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A general phase-transfer protocol for metal ions
and its application in nanocrystal synthesis

Jun Yang'?, Edward H. Sargent3, Shana O. Kelley?>** and Jackie Y. Ying'*

Nanocrystals prepared in organic media can be easily self-assembled into close-packed hexagonal monolayers on solvent
evaporation for various applications. However, they usually rely on the use of organometallic precursors that are soluble
in organic solvents. Herein we report a general protocol to transfer metal ions from an aqueous solution to an organic
medium, which involves mixing the aqueous solution of metal ions with an ethanolic solution of dodecylamine (DDA), and
extracting the coordinating compounds formed between the metal ions and DDA into toluene. This approach could be applied
towards transferring a wide variety of transition-metal ions with an efficiency of >95%, and enables the synthesis of a
variety of metallic and semiconductor nanocrystals to be carried out in an organic medium using relatively inexpensive
water-soluble metal salts as starting materials. This protocol could be easily extended to synthesize a variety of heterogeneous

semiconductor/noble-metal hybrids and to nanocomposites with multiple functionalities.

their size-dependent properties"?. The confinement or

collective oscillation of electrons in the conduction band
by a nanocrystal provides a powerful means to manipulate
the electronic, optical, magnetic and catalytic properties of a
solid material®>”. Thus, nanocrystals have been critical towards
studying quantum size effects, including quantized excitation®™',
Coulomb blockade'"'?, metal-insulator transition'>
superparamagnetism'>7.

Many metal nanoparticles can now be produced with fairly good
control of particle size and shape by solution-chemistry methods
in polar and non-polar solvents'®*2, However, the design and
synthesis of nanostructured materials with controlled properties
remain a significant challenge?. Herein we report a general protocol
for transferring metal ions from water to an organic medium, which
involves mixing an aqueous solution of metal salts with an ethanolic
solution of dodecylamine (DDA), and then extracting the metal
ions into an organic layer (toluene, hexane or other non-polar sol-
vents). It was successfully applied towards the synthesis of a variety
of metallic, alloy and semiconductor nanoparticles. Compared with
other general approaches?®?, this protocol allowed nanocrystals
to be synthesized in an organic medium using aqueous soluble
metal salts as starting materials, which are relatively inexpensive and
easily obtained. It was easily extended to synthesize a large number
of semiconductor/noble-metal composite nanoparticles, including
the heterogeneous deposition of noble metal on semiconductor
nanoparticles, and the homogeneous growth of semiconductor on
noble-metal nanoparticles.

The phase transfer of metal salts from water to an organic
medium is a crucial step preceding the synthesis of nanocrystals.
Metal ions could not be transferred to the organic phase by direct
mixing of an aqueous metal salt solution with an organic solvent
containing DDA. Prolonged agitation would result only in a turbid
mixture. However, the transfer of metal ions could occur using
ethanol as an intermediate solvent (on the basis of the fact that water
and ethanol are miscible); this would ensure the maximum contact
between the metal ions and DDA. Figure 1 illustrates the complete
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Figure 1| Photographs showing the successful transfer of Co(i1), Os(il1),
Rh(11), Ru(in), Au(inn) and Ir(111) metal ions from the aqueous phase
to toluene.

bleaching of the aqueous phase as the metal ions were successfully
transferred from water to toluene.

The mechanism of this protocol was different from an early
transfer method for gold ions pioneered by Brust et al., whereby
the gold ions from an aqueous solution were directly transferred
to a hydrocarbon phase (toluene) on the basis of an electrostatic
interaction with tetraoctylammonium bromide®. A metal complex
between the metal ions and DDA was speculated to have formed
in the process, which could be more easily extracted by toluene.
This was verified by the Fourier-transform infrared (FTIR) spectra
of the compounds recovered from the organic layer after phase
transfer (Fig.2). Compared with pure DDA, differences were
observed in the N-C and N-H stretching regions, demonstrating
that DDA was bound to the metal ions by its NH, group.
The X-ray photoelectron spectroscopy (XPS) analyses of N 1s
spectra of pure DDA and several types of metal-ion/DDA complex
indicated that metal ions coordinated with DDA through sharing
the electron pair of the -NH, group. The electron-donating effect
from —-NH, to metal ions resulted in an appreciable shift of
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Figure 2 | FTIR spectra of pure DDA and metal-ion/DDA complexes.

the N 1s binding energy to a higher value (see Supplementary
Fig. S1). After coordinating with metal ions, the non-polar tail of
the DDA enabled the compounds to dissolve easily in non-polar
organic solvents, such as toluene or hexane. The transfer efficiency
(TE) and the distribution ratio (DR) were calculated using the
following equations:

TE(%) = 100([M""]; — [M"" 1) /[M""];

DR=TE/(100—TE)

where [M"*]; and [M""]; were the initial and final metal ion
concentrations in the aqueous phase, respectively. Analyses by
inductively coupled plasma atomic emission spectrophotometry
indicated that the phase transfer efficiencies for a wide variety of
metal ions were higher than 95% (see Supplementary Table S1).
This phase-transfer protocol possessed the following advantages:
(1) good ion uptake by the complexing agent, enabling fast binding
with the metal ion, (2) high stability against hydrolysis, (3) selective
ion complexation of heavy metals, along with no affinity for alkali
or alkaline earth ions that are usually present in high concentrations
in water and soil, (4) sufficiently high binding strength for the metal
ions to be extracted and (5) preference of the metal complex derived
for the organic phase over the aqueous phase, which would be of
interest for applications in environmental remediation, such as the
extraction of heavy metals from water and soil?”’. Here, we have
focused on the application of this protocol in the nanocrystalline
synthesis of noble metals, semiconductors and their hybrids.
Noble-metal nanoparticles could be synthesized in toluene on
the addition of a reducing agent (NaBH,, hexadecanediol (HDD),
or tetrabutylammonium borohydride (TBAB), see Supplementary
Information, Part SII) and agitation. The organic phase would
change colour (for example, from yellow to red for gold) within
a few minutes, indicating the successful reduction. Figure 3(1)—(4)
show the transmission electron microscopy (TEM) images of
nanocrystalline samples of Ag, Au, Pd and Pt, respectively. This
approach has also been shown to yield nearly monodisperse metal
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nanoparticles of Ir, Os, Rh and Ru (see Supplementary Fig. S2). The
diameters of the nanoparticles could be conveniently controlled by
using different reducing agents or starting metal ions with different
valencies (see Supplementary Table S2). Powder X-ray diffraction
(XRD) patterns (Fig. 4a) demonstrated the successful synthesis of
face-centred cubic (fcc) Rh, Pd, Ag, Ir, Pt and Au nanocrystals,
and hexagonal Ru and Os nanocrystals®. Unlike the spherical
morphology of other noble metals, Pd nanoparticles were mostly
worm-like (Fig. 3(3)). This could have resulted from the existence
of preferential particle growth directions, probably caused by the
anisotropic adsorption of DDA on the surface of the growing Pd
nanoparticles, and determined by the structure of the precursor
complex formed between PdCl, and DDA.

Alloy and core—shell nanoparticles could be easily synthesized
by co-reducing the metal ions and using the seed-mediated growth
method respectively in toluene (see Supplementary Information,
Part SIIT and SIV). TEM images of Ag—Au, Pd-Pt, Pt—Rh and Pt-Ru
alloys and core—shell Au@Ag and Pt@Ag nanoparticles with cores
of different sizes are shown in Fig. 3(5)—(12). For the alloy Ag—Au
system, a notable advantage was that the preparation could be
carried out at high concentrations of metal precursors. This was
because the synthesis of alloy nanoparticles in an organic medium
avoided the formation of salts such as AgCl. The XRD patterns
(Fig. 4b) show the presence of a homogeneously mixed crystal
lattice, indicating the formation of alloy nanoparticles. The XRD
pattern (Fig. 4b) of core—shell Au@Ag nanoparticles (12.7 nm Au as
seeds) also showed a homogeneous phase because Ag and Au have
quite similar lattice parameters®. However, for core-shell Pt@Ag
nanoparticles (9.2 nm Pt as seeds), the XRD pattern showed two
distinct metal phases, which could be indexed to the cubic Ag and
Pt, respectively (Fig. 4b). The XPS spectra of the Pd—Pt, Pt—Rh and
Pt—Ru alloys could all be deconvoluted into two pairs of doublets
(see Supplementary Fig. S5). The more intense doublet (335.1 and
340.1 eV for Pd in Pd-Pt alloy) was attributed to metal in the zero-
valence state®’. The second and weaker doublet (336.3 and 341.0 eV
for Pd in Pd-Pt alloy), with binding energies higher than those of
the zero-valence metal, could be assigned to PdO, PtO, Rh,0; and
RuO,, respectively. The XPS spectra of the Ag—Au alloy consisted of
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Figure 3 | TEM images of metal nanoparticles. (1) Ag derived with HDD, (2) Au, (3) worm-like Pd and (4) Pt from Pt(IV), derived with TBAB. Alloy
nanoparticles of (5) Ag-Au, (6) Pd-Pt, (7) Pt-Rh and (8) Pt-Ru, synthesized by co-reduction of the metal precursors with TBAB. Core-shell nanoparticles
of (9) 7.4 nm Au@Ag, (10) 12.7 nm Au@Ag, (11) 3.9 nm Pt@Ag and (12) 9.2 nm Pt@Ag, synthesized by seed-mediated growth. Core-shell nanoparticles of
(13) Ag@Au and (14) Ag@Pt, synthesized by the replacement reaction. (15) Pt hollow spheres synthesized by BSPP treatment of Ag@Pt nanoparticles.
(16) Ag-Pd alloy synthesized by the replacement reaction. Semiconductor nanocrystals of (17) Ag,S, (18) CdS, (19) HgS and (20) PbS. Hybrid
nanoparticles of (21) Ag,S-Au, (22) CdS-Au, (23) CuS-Au, (24) PbS-Au, (25) Ag,S-Ag, (26) CdS-Ag, (27) CuS-Ag and (28) PbS-Ag. Core-shell
nanoparticles of Au@Ag,S synthesized with Au/Ag,S precursor molar ratios of (29) 1:1 and (30) 1:3. The scale of each image is identical.

doublets at 368.1 and 374.0 eV for Ag, and at 84.0 and 87.7 eV for
Au; these corresponded to Ag and Au in the zero-valence state™.
The XPS spectra of core-shell Au@Ag and Pt@Ag nanoparticles
are shown in Supplementary Fig. S8. Unlike in the Pt-containing
alloy nanoparticles, Pt was not oxidized in the core—shell Pt@Ag
nanoparticles owing to the presence of the Ag shell.

The phase transfer of metal ions from the aqueous phase to
toluene enabled us to systematically investigate the replacement
reaction in an organic medium. The replacement reaction between
Ag nanoparticles and HAuCl, in the aqueous phase has been
extensively studied®=*. The resulting Au nanoshells were reported
to have a hollow interior with smooth, pinhole-free surface.
However, our replacement reactions between Ag nanoparticles
and Au(1ir) and Pt(11) in an organic medium (see Supplementary
Information, Part SV) have led to a number of observations
different from those reported in the literature. (1) A significant
shrinkage of the Ag templates occurred during the course of the
replacement reaction. (2) Au or Pt atoms were deposited on
the surface of the shrunken Ag templates, resulting in core-shell
Ag@Au or Ag@Pt structures instead of a Au or Pt nanoshell
(Fig. 3(13)—(14)). The XRD pattern (Fig.4c) of the core-shell
Ag@Au nanoparticles obtained by the replacement reaction was
similar to that of core—shell Au@Ag nanoparticles (Fig. 4b), except
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for the broader peaks of the former (which were probably due
to the finer grain size).

Core—shell Ag@Pt nanoparticles showed a broad absorption
band centred at 437 nm (see Supplementary Fig. S9d), which was
attributed to the surface plasmon resonance of Ag particles, because
Pt has no characteristic ultraviolet—visible absorption peak. The
large redshift (~37nm) of the Ag surface plasmon band in the
Ag@Pt nanoparticles relative to the Ag nanocrystalline seeds (at
~400nm) was attributed to the presence of the Pt shell. Two
distinct metal phases corresponding to Ag and Pt, respectively,
were noted in the XRD pattern of core—shell Ag@Pt nanoparticles
(Fig. 4c). The preservation of the optical properties of Ag cores
could be due to the formation of a discontinuous Pt shell,
as demonstrated by the bis(p-sulphonatophenyl)phenylphosphane
dihydrate dipotassium salt (BSPP) treatment (see Supplementary
Information, Part SV). BSPP has a strong ability to coordinate
with Ag atoms or Ag(1) ions**. After agitating the mixture of
aqueous solution of BSPP and Ag@Pt organosol for 12 h, the BSPP—
Ag coordination compounds were formed and dissolved in an
aqueous phase, leaving behind an organosol containing Pt hollow
spheres. Figure 3(15) clearly illustrates the discontinuity of the
resulting Pt shells. After BSPP treatment, the XRD pattern (Fig. 4c)
could be indexed to the pure metallic Pt, and the Ag plasmon
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Figure 4 | XRD patterns. a-d, Spectra for noble-metal nanocrystals: hexagonal Ru and Os, and fcc Rh, Pd, Ag, Ir, Pt and Au (a); Ag-Au, Pd-Pt, Pt-Rh and
Pt-Ru alloys, and core-shell Au@Ag and Pt@Ag (b); core-shell Ag@Au and Ag@Pt, hollow Pt and Ag-Pd alloy (¢); and semiconductor nanocrystals of

monoclinic Ag,S, hexagonal CuS and fcc CdS, CdSe, HgS, PbS and ZnS (d).

band disappeared (see Supplementary Fig. S9d), confirming the
elimination of the Ag cores from the Ag@Pt nanoparticles.

The Pt hollow spheres demonstrated superior electrocat-
alytic activity as compared with core—shell Ag@Pt nanoparticles
in the room-temperature methanol oxidation reaction (see
Supplementary Fig. S10). The discontinuous Pt shells provided
for greater specific surface area, and allowed the reactants access
to the internal surface of the Pt hollow nanospheres. The Pt
hollow spheres could also be used to trap fluorescent dye from
aqueous dye solution, and then release the dye to pure water (Fig. 5,
Supplementary Information, Part SV). This unique property might
be useful for drug-delivery applications.

Instead of core—shell structures, the replacement reaction
between Ag nanoparticles and Pd(i1) in toluene resulted in
Ag-Pd alloy nanoparticles (Fig.3(16)). High-resolution TEM
(HRTEM) showed excellent atomic ordering within each particle
(see Supplementary Fig. S11b), with no lattice mismatch. The
uniform contrast throughout the particle further demonstrated
the atomic level mixing of the metallic components. Energy-
dispersive X-ray analysis (see Supplementary Fig. S11d) further
illustrated the uniform distribution of Ag and Pd signals across the
Ag-Pd nanoparticles. The formation of Ag—Pd alloy nanoparticles
by the replacement reaction in an organic medium herein was
similar to that of Ag-Au or Ag—Pd alloy nanoparticles by the
replacement reaction between Ag nanoparticles and Au or Pd ions
in aqueous solution®. The alloying process was realized by the rapid
interdiffusion of metal atoms as a result of the reduced dimension of
the silver templates, elevated temperature and the large number of
interfacial vacancy defects generated by the replacement reaction™.

This protocol could be further used to synthesize semiconductor
nanoparticles. The metal-ion/DDA compounds were recovered
from toluene in advance, and then dissolved in oleylamine.
Semiconductor nanocrystals could then be obtained by carrying
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Figure 5 | Room-temperature trapping and release of SYBR Green-I by Pt
hollow nanospheres. Pt hollow spheres (1) before and (2) after agitation
with SYBR Green-| for 6 h, and (3) after agitation with pure water for 6 h.
(4) Core-shell Ag@Pt nanoparticles after agitation with SYBR Green-I for
6 h. The same excitation wavelength was used in (i) and (iii) to detect the
presence of SYBR Green-I; colour was added in (i) to highlight SYBR
Green-l. Two different excitation wavelengths were used in (ii) to detect the
presence of SYBR Green-| and nanoparticles, respectively. Only the hollow
Pt spheres could trap fluorescent dye from aqueous dye solution, and
release it again when agitated with pure water.
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Figure 6 | PbS-Au hybrids at different Au/PbS precursor ratios. a-f, TEM images (a-¢) and HRTEM images (d-f) of heterogeneous PbS-Au hybrid
nanoparticles synthesized with Au/PbS precursor molar ratios of 1:4 (a,d), 1:2 (b,e) and 1:1 (¢,f).

out the reaction with elemental sulphur in oleylamine at elevated
temperatures (see Supplementary Information, Part SVI). These
particles could be precipitated by methanol from oleylamine, and
redispersed in non-polar solvents (for example, toluene, hexane
and chloroform). Figure 3(17)—(20) shows the TEM images of
Ag,S, CdS, HgS and PbS nanoparticles prepared by this approach
(see Supplementary Table S4 for size distributions). The successful
syntheses of monoclinic Ag,S, hexagonal CuS and fcc CdS,
CdSe, HgS, PbS and ZnS nanocrystals were confirmed by XRD
(Fig. 4d). It was noteworthy that for PbS, the shape could be
controlled conveniently by varying the volume ratio of solvents in
synthesis. Spherical, truncated cubic and cubic PbS nanocrystals
were obtained with oleylamine/oleic acid volume ratios of 9:1, 3:1
and 1:3, respectively (see Supplementary Fig. S13).

To facilitate biological applications, we have developed a method
to transfer the semiconductor nanocrystals synthesized in organic
solvents back into the aqueous phase. Methanol was involved as
a mediating solvent, but glutathione was used to replace DDA
as the transfer agent and as a capping agent (see Supplementary
Information, Part SVI). Supplementary Fig. S14 shows the TEM
images of CdSe as-prepared and transferred from toluene. The
transfer of CdSe from toluene to water was further confirmed
by FTIR (see Supplementary Fig. S15). The replacement of DDA
by glutathione was supported by the disappearance of the FTIR
peaks at 2,850 and 2,919cm™!, which were attributed to the
symmetric and asymmetric stretches of methylene groups of DDA.
Identical ultraviolet—visible spectra with an excitonic absorption
at 495nm were obtained before and after the phase transfer
(see Supplementary Fig. S16). A similar photoluminescent band
position with a reduced intensity was obtained after the phase
transfer from toluene to water, probably induced by an increase in
the trapping sites during the phase transfer process® .

An important challenge in nanocrystal synthesis is the incorpo-
ration of different materials within the same nanosystem to provide
for multiple functionalities™*’. Nanocomposites of noble metal
and semiconductor are of particular interest’®*®. Our protocol
could be easily extended to synthesize such hybrids. By ageing
the mixture of semiconductor nanocrystals and noble-metal ions
in toluene for 1 h, uniform semiconductor/noble-metal hetero-
geneous nanostructures were obtained as the dominant product.
Extra reducing agent was not necessary; DDA could reduce the
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noble-metal ions sufficiently in the presence of semiconductor
nanocrystals*>*®, Hybrids of Ag,S—Au, CdS—Au, CuS—Au, PbS-Au,
Ag,S—Ag, CdS—Ag, CuS—Ag and PbS—Ag were successfully prepared
(Fig. 3(21)—(28)). Energy-dispersive X-ray analyses confirmed that
the nanostructures were composed of semiconductors and no-
ble metals (see Supplementary Fig. S17). Isolated noble-metal
nanocrystals were not observed, indicating that noble metal nu-
cleated preferentially on the existing semiconductor nanocrystals,
rather than homogeneously, under our experimental conditions. It
was noteworthy that in the absence of the semiconductor nanopar-
ticles, the reduction of Au(11r) or Ag(1) ions by DDA would require
several days, suggesting that the reduction of noble-metal ions was
catalysed in the presence of semiconductor nanoparticles.

The mechanism responsible for our hybrid formation might
be quite similar to that for Fe;Os,~Au hybrid nanoparticles®.
On nucleation of the noble metal on the semiconductor surface,
electron density from the semiconductor nanocrystal would be
drawn to the polar semiconductor/noble-metal interface. Free
electrons in the semiconductor nanocrystal might also catalyse the
nucleation of noble metal, which eventually grew to form ‘dots’
on the semiconductor surface. The size of the noble metal on
semiconductor nanocrystals could be controlled by changing the
precursor molar ratio of noble metal to semiconductor. Figure 6
shows that the number and size of Au dots on each cubic PbS
nanocrystal increased with increasing Au/PbS molar ratio.

Unlike the Ag,S—Ag system, other semiconductor—Ag hybrids
(CdS-Ag, CuS—Ag and PbS-Ag) had core—shell nanostructures,
instead of heterogeneous hybrid nanostructures. This could be
explained by the cation-exchange reactions in ionic nanocrystals®.
Ag(1) ions exchanged with Cd(1r), Cu(1r) or Pb(1r) on the surface
of semiconductor nanocrystals, resulting in the formation of
a Ag,S shell on the shrunken semiconductor nanocrystals (see
Supplementary Information, Part SVII, Scheme S1). This Ag,S shell
inhibited further exchange between Ag and Cd, Cu or Pb cations,
and a core-shell semiconductor@Ag,S structure was obtained
instead of a heterogeneous hybrid. The Ag,S shell could enhance
the luminescence of CdS nanocrystals (see Supplementary Fig. S18).
The maximum enhancement of the luminescence of CdS was
attained at a CdS/Ag(1) molar ratio of 2:1. The small blueshift in the
emission spectrum of CAS@Ag, S relative to that of CdS nanocrystal
was an indication of the shrinkage of the CdS core.
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When the order of nanocrystal synthesis was reversed, that is,
synthesizing Ag,S nanocrystals in the presence of Au nanoparticles,
Ag,S would homogeneously grow on the existing Au nanoparticles,
resulting in a Au@Ag,S core—shell structure (Fig. 3(29)—(30)). The
thickness of the Ag,S shell could be controlled by varying the
Au/Ag,S precursor molar ratio. The Au@Ag,S nanocrystals still
possessed the optical properties of Au nanoparticles despite the
presence of the Ag,S shell (see Supplementary Information, Part
SVI], Fig. S19). Their absorption peaks at 567, 574, 595 and 646 nm
were attributed exclusively to the surface plasmon resonance of the
Au cores. The large redshift of the Au surface plasmon band in the
Au@Ag,S nanocrystals relative to the pristine Au nanoparticles was
due to the Ag,S shell. The surface plasmon resonance peak of Au
cores could be tuned by the Ag,S shell thickness.

With slight modification, the method used to prepare
semiconductor-metal hybrids could also be applied to derive
Fe;0,—Ag dimers (see Supplementary Information, Part SVIII,
Figs S21-S22). The Fe;O4 seeds were prepared following the
method reported by Hyeon and co-workers®. The HRTEM
image revealed that the crystal planes of Ag were not parallel
to those of Fe;O, in each heterogeneous nanostructure (inset of
Supplementary Fig. S21), indicating that the growth of Ag took
place in different orientations.

In summary, we have demonstrated a general protocol for
transferring metal ions from water to an organic medium, which
involved mixing an aqueous solution of metal ions with an
ethanolic solution of DDA, and extracting the metal ions into
a toluene layer. This protocol could be applied to transfer a
wide variety of transition-metal ions from water to toluene with
an efficiency of >95%. It led to the successful synthesis of a
wide range of metallic, alloy, semiconductor and semiconductor—
metal hybrid nanoparticles, and heterogeneous Fe;O,—Ag dimers.
Thus, this approach represents a simple and flexible route for
fabricating nanostructured materials with novel structures and
multiple functionalities.

Methods

Phase transfer of metal ions from water to toluene. In a typical experiment,

50 ml of 1 mM aqueous metal salt solution (Mn(11), Fe(1r), Fe(111), Co(1r), Ni(11),
Cu(11), Zn(11), Ru(1mr), Rh(1r), Pd(1r), Ag(r), Cd(1r), In(1mr), Sn(1r), Os(11r), Ir(1r),
Ir(1v), Pt(11), Pt(1v), Au(1r), Hg(11) or Pb(11)) was mixed with 50 ml of ethanol
containing 1 ml of DDA. After 3 min of stirring, 50 ml of toluene was added,
and stirring was continued for 1 min. Phase transfer of metal ions from water to
toluene would then occur quickly and completely, as evident by the complete
colour bleaching of the aqueous phase. Assuming complete transfer of the ions
from water, the metal ion concentration in toluene would be 1 mM. The metal
ions in toluene were separated from the aqueous phase, and kept for further
experiments. The aqueous phase remaining was analysed by inductively coupled
plasma atomic emission spectrophotometry to determine the transfer efficiency
(see Supplementary Table S1).

Synthesis of noble-metal nanoparticles. We chose noble metals as an example

to demonstrate the extension of this transfer protocol to nanocrystal synthesis. At
100°C, 1 ml of 100 mM toluene solution of HDD, TBAB or aqueous NaBH, was
added to 20 ml of the toluene solution of noble-metal salt (Ru(111), Rh(1r), Pd(1r),
Ag(1), Os(111), Ir(111), Pt(11), Pt(1v) or Au(1ir)), and the mixture was agitated for
several minutes. The noble-metal colloids thus obtained were highly stable, with no
sign of agglomeration even after weeks of storage. The low-magnification TEM im-
ages and size distributions (summarized in Supplementary Table S2) indicated that
the large quantity of nanocrystals achieved with this protocol had a narrow size dis-
tribution. The synthesis was easily scaled up by increasing the volumes of the metal
ion aqueous solution, the DDA ethanolic solution and toluene proportionately.
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