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’ INTRODUCTION

In recent years, metal nanoparticles have received significant
attention because of their unique properties such as melting
point, conductivity, magnetism, specific heat, surface plasmon
resonance (SPR), and color.1 These nanoparticles are used in
diverse fields including catalysis,2 magnetic recording media,3,4

microelectronics,5,6 sensing, clinical diagnostics, surface-
enhanced Raman scattering (SERS), and energy conversion.7,8

Hence, synthesizing metal nanoparticles with narrow size dis-
tribution, uniform shape, and good crystalline nature represents a
significant challenge. There are many reports and reviews on the
synthesis of noble and transition metal nanoparticles, but much
less work has been done on indium nanoparticle synthesis.
Indium is widely used in the field of electronics including single
electron transistor,9 in nanoelectro-mechanical resonators,10

electronic switches,11 as a component in low melting solders,12

solid-state lubricants,13 detection of DNA and protein,14�16and
as printing nanoparticle building blocks in nanoxerography.17

Silica-encapsulated indium nanoparticles were used as a phase-
change material for enhancing heat capacity18 and as a growth
promoter for the III�V semiconductor rods.19�21 Indium acts as
a catalyst in various organic reactions as well.22�25

In general, indium nanoparticles have been synthesized by
physical and chemical methods. Physical methods involve dis-
persion of molten metal in paraffin oil,26 ultrasound irradiation,13

laser ablation,27 thermal evaporation followed by aerosol
formation,28 emulsification by top-down and bottom- up
approaches,29,30 sputter deposition technique in ionic liquids,16

and oleylamine driven phase transfer synthesis.31 Unfortunately
some of these methods offer little control over particle size.13,26

Chemical methods involve reduction of metal salts by strong
reducing agents like sodium metal,32 sodium borohydride in
ionic liquids,33 zinc powder,26,34 alkalides and electrides,35 and
decomposition of organometallic complexes.19,36�38 More
recently, it has been reported that the morphology of indium
nanoparticles can be kinetically controlled by borohydride
reduction at room temperature.39 There are a few other reports
on controlling the morphology of indium nanoparticles, which
involves synthesis of hollow spheres and nanotubes,40,41

nanowires,42 highly faced polyhedra43 and protein cavities as
the reaction chamber for the fabrication.44 In general, to control
the particle size and size distribution, a variety of protecting
agents have been investigated, which includes thiols,45 phos-
phines,46 amines,47 alkanecyanides,48 and thioethers.49

This paper describes synthesis of indium nanoparticles by the
metal evaporation/condensation solvated metal atom dispersion
“SMAD” technique. We have found that digestive ripening50,51
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ABSTRACT: Here we report the synthesis of monodispersed indium
nanoparticles by evaporation/condensation of indium shot using the
solvated metal atom dispersion (SMAD) technique, followed by
digestive ripening in low boiling point (BP 38 �C) methylene chloride
and in a high boiling point (BP 110 �C) toluene solvent. The as-
prepared SMAD indium nanoparticles are polydispersed with particle
size ranging from 25 to 50 nm, but upon digestive ripening (heating of
colloidal material at the boiling point of solvent in presence of excess
surface active ligands) in methylene chloride, a remarkable reduction of
particle size was achieved. In higher boiling solvent (toluene), where
the indium nanoparticles at reflux temperature are probably melted, it
does not allow the best result, and less monodispersity is achieved. We
employed different surface active ligands (amine, phosphine, andmixed
ligands) to passivate these indium nanoparticles. The temporal evolution of the surface plasmon of indium nanoparticles was
monitored by in situ UV�vis spectroscopy, and particles were characterized by transmission electron microscopy (TEM) and X-ray
diffraction (XRD). The merits of this synthesis procedure are the use of bulk indium as starting material, tuning the particle size in
low boiling point solvent, particle size adjustment with the choice of ligand, and a possible scale up.
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can be used to achieve monodispersity under very mild condi-
tions. Indeed, digestive ripening or “nanomachining” is a post
preparative process that is thermodynamically controlled, and
involves heating of polydispersed colloidal particles at the boiling
point of the solvent in the presence of excess surface active
ligands.45,47,50�55 Choice of solvent, boiling point, and ligand
is specific for each case. In some cases, even room temperature
digestive ripening can be achieved.56

’EXPERIMENTAL SECTION

Chemicals. Indium shot (99.9%, Strem Chemicals Inc.), hexadecy-
lamine (HDA) (98%), trioctylphosphine oxide (TOPO) (Reagent Plus
99%), and trioctylphosphine (TOP) were purchased from Sigma-
Aldrich and used without further purification. Toluene, methylene
chloride, acetone, and methanol (Fisher Scientific) were used for the
synthesis of nanoparticles. Toluene, acetone, and methylene chloride
solvents were distilled and degassed four times by the standard freeze-
thaw procedure prior to use.
Preparation Procedures. Typically, indium shot (0.3 g) was

placed in a C9 boron nitride crucible (R.D. Mathis # C9-BN) resting
in a metal basket (R. D. Mathis # B8B # x.030 w), which was in turn
connected to water cooled copper electrodes and then the SMAD
reaction chamber was charged with ligand (we chose 1:30 metal to
ligand ratio based on previous work51) and vacuum sealed. After
complete evacuation, a liquid N2 Dewar was placed around the sealed
SMAD reactor, and the ligands at the bottom of the reactor freeze
because of the external liquid N2. A schematic assembly of the SMAD
reactor is shown elsewhere.57 Once the vacuum reached 4� 10�3 Torr,
50 mL of distilled and degassed either acetone or methylene chloride
solvent was evaporated through the solvent shower head. The evapo-
rated solvent was condensed on the wall of the SMAD reactor by
external liquid N2 cooling, which formed a uniform solvent matrix. Then
the metal was heated gradually using water cooled electrodes. The
vaporized metal was co-condensed with the continuous flow of co-
condensing solvent vapor, and this co-condensing restricts vaporized
atoms from aggregation. The temperature required for the metal
vaporization is∼900 �C, and it took nearly 2�3 h based on the amount
of starting material and a total of 100�125 mL of solvent. During the
heating process, heat transfer from the hot crucible to the walls of the
SMAD reactor wasminimized by sealing the crucible and the basket with
a fibrous alumina ceramic insulator (Zircar product, Inc.) [Caution!Note
about safety and cleanliness; before starting this procedure, the SMAD
reactor was cleaned with aqua regia, base bath, acid bath, and finally with
copious amount of water, followed by drying. Special personal protection is
necessary while working with a vacuum line, which includes eye protection.
Also acids and bases used for cleaning can cause severe burns, so proper acid
proof gloves and clothing protection is necessary]. Once all the metal was
vaporized, the liquid N2 Dewar was removed. The solvent matrix along
with the condensed metal appeared black in color and the matrix was
allowed to melt and warm to room temperature, and the molten matrix
along with the co-condensed metal slowly reaches the bottom of the
SMAD reactor and mixes with the ligand. A homogeneous single phase
as-prepared colloid was obtained after vigorous stirring for 30 min
with a magnetic stirrer. Later, the as-prepared colloid was siphoned into
a Schlenk glass tube under the protection of argon. This as-prepared
SMAD product was then subjected to digestive ripening under the
protection of argon.
Sample Prepared in Two-Solvent System. In two-solvent

system, acetone was used as a co-condensing solvent for condensing
the evaporated indiummetal and toluene as a digestive ripening solvent.
After siphoning indium-ligand-acetone-toluene SMAD product into a
Schlenk glass tube; acetone was removed under dynamic vacuum leaving

indium-ligand-toluene colloid, which was then digestively ripened in
toluene at 110 �C.
Samples Prepared in Single Solvent System. In this system,

methylene chloride was used as a single solvent, which served as co-
condensing solvent as well as digestive ripening solvent, and digestive
ripening was carried out at the boiling point (38 �C) of the solvent.
Digestive Ripening. Two solvents were used to determine the

influence of the solvent boiling point on the indium nanoparticles,
and three colloids were produced by carrying out digestive ripening
in toluene (BP, 110 �C) and methylene chloride (BP, 38 �C). In all
experiments the metal to ligand ratio is 1:30, and a heating mantle was

Scheme 1. Reaction Sequence during SMAD Synthesis and
Digestive Ripening of Indium Particles

Figure 1. TEM images of trioctylphosphine coated indium nanoparti-
cles (A) before digestive ripening and (B) after digestive ripening in
toluene.

Figure 2. XRD of indium nanoparticles after digestive ripening in
toluene (a) stabilized with trioctyl phosphine and (b) with trioctyl-
phosphine oxide.
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used for reflux. The reaction sequence during the SMAD and digestive
ripening is shown in Scheme 1.
Characterization. Analyses of the particles were carried out before

and after the digestive ripening. UV�vis absorption spectra were
recorded using an in situ UV�vis optical fiber, assisted by a DH-2000
UV�vis optical spectrophotometer instrument (Ocean Optics Inc.).
The powder X-ray diffraction (PXRD) samples were prepared by the
evaporation of solvent from the indium/toluene or indium/methylene
chloride dispersion loaded on XRD glass plates and PXRD patterns were
recorded by a Bruker D8X-ray diffractometer with CuKR radiation. The
samples were scanned from 20 < 2θ < 70� at an increment of 0.2�/min,
and the total acquisition time period was more than 2 h. A drop of
washed and redispersed colloid was suspended on a transmission
electron microscopy (TEM) carbon coated grid and allowed to dry
under vacuum. TEM and electron diffraction (ED) were performed on a
Philips CM100 operating at 100 kV. The yields were calculated based on
a previously reported method for gold-dodecanethiol SMAD digestive
ripening system,51 and were 80 ( 5% .

’RESULTS AND DISCUSSION

Digestive ripening conditions (solvent, ligand, temperature,
time) can be adjusted for each substance. For indium, we have
investigated different solvents and ligands, and we have found
substantial differences, which are reported below.

Digestive Ripening in Toluene. The as-prepared SMAD
colloid produced with trioctyl phosphine stabilized particles
appeared black in color, but upon digestive ripening in toluene,
the color of the sample was slightly changed from black to light
brown. Addition of ethanol caused precipitation, and this pre-
cipitate was easily redissolved in toluene or chloroform. The
UV�vis absorption spectrum of the as-prepared SMAD product
was broad, and after digestive ripening for 1 h in toluene the peak
was narrowed considerably (Supporting Information, Figure 1).
As shown in Figure 1, aggregates of indium nanoparticles were
broken up, but considerable polydispersity still remained. The
XRD data in Figure 2 shows all the characteristic peaks of indium,
and it matches with the literature data.26

The as-prepared SMAD indium nanoparticles protected with
trioctylphosphine oxide ligands also exhibited a broad UV�vis
absorption peak that narrowed somewhat after 1 h in refluxing
toluene (Supporting Information, Figure 1). In toluene the
ligand stabilized particles were easily dissolved and manipulated,
but the digestive ripening step was only marginally successful,
because, at reflux temperature, indium nanoparticles are probably
molten, allowing ease of coalescence.
Digestive Ripening in Methylene Chloride. In general, in

the SMAD technique two solvents were employed where
one solvent was used for solvation of vaporized particles and
another solvent for digestive ripening. However, it was found
that methylene chloride worked well for both purposes. Figure 3
shows the UV�vis absorption spectrum of indium nanoparticles

Figure 3. Temporal evolution of surface plasmon absorbance reso-
nance peak for trioctylphosphine oxide protected indium nanoparticles.
The black line represents the as-prepared SMAD colloid, and the red line
represents sample after 1 h of digestive ripening, green line after 4 h, and
blue line represents the surface plasmon of indium after 12 h of digestive
ripening in methylene chloride.

Figure 4. TEM image of (a) as-prepared polydispersed SMADproduct of trioctylphosphine oxide stabilized particles, (b) after 1 h of digestive ripening,
(c) after 12 h of digestive ripening, and (d) after 24 h of digestive ripening in methylene chloride solvent.

Figure 5. XRD patterns of all three indium colloids exhibit prominent
peaks at scattering angles (2Θ) of 32.96, 36.31, 39.17, 54.48, 56.58,
63.21, 67.04, and 69.10, which are assigned to scattering from the 101,
002, 110, 112, 200, 103, 211, and 202 crystal planes, and all these peaks
can be indexed to the body-centered tetragonal phase of indium.
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stabilized by TOPO. The as-prepared SMAD particles exhibit a
little hump around 280 nm in the absorption spectrum, but
during digestive ripening a new peak appeared around 400 nm,
and this peak gradually vanished, but the peak at 280 nm was
stabilized (indicated with arrows in Figure 3). The appearance of
the new peak around 400 nmmight be due to either dissolving or
breaking down of bigger particles in the initial digestive ripening
time, or it could be that these bigger particles have no quantum
effect as suggested by one of the reviewers. Indeed, digestive
ripening causes bigger particles to break down into very small
particles, and these smaller particles tend to grow and finally the

system reaches to an equilibrium size regime. Further, the absorp-
tion phenomenon in indium nanoparticles because of SPR is
found to be both solvent and morphology dependent, and hence
its absorption shifts in-between 240 and 370 nm.26,32,33,39,40

This narrow stable absorption peak after 24 h of digestive
ripening indicates that the particles attained an equilibrium size
distribution. The temporal evolution of particles is shown in
Figure 4a�d. The estimated particle sizes deduced from the
TEM are in the range of ∼5 nm (0.6 nm (inset Figure 4d),
where 300 particles on a selected area were manually measured.
After 12 h of digestive ripening, no more change in average
particle size and a small change in the UV�vis absorption inten-
sity were observed.
The XRD patterns (Figure5) of all three indium colloids

(TOPO, HDA, and TOPO/HDA stabilized indium nanopar-
ticles) after digestive ripening exhibit prominent peaks that can
be indexed to the body-centered tetragonal indium phase. These
XRD peaks were verified from the XRD data file (SS-NNN
85�1409) and match with the published literature.40

The UV�vis absorption spectrum of as-prepared hexadecyl
amine stabilized indium particles is broad but upon digestive
ripening the UV�vis peak becomes much sharper (Figure 6) at
290 nm wavelength.
The particles attained an equilibrium size within 24 h of

digestive ripening but upon prolonged (36 h), the particle become
more spherical (Figure 7a�e), and the particle mean size mea-
sured on theTEM images lies in the range of∼9 nm(0.5 nm, and
the histogram of particles after 36 h of digestive ripening is shown
in Figure 7f; the electron diffraction rings in Figure 7e correspond
to lattice distance of 0.27 nm, 0.25 nm, and 0.23 nmcan be indexed
as rings of indium 101, 002, and 110.
Compared to neat ligands (either TOPO or HDA), the mixed

ligand system has a strong UV�vis absorption peak even before

Figure 7. TEM image of (a) as -prepared polydispersed indium nanoparticles stabilized with hexadecylamine ligand, (b) after 1 h of digestive ripening,
(c) after 12 h of digestive ripening, and (d) after 24 h of digestive ripening in methylene chloride; (e) after 36 h of digestive ripening, (f) particle size
distribution and (g) electron diffraction patterns .

Figure 6. Temporal evolution of surface plasmon absorbance reso-
nance peaks for hexadecylamine protected indium nanoparticles. The
black line represents the as-prepared SMAD colloid, and the red line
represents sample after 1 h of digestive ripening, green line after 4 h, and
blue line represents the surface plasmon of indium after 12 h of digestive
ripening in methylene chloride.
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digestive ripening, but after digestive ripening the peak further
strengthens and stabilizes at 280 nm. Further comparison of as-
prepared SMAD particles with TOPO or HDA stabilized parti-
cles shows that the mixed ligand particles are relatively more
soluble, and quasi-monodispersed size distribution was achieved
at relatively shorter time (4 to 6 h). Figure 8a�d shows the
TEM images of particles with the progress of digestive ripening.
The mean size measured from TEM is ∼5 nm ( 0.5 nm. This
indicates that the mixed ligand system works best for the
digestive ripening of indium nanoparticles, and the XRD shows
all the characteristic features of indium as seen in Figure 5. The
overall ligand/solvent interaction on the UV�vis absorption,
particle size, and size distribution are shown in Supporting
Information, Table 1.

’CONTROL EXPERIMENT

Surprised by these ligand effects at this low temperature,
a control experiment was carried out to understand the effect
of ligands on bulk metal. In this control experiment all reaction
parameters were kept constant (metal to ligand (TOPO) ratio,
amount of solvent (methylene chloride), and digestive ripening
time, and the process was carried out under the protection of
argon but with bulk indium pieces. After 3 days of digestive
ripening there was no evidence of nanoparticles formation.
So, this suggests that the metal vaporization is necessary, and
this vaporization under dynamic vacuum leads to the formation
of small crystallites or aggregates of small crystallites, and that
these small particles are much more reactive than bulk indium.

’CONCLUSIONS

Synthesis of indium nanoparticles from bulk metal has been
achieved, size and monodispersity adjusted by digestive ripening.
Added ligands stabilize and solubilize the nanosized material.
Five new features have been uncovered: (1) Digestive ripening of
indium can be carried out using a very low boiling point solvent.
(2) In fact, a higher boiling solvent (toluene), where the indium
nanoparticles at reflux temperature are probably molten, does
not allow the best result, and less monodispersity is achieved. (3)
Nanoparticle size can be varied by choice of stabilizing ligand;
with TOPO in methylene chloride, 5 nm, but with hexadecyla-
mine (HDA) 9 nm. Obviously, ligand choice and solvent choice
are important and help control this thermodynamic phenomen-
on. (4) In this case of indium, mixed ligands aid the digestive
ripening process. (5) This process does not work by simply
exposing bulk indium pieces to digestive ripening condition.
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