






Characterization

TEM and EDS analysis were carried out using a JEOL JEM-
2100F field emission microscope operating at 200 kV equipped
with an Oxford INCAx-sight EDS detector and a Gatan SC1000
ORIUS CCD camera (11 megapixel). Unless otherwise men-
tioned, all EDS analysis reported in this manuscript were
carried out in TEM mode. TEM samples were prepared by
dropcasting chloroform dispersions of nanoparticles on
carbon film coated copper grids. Nanostructure dimensions
and d spacings were measured using ImageJ software. Unless
otherwise mentioned as as-prepared samples, all TEM images
were obtained from precipitated and redispersed (purified)
nanoparticles. UV-vis spectra were recorded on a Cary-5000
UV-Vis-NIR spectrophotometer. DLS analysis was carried out at
25 uC in a Malvern Zetasizer ZEN 3200 model.1H-NMR spectra
were recorded on a Varian Oxford 400 MHz instrument. HPLC
analysis of catalytic reactions was carried out in a
Thermoelectron spectrum HPLC equipped with a PDA
detector, and C18 functionalized Hypersil gold column (250
6 4.6 mm dimension, 5 mm particle size) using 60% CH3CN/
H2O (1 mL min 2 1) as the mobile phase.

Results and discussion

V-shaped PdPt bimetallic nanoparticles and factors
influencing their formation

We employed a modified Brust…Schiffrin procedure29 for the
synthesis of PdPt bimetallic nanoparticles in the presence of
resorcinarene amine surfactant. Briefly, tetraoctylammonium
stabilized Pd and Pt salts in chloroform were reduced with
aqueous sodium borohydride solution in the presence of
resorcinarene amine surfactant at 0 uC for 2 h. The as-prepared
nanoparticles obtained were purified by a precipitation…
redispersion approach. The UV-vis spectra of the PdPt
bimetallic nanoparticles showed an almost featureless spec-
trum except for a shoulder around 280 nm (Fig. S1, ESI3). This
is consistent with the fact that the surface plasmon resonances
of the constituent metals, Pd and Pt, are usually in the UV
region.30 Resorcinarene amine stabilized nanoparticle disper-
sions were stable even after months of storage.

Transmission electron microscopic (TEM) analysis of the
purified product (Fig. 2a) revealed the formation of anisotropic
nanostructures along with some spherical nanoparticles. 31

The formation of anisotropic structures is noteworthy as
Brust…Schiffrin reaction routinely yields nominally spherical
nanoparticles with , 6 nm diameter. 17,32 A closer look at the
anisotropic structures (Fig. 2b and S2, ESI3) showed that .
80% of them (from n . 250 particles) had a V-shape or a
variant on the V-shape such as one-arm bent V, both arms bent
V, wide-open V and U shaped nanoparticles (Fig. S3, ESI3).
When compared to as-prepared nanoparticles (Fig. S4, ESI3)
the purified samples were noticeably richer in V-shaped and
one-arm bent V-shaped nanoparticles (Fig. S3, ESI3). Such
V-shaped nanostructures and its variants are collectively
referred to as bipodal nanostructures in this manuscript.
The dominant formation of bipodal nanostructures is notable
as typical solution based synthesis of branched nanocrystals

Fig. 2 TEM (a…b) and SAED (c, of the region shown in the inset) of PdPt
bimetallic nanoparticles prepared in the presence of resorcinarene amine
surfactant by Brust…Schiffrin synthesis at 0uC. (d) EDS analysis of V-shaped (blue
trace) and spherical (red trace) nanoparticles in as-prepared samples.
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tends to produce mixtures of multipods.33 Often the length of
both arms of the V-shaped nanoparticles was not equal. The
lengths of the longer and shorter arms were 10.0 ¡ 2.7 nm
and 8.4 ¡ 2.4 nm respectively, and the ratio of longer to
shorter arm lengths in individual nanoparticles was 1.2 ¡ 0.15
(n = 75). The cross-sectional diameter of the arms was 2.6 ¡

0.4 nm. The HRTEM image (Fig. 2b) of these crystalline
nanoparticles showed a typical d-spacing of 0.23 nm,
consistent with Pt and Pd (111) planes. The selected area
electron diffraction (SAED) of a collection of V-shaped
structures (inset) showed continuous rings that could be
indexed to Pt or Pd (111), (200), (220), (311) and (222) planes
(Fig. 2c).

We employed single particle energy dispersive spectroscopy
(EDS) to measure the Pt and Pd content in these nanoparticles
(Fig. 2d). In addition to these, Cu originating from the grid was
also observed.34 The V-shaped nanoparticle showed a Pt/Pd
ratio of 7.6 (Fig. 2d, blue trace), substantially different from
the 1 : 1 ratio of Pt and Pd precursors employed in the Brust–
Schiffrin synthesis. This higher Pt content was widely
prevalent, as single particle EDS of 8 different particles from
4 different preparations (including 2 purified samples) gave a
Pt/Pd ratio of 8.7 ¡ 2.9. Note that there were no significant
differences in the Pt/Pd ratio of the anisotropic nanoparticles
in as-prepared (9.9 ¡ 2.1) and purified (8.0 ¡ 3.3) samples. To
probe the uniformity of the distribution of Pt and Pd, or lack
thereof, EDS analysis was carried out under STEM mode at
distinct spots of the anisotropic V-shaped nanoparticles (with
a beam spot size of 0.5 nm) and their Pt : Pd ratio measured.
As shown in Fig. S5, ESI3, the Pt : Pd ratios were measured at
the center, and at the end of both arms. Consistently a
relatively much lower Pt : Pd ratio was observed at the center
when compared to those measured at the ends. Notably, the
Pt : Pd ratio on both arms were not identical and in all cases
but one the shorter arm had a higher Pt : Pd ratio than the
longer arm. Analysis of 5 different anisotropic structures
yielded a typical Pt : Pd ratio of 3.9 ¡ 0.8 at the center of the
V-shaped nanoparticle, 6.9 ¡ 2.3 at the end of the relatively
shorter arm and 5.6 ¡ 3.2 at the end of the relatively longer
arm. The spherical nanoparticles formed in the same synth-
esis had a Pt/Pd ratio of 0.75 (Fig. 2d, red trace). Given the
minimal lattice mismatch and the excellent miscibility of Pt
and Pd in bulk,2,10 the spontaneous formation of Pt rich
bipodal nanoparticles with such anisotropic elemental dis-
tribution is rather surprising. This result is also noteworthy as
the groups of Toshima,35 Crooks,36 and Sun37 have demon-
strated that the elemental composition of the PdPt nanopar-
ticles was almost identical to the Pd and Pt precursor ratio
employed in the synthesis over a range of compositions.

Both bipodal and spherical nanoparticles are formed as
early as 5 min after the addition of sodium borohydride (Fig.
S6, ESI3). The spherical nanoparticles are present even after 2 h
of reaction. Given the small, yet discernible difference between
the cross-section of the bipodal PdPt nanostructures (2.6 ¡ 0.4
nm) and the dimensions of the spherical PdPt nanoparticles
(2.0 ¡ 0.4 nm), both may be formed concurrently from
homogeneous nucleation events. Even though such a nuclea-
tion event is often not invoked for the formation of branched
structures, recently Xia and coworkers have shown that both

homogeneous and heterogeneous nucleation events lead to
the formation of dendritic bimetallic nanostructures.6,10,38

Further, we ruled out Pd seed mediated growth of V-shaped
PdPt nanoparticles, as the reduction of Pt salts in the presence
of dominantly spherical Pd nanoparticle seeds yielded mostly
spherical nanoparticles (Fig. S7, ESI3). Our results are
consistent with the observations of Tilley and coworkers,
who have shown that amine ligand stabilized Pd nanoparticle
seeds retain their morphology during subsequent growth
stages.39

The elemental composition of the anisotropic nanoparticles
could be varied by varying the reaction temperature. Though
reduction at room temperature led to the formation of
crystalline bipodal nanoparticles (Fig. S8a and S8b, ESI3),
their Pt : Pd ratio was 5.6 ¡ 1.1 (Fig. S8c, ESI3). The H2PtCl6

used in synthesis of bimetallic nanoparticles was replaced
with K2PtCl4 to probe the influence of the oxidation state of Pt.
This reaction also yielded anisotropic nanoparticles with a
V-shape and variants of V-shape along with spherical
nanoparticles (Fig. S9, ESI3). The single particle EDS analysis
of 5 different anisotropic nanoparticles gave a Pt/Pd ratio of
13.9 ¡ 2.6, a somewhat higher ratio than those obtained with
H2PtCl6. This experiment indicates that irrespective of the
oxidation state of Pt (+4 vs. +2) anisotropic Pt rich V-shaped
PdPt bimetallic nanoparticles are obtained in the presence of
resorcinarene amine surfactant.

To evaluate the generality of bipodal nanoparticle forma-
tion, monometallic Pt and Pd nanoparticles were synthesized
in the presence of resorcinarene amine under Brust–Schiffrin
conditions. When H2PtCl6 was reduced in the presence of
resorcinarene amine, crystalline anisotropic nanostructures
including a few vaguely reminiscent of V-shaped nanostruc-
tures (Fig. 3a and 3b) were observed. With Pd, the TEM
analysis primarily showed the formation of spherical nano-
particles along with a few polycrystalline V-shaped nanostruc-
tures (Fig. 3c and 3d). These experiments suggest that the
dominant formation of crystalline, bipodal nanoparticles
requires the presence of both Pt and Pd. It is worth noting
that the presence of a second metal or foreign ion has been

Fig. 3 TEM analysis of monometallic Pt (a–b) and Pd (c–d) nanoparticles
prepared in the presence of resorcinarene amine surfactant.
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implicated in the observed shape control of various nanopar-
ticles.40

When resorcinarene amine was replaced with hexylamine
surfactant, a mixture of spherical and slightly elongated
nanoparticles with a Pt : Pd ratio of y1 was obtained
(Fig. 4). This is not entirely surprising, as the coreduction of
Pt and Pd precursors with commonly employed surfactants
such as PVP35 or oleylamine37 has resulted in the formation of
smaller, nominally spherical nanoparticles.

A monophasic synthesis was carried out to probe the
importance of inverse micelle in the formation of V-shaped
PdPt bimetallic nanoparticles. The TEM analysis of the
product showed mostly spherical nanoparticles along with a
few elongated structures (Fig. S10, ESI3). These experiments
suggest that the presence of resorcinarene amine alone is not
sufficient for the synthesis of V-shaped nanoparticles and that
water and hence inverse micelles are also necessary.

The role of resorcinarene amine surfactant in Brust–Schiffrin
synthesis

To probe the exact role of the resorcinarene amine surfactant
in nanoparticle formation reversed Brust–Schiffrin syntheses21

was carried out, where the resorcinarene amine surfactant was
added after the addition of aqueous sodium borohydride
solution. Two experiments were carried out with a delay time
of 10 s and 5 min between the additions, and noticeable
amount of insoluble material was observed in the latter

synthesis. Significant amounts of V-shaped nanoparticles were
obtained in the reversed Brust–Schiffrin synthesis with a 10 s
delay, (Fig. 5a and S11a, ESI3). However with a 5 min delay,
only a few of the anisotropic structures obtained were vaguely
reminiscent of V-shaped nanoparticles (Fig. 5b and S11b,
ESI3). The crystallinity of nanoparticles prepared by reversed
Brust–Schiffrin synthesis differed substantially with the delay
time. While the anisotropic bimetallic nanoparticles formed
with a 10 s delay were crystalline (Fig. S12a, ESI3), those
formed with a 5 min delay were polycrystalline (Fig. S12b,
ESI3). The single particle EDS measurements of 3 different
bipodal nanoparticles (Fig. 5c, blue trace) obtained from the
reversed Brust–Schiffrin synthesis with a 10 s delay showed a
Pt : Pd ratio of 5.5 ¡ 0.6. On the other hand with a 5 min

Fig. 4 (a) TEM and (b) EDS of PdPt bimetallic nanoparticles prepared with
hexylamine surfactant at 0 uC.

Fig. 5 TEM (a–b) and single (anisotropic) particle EDS (c) analysis of PdPt
nanoparticles prepared by reversed Brust–Schiffrin syntheses with a delay time
of 10 s (a, blue trace in c) and 5 min (b, red trace in c).
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delay, the anisotropic structures formed (Fig. 5c, red trace) had
a Pt : Pd ratio of 0.9 ¡ 0.3, though occasionally slightly Pd rich
anisotropic structures were also obtained. These experiments
demonstrate the crucial role played by the resorcinarene
amine surfactant in determining the shape, composition and
crystallinity of the anisotropic bimetallic nanoparticles formed
under Brust–Schiffrin conditions.

The key difference between the reversed and conventional
Brust–Schiffrin syntheses is the absence of the resorcinarene
amine surfactant in the former during the formation of the
nuclei and eventually nanoparticles. We carried out dynamic
light scattering (DLS) analysis of the inverse micelles formed
with TOABr and a mixture of TOABr and resorcinarene amine
surfactant. In the case of TOABr based inverse micelles a broad
peak was obtained at y712 nm, whereas TOABr and
resorcinarene amine derived inverse micelles gave a sharp
peak at y79 nm (Fig. 6). On the basis of these DLS studies and
the results of the reversed Brust–Schiffrin syntheses, we
propose the incorporation of the resorcinarene amine surfac-
tant in the TOABr derived inverse micelles, where the
nanoparticles are being formed. Given the lack of solubility
of resorcinarene amine (or its hydrochloride salt) in water, we
expect it to be on the surface of the inverse micelle with the
amine headgroups pointed towards the water pool, rather than
being solubilized inside the micelle. Although these results
appear to contradict the recent work of Tong and coworkers,21

it agrees with Pileni and coworkers27 who have invoked the
involvement of surfactant along with TOABr in the inverse
micelle formation.

We probed the interaction of the phase-transferred metal
salts with the inverse micelles by UV-vis spectroscopy (Fig. 7).
The band observed y259 nm for the aqueous mixture of Pt
and Pd metal salts was red shifted in the presence of inverse
micelles (Fig. 7). The lmax of the metal salts in the presence of
inverse micelles containing resorcinarene amine showed a
lesser red shift (y266 nm) when compared to the inverse
micelles formed exclusively with TOABr (y272 nm). While the
former appeared yellow, the latter appeared reddish brown.
We infer from this data that the resorcinarene amine present
in the inverse micelle interacts with the metal salts even prior

to their reduction. Our observation is unlikely to be due to the
mere presence of resorcinarene amine, as its UV-vis spectrum
showed a more red shifted peak (lmax = 280 nm) and much
weaker absorbance.

The complexation of metal salts to resorcinarene amine
surfactant was further confirmed by 1H-NMR spectroscopy
(Fig. 8 and S13, ESI3). The presence of both Pt and Pd led to
substantial broadening or shifting of the resorcinarene amine
peaks (Fig. S13, ESI3) such as O–CH2–O protons (5.92 and 4.35
ppm), CH protons (4.76 ppm) and N–CH2– protons (3.6 ppm)
(Fig. 8b), while no significant shift in the resorcinarene amine
peak positions was observed in the absence of metal salts
(Fig. 8a). It is worth noting that the complexation of metal salts
by dendrimers has been known to result in the broadening
and shift of methylene protons attached to the N.41 Further,

Fig. 6 DLS analysis of inverse micelles formed in chloroform from a) TOABr +
resorcinarene amine (blue trace) and b) TOABr (red trace).

Fig. 7 UV-vis spectra of (a) Pd and Pt salts dissolved in water, (b) inverse micelles
formed from TOABr and resorcinarene amine containing Pd and Pt salts, (c)
inverse micelles formed from TOABr containing Pd and Pt salts and (d)
resorcinarene amine in chloroform.

Fig. 8 Partial 1H-NMR spectra of inverse micelles formed from TOABr and
resorcinarene amine showing the shift of resorcinarene amine peaks (labelled in
blue) in the absence of metal salts (a) and presence of both Pd and Pt (b), Pt (c)
and Pd (d) salts.
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NMR studies carried out with Pt or Pd salts showed that the
strong complexation of resorcinarene amine was limited to Pd
(Fig. 8d) and not Pt (Fig. 8c). Currently we are investigating the
differences in the binding of metal salts to resorcinarene
amine surfactant in detail.

Based on these experiments and relevant literature, we
believe that the preferential formation of Pt rich bipodal
nanoparticles and Pd rich spherical nanoparticles in Brust–
Schiffrin synthesis could be due to the differential stabiliza-
tion of a) Pt and Pd precursors and b) the nuclei formed, both
by the resorcinarene amine surfactant. The nucleation stage
and in particular the nuclei formed initially have a profound
influence on the final shape42 and composition of the
nanoparticles. Once the nuclei are formed they will be capped
with organic surfactants. Studies have shown the binding of
amine functional groups to both Pt and Pd metal surfaces43

and nanoparticles.27,44 However, the stabilization of Pt and Pd
metal surfaces by amine surfactant could differ due to
potential differences in interaction energies between the
ligand and metal surfaces and the adsorption geometries.45

It is worth noting that the selective stabilization of Pt metal by
amine surfactant has been invoked in the formation of Au–Pt
bimetallic nanowires.46 Detailed mechanistic studies on the
influence of surfactant head group in determining the
morphology and composition of the bimetallic nanoparticles
are currently underway in our laboratory and will be reported
in due course.

Catalysis using PdPt bimetallic nanoparticles

We tested PdPt bipodal nanoparticles as catalysts in Suzuki
cross-coupling reaction.47 Suzuki reaction between aryl boron
derivatives and aryl halides is a versatile and powerful carbon–
carbon bond forming tool. Though usually accomplished by
organopalladium complexes, it has also been catalyzed by a
variety of metal nanoparticles.48–50 Given the established
superiority of Pd49 over Pt48,51 in mediating Suzuki reactions,
we chose to evaluate the PdPt bimetallic nanoparticles
prepared at 0 uC as catalysts for the coupling of iodobenzene
and phenylboronic acid.52 Table 1 summarizes the yields of

biphenyl obtained in the presence of bimetallic and mono-
metallic (as control) nanoparticle catalysts.

The as-prepared and purified PdPt bimetallic nanoparticles
yielded 72% and 49% of biphenyl respectively. Even under
these vigorous reaction conditions (.110 uC for 48 h) the
nanoparticle dispersions were visibly stable after the catalysis.
TEM analysis of the nanoparticles after catalysis showed that
they were intact but aggregated (Fig. S14, ESI3). This observa-
tion is remarkable as El-Sayed and coworkers have shown that
a majority of tetrahedral Pt nanoparticles undergo a shape
change to spherical after just 24 h (2 6 12 h cycles of catalysis)
of reflux under similar reaction conditions.51 Surprisingly48

the as-prepared bimetallic nanoparticles were more active
than the monometallic Pd nanoparticles which gave a 59%
yield of biphenyl, under our reaction conditions. Consistent
with literature observations,48 the monometallic Pt nanopar-
ticles resulted in , 2% conversion.

Conclusions

We have shown that the Brust–Schiffrin reduction of Pt and Pd
precursors in the presence of a multidentate resorcinarene
amine surfactant leads to the formation of Pt rich, crystalline,
PdPt nanoparticles of a V-shape or variants on the V-shape
along with some Pd rich PdPt spherical nanoparticles. We
have studied the influence of resorcinarene surfactant, metal
precursors, temperature, and reaction medium on the forma-
tion of bimetallic nanoparticles in detail. Our experiments
have unambiguously demonstrated the crucial role played by
the resorcinarene amine surfactant and water, and hence
inverse micelles, in the formation of bipodal nanoparticles. On
the basis of reversed Brust–Schiffrin synthesis and DLS
analysis, we propose the incorporation of the resorcinarene
amine surfactant in the TOABr derived inverse micelles, where
the bimetallic nanoparticles are being formed. Further, we
have also shown that the resorcinarene amine complexes with
the Pd salts prior to their reduction. Remarkably, we show that
the composition of the bipodal PdPt nanoparticles could be
varied substantially by varying the order of addition of
resorcinarene amine surfactant and sodium borohydride,
and the delay time between the additions. The utility of such
resorcinarene amine stabilized bipodal PdPt nanoparticles in
mediating Suzuki cross-coupling reactions has been demon-
strated.
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Table 1 Resorcinarene amine stabilized bi- and mono- metallic nanoparticles
were used as catalysts for Suzuki cross-coupling reaction between iodobenzene
and phenylboronic acid. The yield of biphenyl was determined by HPLC analysis

Nanoparticle catalysts Yield (%)

PdPt (as prepared) 72
PdPt (purified) 49
Pd (as prepared) 59
Pt (as prepared) ,2
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