4, > 96%) was from Merck. All
chemicals were used as received. Distilled water with resistance
>18.0 MΩ‚cm was used. All of the glassware and the Teflon-
coated magnetic stirring beads were cleaned withaqua regia,
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followed by copious rinsing with warm tap water, doubly
distilled water and dried in an oven.

Preparation of Pt Nanoparticles. Two methods, one is
conducted in water (method A), another mainly in methanol
(method B), were developed. They both include the addition of
NaBH4 aqueous solution (molar ratio between NaBH4 and H2-
PtCl6 is fixed at 10 unless otherwise stated) into the freshly
prepared mixture of MSA and H2PtCl6. A typical procedure of
method A is as follows: 5 mL of 6.76× 10-2 M NaBH4 was
added into the mixture of 10 mL of 3.38× 10-3 M H2PtCl6
and 1 mL of 2.37× 10-2 M MSA (molar ratio between MSA
and H2PtCl6, S/Pt, equals 0.7) under vigorous stirring. The
solution turned immediately from yellow to light brown, then
gradually to deep brown resulting in the formation of 2.5 nm
Pt nanoparticles.

The typical procedure of method B is an analogy that we
developed for the preparation of gold nanoparticles with H2-
PtCl6 instead of HAuCl4.10 After the reaction, the precipitates
were separated, washed, and finally dried in a vacuum. Using
this method, Pt nanoparticle powders were obtained while S/Pt
ratios are 0.2 and 0.5.

Instrumentation and Characterization. Most instruments
used have been described previously.10,28 Briefly; an Hitachi-
8100 transmission electron microscope (TEM) was used to size
the particles. Mean particle size and size distribution were
obtained from the digitized photo images. X-ray diffraction
(XRD) was performed on a Rigaku RINT/DMAX-2000 dif-
fractometer with the X-ray generator (Cu KR radiation,λ )
1.5418 Å) operated at 40 kV and 20 mA. UV-vis absorption
spectra of the samples were recorded on a Hitachi U-3210
spectrophotometer with 2 nm resolutions. Fourier transform
infrared (FT-IR) spectra were recorded with a Horiba FT-210
infrared spectrophotometer using the KBr disk method. Thermo-
gravimetry and differential thermoanalysis (TG/DTA) were
performed on a fully computerized MAC 2000S system (MAC
Sci Co.) at a heating rate of 10°C per min in the temperature

range of 20-499 °C under a nitrogen flow of 40 mL per min.
Elemental analyses of solid powders were conducted com-
mercially at a chemical microanalytical laboratory of the Institute
of Physical and Chemical Research, Japan, using standard
techniques.

The solid powders before and after TG treatment were
analyzed with an energy dispersive analyzer (EDA) DX-4
system attached to the Philips XL-20 scanning electron micro-
scope (SEM) operated under an acceleration voltage of 9 kV.
In this case, only the top of the thick sample, which was
mounted on the SEM sampling stage with a double-sided
conductive carbon tape, was focused in order to avoid the
interference caused by the background tape.

Results and Discussion

Formation and Structure of Pt Nanoparticles. Figure 1
presents the high-resolution TEM photo of Pt nanoparticles
prepared with method A at an S/Pt ratio of 0.7. The size
distribution measured from these well-separated particles (total
counting numbern ) 611), as shown in the inset of Figure 1,
displays a mean (equivalent circle) particle diameter of 2.5 nm,
with a relative standard deviation of 23%. The most frequently
observed lattice fringes in the high-resolution image were 0.227
((5) and 0.196 ((3) nm, which can be indexed to the lattice
spacing of (111) and (200) planes of fcc Pt, respectively,
indicating the formation of Pt particles. The electron diffraction
pattern shown in the inset of Figure 1 displays two very diffusive
rings: the small one covers the lattice fringes of the (111) and
(200) planes of Pt, while the large one can be regarded as the
combination of that of the (220), (311), and (222) planes. The
diffusive nature of these rings is a characteristic indication of
particles with sizes in the nanometer range.

Careful inspection revealed that the majority of particles
possess structures based on apparently perfect fcc packing, with
roughly regular or distorted hexagonal contours in projection

Figure 1. High-resolution TEM image of Pt nanoparticles prepared at S/Pt) 0.7 with method A. The inset shows the electron diffraction pattern
and size distribution of particles.
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when viewed down a〈110〉 direction (see Figure 2, a and b).
This suggests a cuboctahedral or truncated octahedral morphol-
ogy;8 the particle could be discernible as single crystal, because
clear (111) or (200) lattice planes were observed to cover each
whole particle. Occasionally, single twined particles were also
observed (Figure 2c). Two viewpoints have been proposed to
deduce the particle formation process from the structure of metal
particles.29 (a) If the structure of particles is similar to that of
bulk, they are suggested to form through addition of atoms in
normal metallic packing to final metallic structures. (b) If the
small particles possess a multiple structure different from that
of bulk fcc metal, they are often regarded as aggregates being
produced by growth from stable nuclei (viz. tetrahedron). For
example, perfect decahedral structures with 5-fold axes were
observed for silver, and a polytetrahedral growth was proposed.29

In the present case, we have not observed the decahedral or
icosahedral morphology, implying that the growth through
addition of Pt atoms with normal metallic packing to the fcc
structure may take place in the early stages of particle formation.

Pt particle powders were also generated in methanol using
method B when S/Pt ratios were 0.2 and 0.5 (see XRD patterns
in Figure 3). TEM revealed that the particles prepared at S/Pt
) 0.5 have a mean diameter of 2.3 nm with standard deviation
of 0.71 nm. Elemental analysis gave (in %): Pt, 52; Na, 4.6;
C, 8.9; H, 0.9; O, 18; S, 5.5. The atomic ratio of C:H:O:S is
4.0:4.9:6.1:0.9, indicating that in addition to the existence of

carboxylate (C:H:O:S is 4:3:4:1), water molecules are also
included on the particle surface. This result is also supported
by the FT-IR study: the spectrum of the nanoparticles (not
shown) displayed a broad absorbance band peaked at 3482 cm-1,
which was caused by the summation of various O-H stretching
vibrations. The amount of water was found to be 4.6% by
thermogravimetric measurements. Comparing the FT-IR spectra
of the pure MSA10 with that of the Pt particles, the S-H
vibration peak of pure MSA at 2548 cm-1 is absent, indicating
that MSA molecules combine with the Pt particle surface
through an S atom and there is no remaining free MSA adsorbed
on a particle surface. SEM-EDA analysis of the sample before
and after TG treatment (heat to 499°C) shows that after heating
about 50-60% of the C or O element is lost, whereas only
20% of the sulfur lost. This implies that sulfur may combine
tightly with Pt particle surface. The presence of double peaks
at 1398 cm-1 (symmetric COO- vibration) and 1578 cm-1

(asymmetric COO- vibration) for the nanoparticles showed that
MSA exists in the form of carboxylate salt. This result is similar
to that of the MSA-modified gold nanoparticles.10

The surface structure of the Pt nanoparticles was further
studied through a transference experiment. By shaking the Pt
nanoparticle aqueous dispersion with toluene solution containing
TOAB, the particles in water can be transferred into toluene
without any aggregation as judged from TEM observation. This
clearly confirmed that the surface of the Pt nanoparticles is
negatively charged, consistent with the FT-IR result that MSA
exists in the form of carboxylate salt. In recent reports,30 we
have elucidated the pure electrostatic interaction between
carboxylate groups on the gold nanoparticle surface and
positively charged TOAB through a similar transference experi-
ment.

The above particle powders stored in an air-sealed bottle at
ambient condition were found very stable, since no apparent
size change was observed by TEM and XRD even after about
2 years. The existence and intensity of the two infrared peaks
at around 1130 and 620 cm-1, due to theν3 and ν4 infrared-
active modes of SO42- anions, respectively, can be used as the
criteria of chemical degradation of thiolate molecules.26 These
two peaks are not found for the freshly prepared nanoparticles
and are very weak for the 2-year-aged samples, showing that
MSA molecules have not been oxidized and combine tightly
on the Pt particle surface. This is in drastic contrast to the
4-thioaniline stabilized Pt particles, which are very unstable and
show complete degradation of the thioaniline on the particle
surface within 4 months of aging.26

Effect of S/Pt Ratio.The S/Pt ratio was found to be a critical
parameter in controlling the generation of Pt nanoparticles.
Figure 4 shows the absorption spectra of the 2-day-aged reaction
solutions prepared with method A at S/Pt ratios of 0.1 to 2.4.
As evident from the low absorbance at 600 nm (Figure 4 e-h),
no particles were generated when S/Ptg 1.14. The produced
solutions were transparent and showed colors from brown to
yellow upon increasing the S/Pt ratios. When S/Pte 0.7, the
reacted solutions showed colors from deep-brown to black-
brown with the decrease of the S/Pt ratios. The absorption
spectra displayed a high absorbance at 600 nm and a gradual
increase to the high energy, indicating the formation of Pt
nanoparticles (Figure 4 a-d).12c

The aggregation states of the Pt particles are also dependent
on the S/Pt ratio. As shown in Figure 5, the particles aggregate
severely at lower S/Pt ratios from 0.1 to 0.5. It is very difficult
to exactly measure the particle size under these conditions, but
a rough estimation gave that the particle size increased slightly

Figure 2. High-resolution TEM photos of (a) and (b), cuboctahedral
or truncated octahedral, and (c) twined particles.

Figure 3. XRD patterns of the powders obtained with method B at
initial S/Pt ratios of (a) 0.2 and (b) 0.5.
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as the S/Pt ratio decreased (see Table 1). Constructing a double-
logarithmic plot of diameter,D (nm), versus the MSA concen-
tration, c (M), we found logD ) a + b log c with a ) 0.40
and b ) 0.33. Since the aggregation number of Pt atoms is

proportional to the cube of particle diameter, the aggregation
number of Pt particle decreases with 0.99th power of the MSA
concentration. This power is about half the value that was
observed in the case of gold,10 showing a lower ability of thiolate
to terminate the growth of Pt than that of gold, probably due to
the weaker interaction strength between Pt and thiolate.23b

The aggregation of Pt particles has been observed when citrate
or polymer is used as the stabilizer,12 but it is difficult to explain
the reason due to the difficulty in defining the surface structure
of particles. In the present case, because thiolate molecules can
form a monolayer on the Pt particle surface through head-on S
atom, we propose that the aggregation may be due to the
incomplete coverage of thiolate molecules on the particle
surface, the bare particle surfaces acting as the connecting points

Figure 4. The absorption spectra of reaction mixtures prepared with
method A at different initial S/Pt ratios: (a) 0.10, (b) 0.31, (c) 0.50,
(d) 0.70, (e) 1.14, (f) 1.61, (g) 2.09, and (h) 2.40. The spectra were
recorded 2 days after the reaction. The concentration of H2PtCl6 and
NaBH4 are 2.11× 10-3 M and 2.11× 10-2 M, respectively. The spectra
were measured with samples of 10 times dilution with water.

Figure 5. TEM photos of the Pt particles prepared at S/Pt ratios of (a) 0.10, (b) 0.31, (c) 0.50, and (d) 0.70. Other conditions are the same as in
Figure 4. The scale bar applies to all four photos.

TABLE 1: Microscopic Parameters of the Platinum Sols
Prepared by Method A at Different S/Pt Ratios

S/Pt codea
mean diameter

(nm)
relative standard

deviation (%)
counting
number

theoretical
S/Ptb

0.1 a 4.7 27 407 0.14
0.3 b 3.7 26 507 0.18
0.5 c 3.4 31 423 0.19
0.7 d 2.5 23 611 0.26

a Spectrum code shown in Figure 4.b Theoretical S/Pt ratios for
different sized particles assuming that thiolate molecules form self-
assembled monolayer on the particle surface with a packing density of
14 Å2.26
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between particles. According to the calculated theoretical S/Pt
ratios required for a full monolayer coverage as shown in Table
1, when S/Pt) 0.1 the amount of thiolate is indeed not enough
to fully cover the particle surface. When S/Pt) 0.3 and 0.5,
the amount of thiolate is found enough to fully cover the particle
surface. In these cases, the aggregation may be due to desorption
of thiolate molecules from the particle surface caused by particle
collision or other reasons. It is only when S/Pt) 0.7 that the
aggregation can be completely inhibited (Figure 5d).

Effect of NaBH4 Concentration. To further understand the
particle nucleation and growth processes, we have studied the
effect of NaBH4 concentration on the sizes of the resultant
particles. As we know, many mechanisms have been proposed
to account for particle formation processes. For example, a
diffusion-controlled growth model has been elucidated for the
synthesis of monodispersed particles.31 Recent experiments also
showed that many uniform particles are formed through the
aggregation of small subunits, which is documented as an
aggregation mechanism.32 In the case of thiolate-stabilized gold
nanoparticles,33 due to the strongly adsorbed thiolate monolayer
on the particle surface, the reaction model has been demonstrated
to be thermodynamically controlled.33 Characteristic of such a
process is that the final particle size is controlled solely by the
initial molar ratio of reactants. Considering the similar charac-
teristics obtained in the present work as shown in the last section,
it is reasonable to propose that a thermodynamically controlled
reaction process may be the case of the present study. To
distinguish this mechanism from the former two, an important
experiment, i.e., to increase the supersaturation of the precursor
atoms used for particle formation while keeping the S/Pt ratio
the same, should be done. In the former two mechanisms, the
particle size would increase due to the growth or aggregation,
whereas in the thermodynamic case, the particle size should
not change.

To increase the supersaturation of the precursor atoms, the
NaBH4 concentration was increased gradually while keeping
the S/Pt ratio constant at 0.7. From the 500-nm absorbance
change as shown in Figure 6, the reduction and particle
formation process ended at about 3 h after the reaction. The
500-nm absorbance for the stable sols (24 h after the reaction)
was found to be linearly proportional to the concentrations of
NaBH4 (Figure 7), indicating that the total reduced amount of
platinum increased as the amount of the reducing agent
increased. TEM observation revealed that the particle sizes are
almost the same under different NaBH4 concentrations (Table
2). This demonstrates that the increase in absorbance at 500
nm is caused by the increased amount of Pt nanoparticles of
the same particle size, i.e., the increase in the supersaturation
of the precursor atoms cannot result in larger particles or
aggregation of particles, and the particle size is controlled by
the initial S/Pt ratio. These results clearly support that the
formation of thiolate-modified Pt nanoparticles is a thermo-
dynamically controlled reaction process, similar to that of the
thiolate-stabilized gold nanoparticles.33

Optical Properties. Colloidal dispersions of metals display
absorption in the UV-vis region, these are caused by the
excitation of plasmon resonance or interband transition and thus
are characteristic properties of metals. Based on the calculations
by Creighton et al.34 for the 10 nm particle according to the
classic Mie theory,35 Pt particles are expected to exhibit a weak
absorption band at 215 nm, the position of which is independent
of the particle size in the range of 3-20 nm. This band has
indeed been observed for different-sized Pt particles prepared
by radiolytic and chemical reduction of PtCl4

2- (1.8 and 7 nm),22

or ethanol reduction of PtCl6
2- in the presence of poly(N-

isopropylacrylamide) (2.3 nm).20 We have also observed the
similar peak here from the 2-day-aged Pt sols (Figure 4, curves
a-d). However, the maximum shifted from 218 to 235 nm,
along with the broadening of the band as the S/Pt ratio changed
from 0.7 to 0.1. Moreover, in all cases this band faded away
after further aging to 5 days. Besides the change of particle
sizes, the peak shift and width change of the plasmon band may

Figure 6. The effect of NaBH4 concentration on the optical properties
of the Pt sols. The empty points represent the absorbance at 500 nm,
the filled points show theS value. See text for further explanation.
The particles were prepared with standard condition of method A at
S/Pt) 0.7. The concentration of NaBH4 are (a) 0.001 M, (b) 0.002 M,
(c) 0.005 M, (d) 0.01 M, and (e) 0.02 M. The optical spectra were
recorded using samples of 10 times dilution with water.

Figure 7. The change of the absorbance at 500 nm of the final stable
Pt sols (after 24 h of aging) with the concentration of NaBH4. Other
conditions were the same as in Figure 6.

TABLE 2: Microscopic Parameters of the 24-Hour-Aged
Platinum Sols Prepared at S/Pt) 0.7 by Method A with
Different Molar Ratios of [NaBH 4]/[H 2PtCl6]

[NaBH4]/[H2PtCl6]
mean diameter

(nm)
relative standard

deviation (%)
counting
number

10 2.5 23 611
5.0 2.3 28 416
2.5 2.7 26 303
1.0 2.4 21 391
0.5 2.3 26 237
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be caused by the change in the conduction electron density36

or the dielectric function37 of metal particles, but in our case,
according to the TEM observation shown in Figure 5, it is
plausible to attribute this red shift to the aggregation of particles,
which is mainly caused by the strong dipole-dipole interaction
in the aggregates.38 The disappearance of the plasmon band of
Pt particles after longer time of aging implies that this band
may be sensitive to the surface properties of the particles. As
we know, Pt has a strong affinity for oxygen;23b aging in air
may have resulted in the oxidation of surface Pt atoms.

The optical properties of the Pt sols have been depicted using
a parameterS (S ) - d (log extinction)/d (log wavelength))
derived by Furlong et al.12c This value was found to decrease
with the decrease in S/Pt ratio (Table 3), consistent with the
discussion thatSvalues decreased with a stronger aggregation,
and, in turn, a decrease in particle sphericity of the platinum
sol.17b On the other hand, in the experiments of Figure 6, at the
initial particle formation steps, theS values were found to
decrease with the particle growth, i.e.,S values are related to
the particle size. By comparing the finalS values at different
NaBH4 concentrations,S values were found to decrease at a
higher NaBH4 concentration. Since the particle sizes under these
conditions are almost the same (Table 2), these decreases should
be related to the increased particle concentrations. This shows
that theS value is a complex parameter affected by several
factors including size, morphology, aggregation state, and even
particle concentration.

Conclusion

Water-dispersible platinum nanoparticles have been success-
fully synthesized by the reduction of chloroplatinic acid in the
presence of mercaptosuccinic acid. Because these particles are
stabilized by thiolate, they possess good properties including
air stability, isolability, and redispersibility. The well-separated
fcc single crystal particles of 2.5 nm are obtained in water when
initial molar ratio of mercaptosuccinic acid to Pt (S/Pt) is 0.7.
The average particle diameter can be changed to 4.7 nm by
decreasing the S/Pt ratio to 0.1; at the same time, particle
aggregation occurs due to the incomplete coverage of thiolate
molecules on the particle surface. The particle formation process
is found to be a thermodynamically controlled process.
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