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ABSTRACT: Asymmetric multicomponent nanoparticles
(AMNPs) offer new opportunities for new-generation
materials with improved or new synergetic properties not
found in their individual components. There is, however,
an urgent need for a synthetic strategy capable of
preparing hybrid AMNPs with fine-tuned structural and
compositional complexities. Herein, we report a new
paradigm for the controllable synthesis of polymer/metal
AMNPs with well-controlled size, shape, composition, and
morphology by utilizing interfacial polymerization. The
hybrid AMNPs display a new level of structural−
architectural sophistication, such as controlled domain
size and the number of each component of AMNPs. The
approach is simple, versatile, cost-effective, and scalable for
synthesizing large quantities of AMNPs. Our method may
pave a new route to the design and synthesis of advanced
breeds of building blocks for functional materials and
devices.

The past decade has witnessed tremendous progress in the
synthesis of single-component nanoparticles (NPs) with

controllable size, shape, and composition.1,2 However, these
NPs would unlikely meet the rising demand for the advanced
breeds of building blocks for functional materials and
devices.3−5 Multicomponent NPs with structural and composi-
tional complexities would surpass the inherent limitations
imposed on single-component NPs.6−17 In particular, asym-
metric multicomponent nanoparticles (AMNPs) (e.g., dumb-
bell-like NPs) have shown potential in applications such as
sensing,18 catalysis,19 self-assembly,20,21 and nano/opto-elec-
tronics.22,23 Recently, great progress has been achieved in the
preparation of pure inorganic AMNPs.5 In contrast, the
synthesis of polymer/inorganic hybrid AMNPs remains a
grand challenge. One successful example involves the localized
nucleation of polystyrene on the surface of metal or silica NPs
to produce Janus type AMNPs using dispersion polymer-
ization.24,25 This method has significant limitations on
producing more complex structures and fine-tuning the
dimensions of the products. To date, there has been no report
of successful control over the number and dimension of
domains in individual polymer/inorganic AMNPs.
This communication describes a simple but versatile strategy

for the synthesis of high-quality conjugated polymer−metal

AMNPs with fine-tuned morphologies (i.e., lollipop-, dumb-
bell-, and frog-egg-like) through an interfacial reaction. This
approach relies on the diffusion and interfacial reaction of
organic monomers and inorganic precursors spatially separated
in immiscible organic and aqueous phases. AMNPs can be
directly generated in a single step using this approach. The
interfacial method allows us to readily control the domain size
and the number of each component of AMNPs by tuning the
reaction conditions. Dimensions of polymer and metal domains
of AMNPs are controllable, ranging from 50 to 180 nm and
from 10 to 140 nm, respectively. The ability to utilize the
interface in fine-tuning hybrid nanostructures makes our
synthetic method conceptually different from others.
In a typical synthesis, organic monomers (e.g., aniline) were

dissolved in an organic solvent (e.g., hexane or toluene), while
inorganic precursors (e.g., HAuCl4) were dissolved in water
with a predetermined concentration.26 The immiscible
solutions were gently placed in a glass vial to form a water−
oil interface and incubated at various temperatures overnight.
These precursors reacted at the interface for the polymerization
of aniline to generate polyaniline (PANi) NPs (denoted as
PANPs hereafter) and for the reduction of HAuCl4 to form
gold nanoparticles (AuNPs) (see Supporting Information (SI)
for details). When the reaction was completed, the aqueous
phase was collected and purified by centrifugation. Figure 1a−f
show representative TEM images of PANi-Au AMNPs
prepared by the interfacial approach with fine-tuned
morphologies including lollipop-, dumbbell-, and frog-egg-like
shapes, and with a controlled number of Au domains (see more
SEM and TEM images in SI, and detailed discussions below).
EDX mapping of Au and N elements of AMNPs (Figure 1g)
was performed to identify the location of the two components
of dumbbell-like AMNPs. The compositional asymmetry of
AMNPs can be visually distinguished by the sharp color
contrast of Au- and PANi-rich domains. A high resolution TEM
image of the Au domain in Figure 1h reveals the polycrystalline
structure of AuNPs with multiple twinned boundaries. The Au
crystals are mainly composed of (111) planes with a d-spacing
of 0.235 nm, which is confirmed by a strong diffraction ring of
(111) plane in the selected-area electron diffraction (SAED)
pattern (Figure 1i inset). The powder X-ray diffraction (XRD)
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patterns of AMNPs with different morphologies (Figure 1i)
show intensive peaks corresponding to the (111), (200), (220),
(311), and (222) Bragg reflections of the cubic crystalline of
AuNPs, which is consistent with SAED results. From the
diffraction peak at 38° ((111) facet), the size of AuNPs
calculated by the Sherrer Equation was 20.6, 17.4, and 31.2 nm
for lollipop, frog-egg, and dumbbell AMNPs, respectively.
These values are much smaller than the overall Au diameters
obtained from TEM,27 suggesting that each AuNP in AMNPs is
composed of multiple single-crystalline Au phases.
Figure 2a shows a series of photographs of typical reaction

progress at 0, 0.5, and 10 min. After a brief induction time, two
precursors reacted almost immediately at the biphasic interface
to initiate the polymerization of aniline and the nucleation of
AuNPs; afterward, the resultant NPs proceeded to migrate to
the aqueous phase. As schematically illustrated in Figure 2b, we
propose the following interface-mediated growth mechanism of
AMNPs. Upon establishing the water−oil interface, the
oxidation polymerization of aniline monomers is first initiated
by HAuCl4 solely at the biphasic interface, resulting in the
formation of PANPs. The concomitant reduction of Au(III) to
Au(0) simultaneously generates Au nuclei attached on the
surface of PANPs. Then, these PANPs with Au nuclei slowly
transfer into the aqueous phase as a result of PANi
hydrophilicity.28 Once the initial colloidal NPs depart from
the interface, polymerization is terminated due to the cessation
of monomer supply. However, residual secondary amine groups
in the PANPs can still act as electron donors for the continuous
reduction of Au(III) on the Au nuclei, resulting in the further
growth of Au domains. This mechanism was confirmed by the
time-dependent evolution of AMNP growth. TEM images
(Figure 2c−e) show polymer NPs carrying AuNPs obtained at
different reaction times. At the initial stage (5 min), only
PANPs with minute Au nuclei were formed; the diameter of

PANPs was ∼120 nm, while that of AuNPs was ∼10 nm. The
size of AuNPs increased as the reaction proceeded forward and
reached up to ∼35 nm after 20 min and ∼50 nm after 45 min.
Note that the diameter of the polymer domain only slightly
changed.
The formation of AMNPs was not observed in previous

studies or in our control experiments in the absence of the
biphasic interface, such as rapidly mixing two aqueous solutions
of aniline and HAuCl4 or slowly adding one of the two into the
other (see SI).29−31 In addition, giant free AuNPs (rather than
AMNPs) were produced when presynthesized PANPs were
added as seeds in a growth solution of gold precursors (see SI).
Therefore we deduce that the interface plays a vital role in
controlling the nucleation of seeds with particular morpholo-
gies by (i) delivering precursors to the interfacial reaction
center in a controlled manner and (ii) transferring the formed
NPs away from the interface to avoid random formation of
PANPs. We notice that the size distribution of Au domains was
not obviously broadened by the asynchronous generation of
NPs carrying Au nuclei from the interface. The coefficient of
variation of AuNPs after overnight reaction was 17.8%. We
ascribed the relatively narrow size distribution of Au domains to
the focusing effect during the growth process of AuNPs in the
aqueous solution.32

The kinetics of this interfacial reaction largely depends on
the diffusion of all reactants as well as their consumption rate at
the interfacial regions. We have systematically investigated the
effects of reaction temperature and concentration of each
precursor on the formation of AMNPs. The concentration of
HAuCl4 (CAu) has a strong impact on both the morphology and
size of the synthesized AMNPs (Figure 3). When CAu increased
from 0.8 to 1.2 mM, the aspect ratio of Au domains decreased,
resulting in a morphological transition of AMNPs from
lollipop- to dumbbell-like (Figure 3a,b). To elaborate,
lollipop-like AMNPs obtained at CAu = 0.8 mM were composed
of a Au “stick” mounted on a spherical PANP (Figure 3a). The
dumbbell-like AMNPs synthesized at CAu = 1.2 mM have
polyhedral Au domains with an average diameter of 98 nm
(Figure 3b). In the studied range of CAu, the average diameter
of PANPs increased with increasing CAu, while the size of

Figure 1. (a−f) TEM images of PANi-Au AMNPs synthesized by the
interfacial approach with controlled morphologies (dumbbell (a),
lollipop (b), and frog-egg (c)) and a varying number of Au domains
(two (d), three (e)) and more (f) Au domains. In TEM images, the
black phases are Au, while the gray domains represent PANi. (g) A
TEM-EDX mapping of dumbbell PANi-Au AMNPs in (a). The green
and red colors represent PANi-rich and Au-rich domains, respectively.
(h) A high resolution TEM image of the Au domain of an individual
AMNP showing the lattices of Au crystals. The dominant crystal facet
(111) has a d space of ∼0.235 nm. The dash line indicates the twinned
boundary. (i) XRD patterns showing the face center cubic crystalline
of Au and the amorphous PANi. The inset is an SAED pattern,
confirming the polycrystalline structure of Au. The XRD patterns from
top to bottom are from dumbbell-, lollipop-, and frog-egg-like AMNPs,
respectively. The hump at ∼22° (2θ) is attributed to the amorphous
PANi phase. Scale bars = 100 nm (a−g) and 2 nm (h).

Figure 2. (a) Photographs of a representative interface reaction at
different stages. (b) Illustration of the synthetic route involving
interfacial nucleation of PANi and Au seeds, and the phase transfer of
seeds from the interface to aqueous solution, followed by the
continuous growth of Au domains in the aqueous solution. (c−e)
TEM images of PANi-Au AMNPs obtained at 5 (c), 20 (d), and 45
min (e) after the reaction. Synthesis condition: 5 mL of 1.4 mM
HAuCl4 aqueous solution and 0.5 mL of 20 mM aniline/hexane
solution at 45 °C. Scale bars = 20 (c) and 50 nm (d,e).
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AuNPs slightly decreased with CAu (Figure 3e). A further
increase of CAu above 1.2 mM led to an increase in the average
number of Au domains (NAu) on single PANPs, while the size
of each AuNP roughly remained constant (Figure 3c). Figure 3f
shows that NAu on a single PANP increases linearly as a
function of CAu, approximately in agreement with theoretical
calculation based on the mass conversation law (see SI for
calculations). At CAu = 2.0 mM, the average number of Au
domains on each AMNP increased up to 2.30.
As mentioned earlier on, fine-tuning the relative size and

number of multicomponent domains in individual NPs remains
a challenge. So far, AMNPs with multiple domains have been
rarely reported.17 One example of crystalline NPs is Au-
(n)Fe3O4 and Fe3O4-(n)Ag, where n represents the number of
multiple domains.7,10 Compared to the solvothermal synthesis
of heterogeneous pure inorganic nanocrystals, the formation of
multiple Au domains in our system could be attributed to the
interplay of the diffusion rate of each precursor and the rate of
polymerization (υ) occurring at the interface. As CAni ≥ 10CAu,
we assume that υ is limited by the diffusion of HAuCl4 toward
the interfacial region;33 that is, υ∝CAu

0.5 × CAni
1.5∝D × ∇CAu ×

CAni
1.5, where D and ∇CAu are the diffusion coefficient and the

gradient of HAuCl4 normal to the interface due to its
consumption in reaction, respectively. Higher CAu gives a
larger ∇CAu that increases υ, but the nucleation rate of AuNPs
at the interfacial region somehow increases faster than υ, thus
leading to a larger NAu on one PANP.33

The reaction temperature (T) strongly affects the interfacial
synthesis as well. Interestingly, the generation of AMNPs only
occurred at T ≥ 40 °C. Below 40 °C, the formation of AMNPs
was suppressed, and PANi-Au nanocomposites with ∼10-nm-
diameter AuNPs were produced (see SI). A possible
explanation is that a slower reaction at lower temperature

leads to the diffusion of aniline unconsumed at the interfacial
region into the aqueous phase, where the homogeneous
reaction in the aqueous phase disfavored the formation of
AMNPs.29,30 As a result, temperature becomes another factor in
tuning the NAu of AMNP: increasing T would increase NAu.
Figure 3d shows representative AMNPs with multiple Au
domains (NAu is up to 3.75) on each PANP prepared at 60 °C.
The possible reason for the increased Au domains is the much
stronger oxidizability of HAuCl4 and thus a faster nucleation of
AuNPs at a higher temperature.
The concentration of aniline also plays an important role in

controlling the dimensions and morphologies of AMNPs
(Figure 4). With increasing CAni, a morphological transition

from dumbbell- to frog-egg-like AMNPs was observed (Figure
4a and SI). In the range of aniline concentrations studied, once
the generation of AuNPs is equilibrated with that of PANPs,
the process will lead to the generation of frog-egg-like NPs.
Compared to dumbbell NPs, only one single AuNP was present
on each individual frog-egg-like AMNP with ∼100% yield. As
υ∝CAni

1.5, υ at a higher CAni prevails over the rate of formation
of AuNPs, resulting in PANPs without any attached AuNPs
(see SI). This result further supported our interpretation of the
interfacial reaction mechanism.
We observed that the AuNPs can continue to grow

dynamically upon further addition of HAuCl4 into the
AMNPs (Figure 4b). The size of Au domains increased linearly
with increasing CAu during the subsequent addition (Figure 4d),
which is a characteristic of a living reaction. These results
indicate the following: (i) the surface of AuNPs is not covered
with polymer and it is possible for additional selective surface
modification as needed, which also further distinguished our
method from the others;24,25 (2) the final size of AuNPs can be
fine-tuned on demand; and (3) more complex AMNPs can be
developed by sequentially depositing other metals.
The effect of aniline and HAuCl4 concentrations on the

synthesis of AMNPs was summarized in a product diagram in
Figure 5. At CAni < 10 mM, the formation of AMNPs was
suppressed across the studied range of CAu, presumably due to
the low polymerization rate of PANPs to initiate the growth of

Figure 3. Effect of HAuCl4 concentration on the dimensions and
morphologies of AMNPs. (a−d) SEM images of PANi-Au AMNPs
obtained at CAu = 0.8 mM, T = 45 °C (a); CAu = 1.2 mM, T = 45 °C
(b); CAu = 2.0 mM, T = 45 °C (c); and CAu = 1.4 mM, T = 60 °C (d).
0.5 mL of 20 mM aniline in hexane was used in all the reactions. The
average number of Au domains in individual AMNP is 1.04 (a), 1.18
(b), 2.30 (c), and 3.75 (d). (e) The average diameter of AuNPs (□)
and PANPs (○) plotted as a function of CAu. Each point in (e) was
obtained by averaging more than 100 NPs. (f) The average number of
Au domains on each AMNP obtained from SEM measurements (●)
and theoretical calculation (□) plotted as a function of CAu. Each point
in (f) was obtained by averaging 250 NPs. Scale bars = 200 nm (a−b)
and 400 nm (c−d).

Figure 4. Effect of CAni on dimensions and morphologies of AMNPs.
(a) SEM image of AMNPs obtained using 0.5 mL of 20 mM aniline.
The reaction was performed with 5 mL of 1.4 mM HAuCl4 aqueous
solution at 45 °C. (b) SEM image of AMNPs obtained by further
adding 20 μmol of HAuCl4 in (a) solution. (c) The average diameter
of AuNPs (□) and PANPs (○) plotted as a function of CAni. Each
point in (c) was obtained by averaging over 100 particles. (d) The
average size of AuNPs plotted as a function of the secondary addition
of HAuCl4. Scale bars = 250 nm.
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AMNPs. In this case, PANPs randomly covered with a large
amount of small AuNPs (∼10 nm) were obtained (see SI). At
10 mM < Cani < 30 mM, lollipop-like AMNPs were synthesized
in a narrow window of CAu (0.6−1.0 mM), while the dumbbell-
like AMNPs with a controlled number of Au domains were
obtained at CAu > 1.0 mM. At CAni > 30 mM, the frog-egg-like
AMNPs were the dominant products in a wide CAu range.
In conclusion, we have developed a new yet simple paradigm

to synthesize a diverse range of hierarchical AMNPs with
controlled morphologies. This synthesis can be easily scaled up
to large quantities. To the best of our knowledge, this is the first
report on the synthesis of polymer/inorganic AMNPs using
two-phasic reactions. We have also identified a new interfacial-
mediated mechanism for the synthesis of AMNPs, which
distinguishes our synthetic method from others.24,25 This
biphasic approach could also be used to synthesize other types
of polymer/inorganic or inorganic/inorganic AMNPs. Our
approach offers overall exquisite reproducibility and precision
in tuning the nanoscale domains in AMNPs, which is essential
in applications such as sensing, catalysis, and optoelectronic
devices. In particular, AMNPs with multiple interaction sites
can serve as novel building blocks for directional or
programmable self-assembly of new functional materials and
devices.3 This work constitutes an important step toward
bottom-up synthesis of complex multicomponent nanostruc-
tures with desired morphologies and properties.
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