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Patchy nanoparticles (PNs) are particles coated with mixtures
of ligand molecules that separate to form domains or
“patches” of various geometries and dimensions.[1] One of
the main attractive features of PNs is that they can engage in
directional interactions, and as a consequence, self-assemble
into complex yet predictable structures.[2] PNs are starting to
be used in applications ranging from molecular recognition[3]

to cell membrane penetration.[4] For many applications,
monolayer-protected gold nanoparticles (Au NPs) are used
as remarkably versatile precursors to a wide variety of patchy-
particle building blocks.[2c,5] The Au NPs have a central core,
the size and shape of which can be readily changed, and their
protecting ligands can possess a wide range of physical and
chemical properties. Moreover, advances in understanding[6]

now make it possible to design mixed-monolayer shells with
predictable patchy protecting-ligand domains on the Au-NP
surface.[7]

Recently we began studying a new class of Au PNs:
particles stabilized by mixtures of alkanethiolate and inor-
ganic polyoxometalate (POM) cluster-anion protecting
ligands,[8] such as a-AlW11O39

9� (1, Figure 1).[9] The combina-
tion of small organic molecules bound to the NP surface
through Au�S bonds with the much larger and negatively
charged inorganic anions provides an extreme situation,
which is different from anything studied before. Moreover,
owing to their numerous tungsten (Z = 74) atoms, the POMs
enable us to directly image PN ligand shells by cryogenic
transmission electron microscopy (cryo-TEM).[10]

Our initial studies focused on the replacement of anionic
POM ligands by thiol ligands possessing anionic carboxylate

endgroups. On approximately spherical POM-protected Au
NPs, we observed the formation of small islands of the
thiolate ligands, and these islands grew as a function of thiol
concentration.[11] We also recently observed that for tetrahe-
dral and octahedral POM-protected Au NPs, the place
exchange of POMs by the anionic thiol ligands begins at the
edges of the polyhedral particles.[7b]

Herein we present a more complex situation, the
exchange of POM anions by a cationic alkanethiol, HS-
(CH2)11N(CH3)3

+ (HSR+). Analogously to what has been
found previously for systems consisting of only alkanethiola-
tes,[6c,7a] we identify two distinct size regimes (Figure 2).

For 1-protected Au NPs with a diameter of 14 nm, partial
exchange gives rise to the formation of numerous patches. For
smaller, 4 nm Au NPs, partial ligand exchange leads to the
formation of Janus nanoparticles. These Janus particles in turn
form long linear aggregates. Notably, upon or close to
complete exchange, particles of both sizes form three-
component core–shell aggregates never observed before in
PNs: namely, a corona of POM cluster anions forms around
a spherical shell of cationic thiolate ligands bound directly to
the gold surface (far right in Figure 2). We herein provide

Figure 1. Structure of a-AlW11O39
9� (1) in polyhedral notation. Color

code: WVI-centered polyhedra: blue, AlIII-centered tetrahedron: red.
Oxygen atoms are located at the vertices of the polyhedra.

Figure 2. Reactions of gold nanoparticles (red spheres) that are
protected with 1 (blue circles) with a cationic thiol containing
a quaternary ammonium endgroup (cyan-colored rods with small
yellow dots representing the thiol group).
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a full description of these phenomena and propose a reason-
able framework from which all of them can be understood.

To obtain quantitative reference points for controlled
additions of HSR+, a published spectroscopic method[11]

involving titration with mercaptoundecanoate (HSR�) was
used to fully displace 1 from the Au-NP surfaces. In these UV/
Vis titrations, complete displacements of 1 are indicated by
well-defined titration “endpoints” (see Figure S1 in the
Supporting Information), which provide quantitative refer-
ence values for additions of HSR+. (As shown below, HSR+ is
not suitable for direct use in these titrations.)

After HSR+ was added to 1-protected Au NPs with
a diameter of (13.8� 0.1) nm (Figure 3a) to give a final
concentration equal to 100 % of the HSR� endpoint, cryo-

TEM images revealed a spherical shell of intensity surround-
ing the Au cores (Figure 3c and Figure S2 in the Supporting
Information). The thiolate ligands are not observed by cryo-
TEM.[7b, 11] Rather, POMs provide the intensity associated
with the spherical shell around the Au core. The distance from
the Au core to the outer surface of the 1-monolayer shell in
Figure 3a is (1.5� 0.1) nm.[10a, 12] After addition of HSR+, the
shell thickness (Figure 3c) had increased to (2.6� 0.4) nm
(based on > 100 measurements), the sum of the length of
HSR+ (ca. 1.5 nm) and the crystallographic diameter of the
POM anion (1.2 nm).[12] Furthermore, the hydrodynamic
radius of the particles (from dynamic light scattering, DLS)
increased by (1.8� 0.3) nm.

Additional information about the mixed-ligand shell was
provided by UV/Vis spectroscopy. When HSR+ was incre-
mentally added to 1-protected 14 nm gold nanoparticles,
surprisingly small spectral changes were observed. No
changes are detected at 750 nm (Figure 4, blue circles), thus
ruling out particle aggregation. The surface plasmon reso-
nance (SPR) absorbance maximum remained at 526 nm,

slightly decreased in intensity at first, but returned to 99 % of
its initial value as [HSR+] reached 100 % of the HSR�

endpoint concentration (i.e., 100 % EP; Figure 4, red dia-
monds). By contrast, displacement of 1 from the ligand shell
by HSR� (in solutions with pH ca. 7) causes a linear decrease
in SPR absorbance, thereby leading to a titration endpoint
(noted above) as the POMs are not only removed from the Au
surface, but are subsequently repulsed by the organic ligands�
anionic (carboxylate) endgroups (Figure 4, inset).

The very small (1%) decrease in absorbance at 526 nm
after HSR+ was added to [HSR+] = 100 % EP confirms that
nearly all of the 330[10a] molecules of 1 initially in the POM-
monolayer shell remain relatively close to the gold surface.
Importantly, the SPR absorbance remains largely unchanged,
because it is still determined by the refractive index of an
encapsulating inorganic-ligand shell.[13]

These data indicate a clean “insertion” of the cationic
thiolate ligands, thus giving the double-shell structure illus-
trated below Figure 3c; this structure is comprised of a gold
core with an alkanethiolate protecting shell, surrounded by
a spherical shell of POM anions electrostatically stabilized[10b]

by interaction with the cationic endgroups of the self-
assembled monolayer (SAM) of -SR+ ligands.

The above methods were used to assess the intermediate
structures formed during incremental additions of HSR+.
Initially, ([HSR+] = 10% EP, possibly corresponding to
nucleation of HSR+ on the Au surface), the absorbance at
526 nm (red diamonds in Figure 4 and its inset) indicated
a decrease in the number of POMs in the mixed-ligand shell.
When more HSR+ was added ([HSR+] = 10–100% EP),
however, the absorbance at 526 nm returned to near its
original value, thus suggesting the presence of more mole-
cules of 1 near the Au particle (either on the Au surface, or
forming ion pairs with larger patches of Au-bound -SR+

ligands). Cryo-TEM images of intermediate ligand-shell
structures at [HSR+] = 50 % EP (Figure 3b, and see also
Figure S3 in the Supporting Information) revealed patches of

Figure 3. Reaction of a 1-protected 14 nm Au NP with HSR+. Shown
are cryo-TEM images of 14 nm Au NPs: a) protected by a monolayer
of 1, b) after adding HSR+ to give a concentration equal to 50 % of the
HSR� endpoint value, and c) after adding HSR+ to a concentration
equal to 100% of the HSR� endpoint value, thereby resulting in
a core/double-shell structure. Two-dimensional illustrations are pro-
vided below each cryo-TEM image. Scale bar =10 nm. Insets show
pictures of the corresponding solutions.

Figure 4. UV/Vis absorbance changes upon incremental additions of
HSR+ to 1-protected 14 nm Au NPs. Concentrations of HSR+ are
plotted relative to the HSR� endpoint (EP). Absorbance at 526 nm is
shown by red diamonds, and at 750 nm by blue circles. Uncertainties
(from repeated reactions) are 0.017 and 0.006 arbitrary units, respec-
tively. Inset: Comparison of the absorbance at 526 nm during addi-
tions of HSR+ (red diamonds), with the linear decrease in absorbance
during the displacement of 1 by HSR� , leading to the titration
endpoint (black circles and line).
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1 directly bound to the gold surface, along with regions in
which the POM anions are farther from the surface and, we
believe, associated with cationic endgroups of the -SR+

ligands.
Next, HSR+ was added to 1-protected Au NPs with

smaller, (3.8� 0.6) nm cores (Figure 5a). At [HSR+] = 100%
EP, ligand insertion gives double-shell structures (Figure 5c;
see also Figure S4 in the Supporting Information) analogous
to those on 14 nm particles. The thickness of the shell around
the Au core increased to (2.3� 0.4) nm (based on > 100
measurements), relatively small changes were observed in
UV/Vis spectra (Figure S5), and particle radii (by DLS)
increased by (1.2� 0.3) nm.

Remarkably, however, partial displacement of the POMs
from the gold surface by HSR+ ([HSR+] = 40 % EP) gave rise
to purple solutions, and cryo-TEM images reveal linear
polymers (Figure 5b and inset; see Figure S6 in the Support-
ing Information for UV/Vis spectra). Other cryo-TEM images
revealed chains reaching lengths of up to several microns, and
comprised of up to approximately 2000 particles (Figure S7 in
the Supporting Information). In most of these large struc-
tures, branch points occur at approximately 5–15% of the
monomeric units. Close examination of the images suggests
the branching is due to the slightly polydisperse size
distribution of the Au NPs with smaller (� 2 nm) particles
acting as branching points. The Au-NP polymer solutions are
remarkably stable, with no precipitate observed after months
at ambient temperature. It seems that 1 plays an important
role for stabilization as well. Namely, in the absence of 1, the
NPs of the same size with mixed ligand shells of 40 or 50%
each of -SR+ and -SR� rapidly precipitate, thereby leaving
clear, colorless solutions.

To form linear polymers (Figure 5b), the monomeric
gold-core building blocks must contain functional regions on
opposite sides of the approximately spherical particles. This
structural motif, which is fundamental to polymer science, is
the basis for covalently linked oligomeric chains of Au-NP
oligomers,[14] and for the chains that arise from hydrophobic
interactions between alkanethiolate capping ligands at oppo-
site ends of 200 nm gold nanorods.[15] In the present case, the

observation of highly linear polymers with abundant bifunc-
tional Au-NP units suggests the formation and electrostatic
assembly of dipolar Janus-like nanoparticles with phase-
separated -SR+ (positive) and inorganic cluster-anion (neg-
ative) ligand domains.

Experimental[7a] and computational[6c] data show that for
sufficiently small Au cores, mixed-ligand shells phase separate
to give Janus particles. Evidence for phase separated alkan-
thiolate and POM domains on the smaller (4 nm) Au cores
was obtained by reacting 1-protected particles with HSR� .
Owing to the negative charge of the thiolate, Au cores with
mixed -SR�/POM ligand shells remain as isolated particles,
the mixed-ligand protecting-shell structures of which are
more amenable to detailed analysis by cryo-TEM.[16] HSR�

([HSR-] = 20 % EP)[17] was added to 4 nm Au NPs protected
by mono-defect Wells–Dawson anions, a-P2W17O61

10� (2, K+

salt). These cluster anions, each containing 17 W atoms, are
more electron-dense than 1, and more readily imaged
(Figure 6; see also Figure S8 in the Supporting Information).

Consistent with recent findings,[6c,7a] the -SR� ligands
appear to form single hydrophobic domains on the 2-
protected 4 nm Au cores, thereby resulting in Janus-like
patchy nanoparticles with organic and inorganic (-SR� and
POM) regions. Hydrophobic domains, based on close inter-
actions between the hydrocarbon chains of -S(CH2)11N-
(CH3)3

+ (-SR+) should also be energetically favored when
HSR+ is added to 1-protected 4 nm Au NPs. The length of
-SR+ is similar to the diameter of 1, such that intimate mixing
of the two ligands is not expected to enhance the conforma-
tional degrees of freedom (i.e., entropy) of the organic
ligands. Rather, the positively charged endgroups would
interact with neighboring cluster anions, thereby significantly
decreasing conformational degrees of freedom of the hydro-
carbon chains. Moreover, the inorganic monolayer is electro-
statically stabilized by structurally integrated counter cations
(Na+ and K+), that nearly balance the negative charges of the
closely spaced cluster anions 1.[10a,b] Hence, despite their
cationic endgroups, the “intrusion” of -SR+ ligands, with their
hydrophobic 11-carbon-atom chains, into regions covered by
monolayers of 1, should be much less energetically favorable
than separated domains, analogous to those in Figure 6.

Evidence that the ligand-shell structures of the self-
assembled Au PNs are thermodynamically stable phase-

Figure 5. Reaction of HSR+ with 1-protected small Au NPs. a) Cryo-
TEM image of a 1-protected Au NP. b) Reaction with HSR+ (40% EP)
gives a purple solution (inset) owing to the formation of Au-NP
polymers. c) Further addition of HSR+ results in a disappearance of
the purple color (depolymerization) and formation of a double-shell
structure. (For cryo-TEM imaging, particles slightly larger than the
average size of 4 nm were optimal: the core sizes of the particles in
panels (a) and (c) are 5.5 nm and 5.0 nm, respectively.) Scale
bar = 10 nm. Figure 6. Phase-separated (Janus-like) mixed-ligand shells on small Au

NPs. a) Cryo-TEM image of a (4�1) nm Au core, protected by a-
P2W17O62

10� (2), and then reacted with HSR� (20% EP). b) Two-
dimensional illustration of the image in (a). Scale bar = 10 nm.
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separated domains of -SR+ and 1 was provided by examining
a purple solution of the polymer (identical to that in
Figure 5b) after storage for 18 months at ambient temper-
ature (ca. 15 to 40 8C), unprotected from exposure to light. No
precipitate was observed, and no changes were detected by
UV/Vis spectroscopy (Figure S9 in the Supporting Informa-
tion). The phase-separated domains of -SR+ and 1 give rise to
oppositely charged hemispherical regions. Electrostatic inter-
actions between the positively and negatively charged
domains of these “bifunctional” particles then direct the
assembly of (predominantly) linear polymers (Figure 5b).

Additional support for this assembly mechanism is
provided by comparison with the behavior of the larger,
14 nm diameter, Au PNs, of which the mixed-ligand shells
consisting of 1 and -SR+ ([HSR+] = 50 % EP) contain multi-
ple patches of organic and inorganic domains (Figure 3b). In
that case, no aggregation is detected by UV/Vis spectroscopy
(blue circles in Figure 4). Owing to the presence of multiple
patches, the particle�s “faces” are heterogeneously charged.
Hence, when the particles approach one another, the net
electrostatic attraction is substantially smaller than that
arising from the phase-separated ligand shells on the dipolar
(Janus-like) 4 nm Au PNs.

Further consideration raises a fundamental question
regarding the energetics of the electrostatic assembly process.
Reaction of HSR+ ([HSR+] = 50% EP) with the inorganic-
monolayer shell of a 1-protected 4 nm Au NP is expected to
give the intermediate structure at the upper right in Figure 7,
in which POMs are ion-paired with the newly inserted -SR+

ligands.

Subsequent assembly gives the polymeric structure at the
lower right in Figure 7. At the same time, the concentration of
K91 present in bulk solution is 2 mm, which is orders of
magnitude larger than the approximately 10�8

m concentra-
tion of Au PNs. This high concentration of K91 might be
expected to prevent polymerization by favoring the inter-
mediate structure at the upper right, in which molecules of
1 remain ion-paired to the positively charged -SR+-ligand
domain. (Associations of this type are precisely what we
believe are responsible for the double-shell structures in
Figure 3c and Figure 5c.)

However, theoretical analyses of the energetics of oppo-
sitely charged spherical particles show that aggregation is

driven by the favorable entropy changes that accompany
“counterion release”.[18] As attraction between oppositely
charged regions brings the particles closer to one another,
counterions (in this case, molecules of 1) are released into
bulk solution (Figure 7, right and center), thus giving the
polymeric assembly at the lower right. In related aggregations
of oppositely charged particles, calculated changes in electro-
static energy range from slightly unfavorable to mildly
favorable, as functions of particle radius, a, and the inverse
Debye length, k.[19] Changes in entropy, however, are
consistently favorable. For the present case of (related)
4 nm particles (a = ca. 1.5 nm, and k= 1 nm�1), large entropy
changes are expected[19] to accompany the release of counter-
ions[20] during polymerization.[21]

After polymerization, the addition of more HSR+, to
a final concentration equal to 100 % EP (with mild warming),
results in nearly quantitative depolymerization to give the
double-shell structures shown in Figure 5c. This is a remark-
able result, since, apart from a few notable exceptions,[22a]

gold-nanoparticle assembly processes are irreversible.[22b] In
the present case, however, depolymerization results from
a simple transformation from dipolar to spherically sym-
metrical ligand shells.

More generally, the above findings show how the for-
mation and behavior of patchy nanoparticles in solution—
including the electrostatic self-assembly of micron-sized
polymers and their subsequent depolymerization—can be
controlled by choice of gold-core size combined with rational
in situ modifications of mixed ligand-shell composition and
structure.[2c]
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