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Controlled functionalization of nanoparticle (NP) surface is of
great importance in nanoscience. Due to the symmetrical shape and
isotropic surface composition of NPs, however, it is difficult to
attach molecules to a NP with defined stoichiometry. This has
limited the effectiveness of using NPs as biolabels or as building
blocks for a designed assembly. In the past few years, great efforts
were made to break the symmetry of NP surface groups to allow
specific functionalization. While many successes were reported on
the preparation of micron-sized Janus (two-sided) particles,1 the
anisotropical functionalization of small NPs (<100 nm) remains a
challenge. The most common preparative method utilizes interfacial
surfaces to expose the diametric sides of a NP to different chemical
environments, thus allowing selective activation of the surface
groups.2 Unfortunately, limited availability of interfacial surface
often compromises the efficiency of this method. In addition,
anisotropic NPs were prepared by controlling phase separation or
surface nucleation of hybrid NPs.3 Recently, specific functional-
ization of NPs with only a few reactive groups was also reported.4

Here we report a one-step, “mix-and-heat” synthesis for Janus
NPs. It breaks the symmetry of surface functionalities on NPs by
manipulating the core/shell structure of polymer-coated AuNPs
(Figure 1). This control was realized by virtue of a binding com-
petition between a hydrophobic (LA) and a hydrophilic ligand (LB)
on the surface of AuNPs, which led to selective attachment of PS154-
b-PAA60 on one side of the AuNPs. Controlling the anisotropic
polymer coverage opens up opportunities for selective functional-
ization and controlled assembly of the NPs.

Previously, homocentric core/shell AuNPs (Figure 1e, homo-
[AuNP@polymer]) were prepared by reacting AuNPs with thiol-
ended hydrophobic ligands (such as 1) under conditions where
amphiphilic diblock copolymers (such as PS154-b-PAA60) formed
micelles.5 The attachment of hydrophobic PS chains on the fully
LA-covered AuNP surface during self-assembly resulted in a
uniform polymer layer. Introduction of an additional hydrophilic
ligand (LB) during the encapsulation caused an intriguing change
in the polymer attachment, giving NPs with eccentric core/shell
structures (Figure 1f and 1g). Briefly, a mixture of citrate-stabilized
AuNPs, PS154-b-PAA60, LA, and LB in DMF/H2O (volume ratio 4:1)
was heated at 110 °C for 2 h and then slowly cooled down to induce
polymer self-assembly. The synthesis can be easily scaled up to
produce large quantities of ecc-[AuNP@polymer] uniform in size and
morphology. The resulting NPs were readily purified by centrifugation;
resuspension in water gave intact NPs free of reactants and empty
micelles.

Deliberate addition of hydrophilic ligands such as diethylamine
(2), 2-mercaptoacetic acid, or 4-mercaptobenzoic acid (3) during

the encapsulation all gave AuNP@polymer with an eccentric core/
shell structure, indicating the key role of LB in this process. Since
surface-enhanced Raman scattering (SERS) signals of 3 were
observed on the 40 nm ecc-[AuNP@polymer] (vide infra), we
proposed that both LA and LB are coordinated to the AuNPs, with
LA embedded in the PS layer and LB on the “exposed” surface of
AuNPs as shown in the TEM images (Figure 1c, d). This assignment
was supported by control experiments. Heating 1 with AuNPs in
pure DMF without polymer gave a precipitate soluble in neither
DMF nor water, suggesting that the LA-coated surface is unstable
in these solvents; encapsulation of AuNPs in the presence of LB

alone gave mainly free AuNPs unattached by polymer, suggesting
that LB is unstable inside the polymer shells. Therefore, the
alternative assignment of LA/LB was ruled out.

The relative concentrations of LA and LB during encapsulation
determine the morphology of AuNP@polymer. When [1]:[2] varied
from 1:0, 1:22, to 1:132, the core/shell morphology evolved from
homocentric (Figure 1e) to slightly eccentric (Figure 1f) and then
to highly eccentric (Figure 1g). Apparently, the competition between
1 and 2 for surface binding sites has led to selective attachment of
polymer on the partially LA-covered AuNP surface. Increasing LB

concentration led to more competitive binding of LB relative to the
affinity of LA, giving AuNP@polymer with a larger “exposed”
surface. Polymer attachment further complicates the ligand com-
petition by stabilizing LA coordination. The LA/LB coverage ratios,
as manifested from the ratio of the polymer-covered area to the

Figure 1. Schematic diagram showing the formation of homocentric (a
and b) and eccentric (a, c, and d) AuNP@polymer. TEM images of purified
AuNP@polymer when [1]:[2] ) 1:0 (e); 1:22 (f); 1:132 (g), corresponding
to b, c, and d, respectively. All scale bars are 50 nm.
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“exposed” area on each NP, are rather uniform (Figure 1f and 1g).
Near-equilibrium conditions were seemingly attained during the
eccentric encapsulation, as kinetically controlled ligand coordina-
tion/dissociation would have resulted in large differences of LA/LB

coverage ratios on individual AuNPs.

Interestingly, when AuNPs were incubated with LB prior to
encapsulation with LA, flower-like multiple micelle attachments on
AuNPs were observed. The attachment number was generally 1-2
for 15 nm AuNPs (Figure 2a) and 3-5 for 40 nm AuNPs (Figure
2b and 2c), likely dictated by steric constrains. Specifically, the
AuNPs were incubated with either 2 or 3 at room temperature for
2 h, followed by encapsulation in the presence of 1 (Figure 2c and
2b, respectively). SERS spectra of 40 nm AuNPs encapsulated using
1 and 3 (Figure 2d) showed the characteristic peaks of 3 at 1071
and 1576 cm-1,6 confirming the presence of 3 near the Au surface.
Preincubation with LB was critical for this process. Randomly
distributed, multiple micelle attachments on AuNPs were observed
with the preincubation step, while uniform, single micelle attach-
ment on AuNPs was observed without the preincubation step. These
observations suggest that, with preincubation, the ligand dissociation
and exchange were kinetically controlled, leading to uneven
distribution of LA on AuNPs. The irregularity in the number and
size of the attached micelles in Figure 2a-c further supports this
argument. This result, however, is in direct contrast with the uniform
single-micelle-attached ecc-[AuNP@polymer] resulting from the
free competition of LA and LB as discussed previously. A possible
explanation for this paradox is that the incubation of AuNPs with
LB may have resulted in large patches of densely packed ligands
that were kinetically difficult to displace; while under free competi-
tion, the transiently formed small patches of loosely packed ligands
may undergo ligand exchange at near-equilibrium conditions.
Previous studies have shown that a mixture of different thiol ligands
coadsorbed on Au surface could result in phase segregation,7 giving
alternating patches of the ligands. The phase segregation is expected
to be pronounced in our system, where two ligands with very

different hydrophilicity were used. The stabilization/destabilization
effects from the polymer attachment could further encourage this
segregation.

Selective functionalization of the nonsymmetrical AuNPs may
open up opportunities for tailored NP organizations with novel
properties. To test the exchangeability of LB on the “exposed” AuNP
surface, the flower-like ecc-[AuNP@polymer] samples (dAuNP )
40 nm) prepared using 1 and 2, after purification, were incubated
with 3. Since neither 1 nor 2 gives observable SERS signals (Figure
2f), the appearance of 3 signals after incubation (Figure 2e)
demonstrated that the weaker amine ligand on ecc-[AuNP@polymer]
can be displaced by a stronger thiol ligand.

Indeed, organization of AuNPs can simply be achieved via salt-
induced aggregation. Figure 2g shows the results of a purified ecc-
[AuNP@polymer] sample treated with basic NaCl solution. Dimers
of AuNPs accounted for ∼40% of the aggregates observed, while
the rest consisted of monomers and short linear chains. The
preferential formation of dimers instead of sterically allowed trimers
or tetramers could be related to the tendency of linear AuNP
organization induced by salt treatment.8 The unique partially
attached polymer shells on AuNPs allowed aggregation but at the
same time limited the size of the resulting aggregates.

In summary, a facile approach has been developed to break the
symmetry of surface functionalities on AuNPs, where the core/
shell arrangement of eccentric AuNP@polymer can be tuned
utilizing the competitive coordination of the hydrophilic and
hydrophobic ligands used in this system. Controlled aggregation
of the resulting Janus NPs has been demonstrated. With more
specific chemical functionalization, a wide range of AuNP orga-
nizations could be envisioned using the tunable nonsymmetrical
core/shell structures.
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Figure 2. (a) TEM image of 15 nm AuNPs incubated with 2 followed by
encapsulation with 1; (b) TEM image of 40 nm AuNPs incubated with 3
followed by encapsulation with 1, after purification. (c) TEM image of 40
nm AuNPs eccentrically encapsulated using 1 and 2, purified, and then
incubated with 3. SERS signals of sample b (line d) and 40 nm AuNPs
eccentrically encapsulated by 1 and 2 before (line f) and after (line e)
incubation with 3. (g) Aggregates of ecc-[AuNP@polymer], after incubation
with basic NaCl solution (0.1 M NaCl and 0.04 M NaOH). All scale bars
are 100 nm. See large-area views in the Supporting Information.
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