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Janus Nanoparticles as Versatile Phase-Transfer Reagents
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ABSTRACT: Janus nanoparticles were prepared by interfacial
ligand-exchange reactions of hexanethiolate-protected gold
(AuC6) nanoparticles with 3-mercapto-1,2-propanediol
(MPD) at the airlwater interface. As nanoscale analogues to
conventional amphiphilic molecules, the resulting Janus
nanoparticles were found to form oil-in-water micelle-like or
water-in-oil reverse micelle-like superparticulate structures
depending on the solvent media. These unique characteristics
were exploited for the effective transfer of diverse guest
nanoparticles between organic and water phases. The transfer
of hydrophobic nanoparticles from organic to water media or
water-soluble nanoparticles to the organic phase was evidenced
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by transmission electron microscopy, dynamic light scattering, UV—vis, and photoluminescence measurements. In particular, line
scans based on energy-dispersive X-ray analysis showed that the vesiclelike structures consisted of multiple layers of Janus
nanoparticles which encapsulated the guest nanoparticles in the cores. The results highlight the unique effectiveness of using
Janus nanoparticles in the formation of functional nanocomposites.

B INTRODUCTION

Janus nanoparticles (JNPs), named after the two-faced Roman
god Janus, refer to a unique class of nanoparticles that exhibit
an asymmetrical structure including, for instance, two hemi-
spheres of different shapes, chemical compositions, and/or
surface functionality.! Research on these unique nanomaterials
has been attracting considerable attention because of their
anisotropic chemical, optical, electronic, and magnetic proper-
ties.”'* For organically capped nanoparticles, research on
Janus nanoparticles is mostly focused on those with two kinds
of organic ligands segregated on the nanoparticle surface
forming a hydrophobic hemisphere and a hydrophilic one."' ™'
Recently, we developed an effective procedure based on
interfacial engineering to prepare nanosized Janus particles.'”
Experimentally, a monolayer of hydrophobic alkanethiolate-
protected gold nanoparticles is formed at the airlwater interface
by using a Langmuir—Blodgett trough. Hydrophilic thiol
ligands are then injected into the water subphase to initiate
ligand-exchange reactions, which are confined to the bottom
face of the nanoparticles, leading to the generation of Janus
nanoparticles.'”” The amphiphilic structures have been con-
firmed on multiple length scales, ranging from contact angle
measurements of nanoparticle ensembles to adhesion force
studies of individual nanoparticles and even to 2D NMR studies
based on nuclear Overhauser effect spectroscopy (NOESY) of
the spin interactions between neighboring molecular ligands on
the nanoparticle surface."® ™!

With their amphiphilic character, the resulting Janus
nanoparticles behave as nanoscale analogues to conventional
surfactant molecules. In fact, in prior studies we have shown
that Janus nanoparticles may be dispersed both in water and
organic media, forming stable (reverse) micelle-like aggre-
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gates.'”?* Another unique property of amphiphilic surfactants is
that they may be used as effective phase-transfer catalysts.”>”>°
Thus, an immediate question arises: Will it be possible to use
Janus nanoparticles as phase-transfer reagents as well? This will
be of significance in the preparation and engineering of diverse
functional nanocomposites. Yet, studies along this line are
relatively scarce. This is the primary motivation of the present
study.

Herein, we carried out a detailed study to examine the phase-
transfer properties of Janus nanoparticles. The Janus nano-
particles were prepared by the interfacial ligand-exchange
reaction of hydrophobic 1-hexanethiolate-protected gold nano-
particles with hydrophilic 1,2-mercapto-3-propanediol.'” Or-
ganically soluble 1-hexanethiolate-protected silver nanoparticles
and fullerene (Cg;) were used as examples in the phase transfer
from organic to aqueous media catalyzed by the Janus
nanoparticles, whereas water-soluble glutathione-protected
silver nanoparticles and photoluminescent carbon nanoparticles
were used in the phase transfer from water to an organic phase.
A variety of experimental tools were used in the structural
characterization, including transmission electron microscopy,
dynamic light scattering, UV—vis absorption, and photo-
luminescence spectroscopy. The results highlight the effective-
ness of amphiphilic Janus nanoparticles in the phase transfer of
diverse nanoparticle materials.
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B EXPERIMENTAL SECTION

Chemicals. Hydrogen tetrachloroauric acid (HAuCl,-«H,0) was
synthesized by dissolving ultra-high-purity gold (99.999%, Johnson
Matthey) in freshly prepared aqua regia followed by crystallization. >
Silver nitrate (AgNO;, Strem, 99.9%), L-glutathione (GSH, Aldrich,
98%), tetra-n-octylammonium bromide (TOABr, Alfa Aesar, 98%), 1-
hexanethiol (C6SH, Acros, 96%), 3-mercaptopropane-1,2-diol (MPD,
Aldrich, 95%), sodium borohydride (NaBH,, Acros, 99%), and
fullerene (Cgo Acros, 99.9%) were all used as received. Solvents
were purchased from typical commercial sources at their highest
purities and used without further treatment. Water was supplied by a
Barnstead Nanopure water system (18.3 MQ-cm).

Hexanethiolate-Protected Gold (AuC6) and Silver (AgC6)
Nanoparticles. Hexanethiolate-protected gold (AuCé6) and silver
(AgC6) nanoparticles were synthesized by using the Brust protocol.”’”
Experimentally, 30 mL of an aqueous AgNO; or HAuCl, solution
(0.03 M) was mixed with 20 mL of a toluene solution of TOABr (0.20
M) and stirred vigorously for 1 h. The organic phase was collected,
into which 150 uL of 1-hexanethiol was added with a Hamilton
microliter syringe. After the solution was stirred for 15 min, 24 mL of a
freshly prepared ice-cold aqueous solution of 0.43 M NaBH, was
added dropwise, and an immediate color change to dark brown
indicated the formation of metal nanoparticles. The reaction mixtures
were then stirred for 4 h to reduce the core-size dispersity before the
organic phase was collected and washed five times with methanol to
remove the phase-transfer catalysts, excessive 1-hexanethiol, and
reaction byproducts. The average core sizes of the AuC6 and AgCé
nanoparticles were 5.0 + 0.5 nm”> and 5.6 + 0.7 nm,*®*" respectively,
as determined by transmission electron microscopy measurements.

Glutathione-Protected Silver (AgGSH) Nanoparticles. Water-
soluble AgGSH nanoparticles were synthesized by adopting a literature
method.? Briefly, 0.25 mmol (42.4 mg) of AgNO; was dissolved in S0
mL of water, into which was added 1 mmol (307 mg) of GSH. A
cloudy white liquid was produced due to the formation of a silver
thiolate suspension, into which was then added a 10 mL aqueous
solution of 0.2 M NaBH, (2.0 mmol) in a dropwise fashion under
magnetic stirring. The color of the solution immediately changed from
cloudy white to slightly yellow and then to dark brown in about 15
min. The reaction mixture was concentrated to a volume of ca. 5 mL in
a rotary evaporator at room temperature, and AgGSH nanoparticles
were precipitated by adding ~20 mL of methanol to the solution. The
precipitates were washed with methanol several times to remove excess
glutathione ligands and other unreacted materials. The purified
AgGSH nanoparticles were soluble in water with an average core
size of ca. 1.5 nm.*

Carbon Nanoparticles (CNPs). The preparation of carbon
nanoparticles has been detailed previously.>"*> Briefly, 100 mg of
carbon soot from the incomplete combustion of natural gas was
refluxed in 10 mL of S M HNO; for 12 h. The brownish yellow
supernatant after centrifugation was neutralized by Na,CO; and then
dialyzed against Nanopure water through a dialysis membrane for 3
days, affording purified carbon nanoparticles which exhibited an
average core diameter of 4.8 + 0.6 nm.>"*

Gold Janus Nanoparticles. AuC6-MPD Janus nanoparticles were
prepared by using an interfacial engineering approach based on the
Langmuir method, which was detailed previously.'” Briefly, a
monolayer of AuC6 nanoparticles was first deposited onto the water
surface of a Langmuir—Blodgett trough (NIMA Technology, model
611D). The particle monolayer was then compressed to a desired
surface pressure where the interparticle edge-to-edge separation was
maintained at a value smaller than twice the extended ligand chain
length such that the interfacial mobility of the particles was impeded.
At this point, a calculated amount of MPD ligands was injected into
the water subphase by a Hamilton microliter syringe so that interfacial
ligand exchange reactions occurred. The resulting particles exhibited
hydrophobic character on one face and hydrophilic on the other. The
amphiphilic characters of the Janus nanoparticles were quantified by
contact angle measurements (Tantec CAM-PLUS contact angle
meter), where the nanoparticle monolayers were transferred onto a
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clean glass slide surface by either the upstroke or downstroke
deposition method. The contact angles were estimated to be 86.4 +
3.7° and 43.4 + 4.2° for the hydrophobic and hydrophilic faces of the
nanoparticles, respectively; and NMR measurements showed that the
molar ratio between the two tyPes of organic capping ligands was close
to 1:1, as reported previously.

Phase Transfer by Janus Nanoparticles. Phase transfers
facilitated by Janus nanoparticles were tested both from CH,CI, to
water and from water to CH,CL. In the transfer from CH,Cl, to
water, 0.05 mg of AuC6-MPD Janus nanoparticles in 300 uL of
CH,Cl, was added to S mL of water in a 7 mL glass vial,
corresponding to an oil/water (o/w) ratio of 0.06:1. The vial was then
subjected to mechanical agitation with a Fisher Vortex Genie 2 at
approximately 3200 rpm for 10 min, after which the solution was
allowed to settle down for at least 1 h. The transfer from water to
CH,Cl, was tested in a similar fashion. Briefly, 300 uL of water was
added to a 5§ mL CH,CI, solution of 0.0S mg AuC6-MPD Janus
nanoparticles in a glass vial (o/w ratio 1:0.06), which was then
subjected to mechanical agitation for 10 min followed by 1 h of
settlement. As a control, AuC6 nanoparticles were used instead of
AuC6-MPD Janus nanoparticles, and the rest of the procedure was
identical.

For nanoparticle-transfer tests, the procedure was identical as well
except that hydrophobic nanoparticles (AgC6 nanoparticles or Cg,
0.05 mg) were dispersed in 300 4L of CH,Cl, and added to 0.05 mg of
AuC6-MPD Janus nanoparticles in S mL of water or hydrophilic
nanoparticles (AgGSH nanoparticles or CNPs, 0.0S mg) were
dispersed in 300 uL of water and added to 0.05 mg of AuC6-MPD
Janus nanoparticles in S mL of CH,Cl,.

In these studies, the nanoparticles were initially dispersed in an
appropriate solvent at a concentration of ca. 0.40 mg/mL. A calculated
volume (125 pL) was then transferred with a Hamilton microliter
syringe to produce 0.05 mg.

Characterization. Contact angles of monolayers of the AuCé-
MPD Janus nanoparticles were measured with a Tantec CAM-PLUS
contact angle meter. For each sample, at least eight independent
measurements were carried out for statistical analyses. UV—vis
absorption spectra were collected with a Unicam ATI UV4
spectrometer by using a 1 cm quartz cuvette. The same solutions
were also used for photoluminescence measurements which were
carried out with a PTI fluorescence spectrometer. The morphology
and sizes of the nanoparticle aggregates were characterized by
transmission electron microscopic studies (TEM, Philips CM200 at
200 kV) where elemental analysis was carried out by energy-dispersive
X-ray (EDX) spectroscopic measurements. Dynamic light scattering
(DLS) studies were carried out by using a Wyatt DynaPro NanoStar
temperature-controlled microsampler with the nanoparticles dissolved
in varied solvent media. An aliquot (S uL) of the particle solutions at a
concentration of ca. 0.05 mg/mL was introduced into a sample holder
by using a 10 uL micropipet. The results were reported in terms of
mass %.

B RESULTS AND DISCUSSION

Amphiphilicity of Janus Nanoparticles. We first tested
the formation of oil-in-water micelle-like structures with AuCé6-
MPD Janus nanoparticles in a small amount of CH,Cl,
followed by the addition of a large excess of water.
Experimentally, 0.05 mg of Janus nanoparticles was initially
dispersed in 300 uL of CH,Cl,. After the addition of a large
excess (5 mL) of water (o/w ratio 0.06:1), mechanical agitation
led to the appearance of a rather uniform reddish solution, as
depicted in Figure 1A, suggesting the homogeneous mixing of
the CH,Cl, and water phases. It should be noted that the
solution remained stable without apparent phase separation for
more than 3 days. This is in sharp contrast to only pure
solvents of (5 mL) water and (300 uL) CH,Cl, which are
immiscible even after extensive mechanical agitation (panel B).
Markedly different behaviors are also observed with AuC6
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Figure 1. Photographs of solutions after mechanical agitation: (A)
0.05 mg of AuC6-MPD JNPs in 300 uL of CH,Cl, with S mL of
water; (B) 300 uL of CH,Cl, with S mL of water; (C) 0.05 mg of
AuC6 NPs in 300 uL of CH,Cl, with § mL of water; (D) 300 uL of
water with 0.05 mg of AuC6-MPD JNPs in S mL of CH,Cl,; (E) 300
UL of water with S mL of CH,Cl,; (F) 300 uL of water with 0.05 mg
of AuC6 NPs in S mL of CH,CL,.

Table 1. Average Hydrodynamic Diameters (d, nm) of
Nanoparticle Ensembles in Various Media Determined by
DLS Measurements

AuC6- AuC6- AuC6-
AuC6- MPD + MPD + AuC6-MPD  MPD +
MPD AgC6 Ceo + AgGSH CNP
CH,Cl, 582
CH,Cl,— 148.4 279.9 4263
H,O0
(1:0.06)
CH,Cl,— 302.8 179.9 274.5
H,O0
(0.06:1)

nanoparticles. When 5 mL of water was added to the solution
of AuC6 nanoparticles in 300 uL of CH,Cl,, after mechanical
agitation the water phase remained clear, and at the bottom of
the vial, dark-brown droplets can be found, which were the
AuC6 nanoparticles in CH,Cl, (note that the density of
CH,Cl, is higher than that of water, so the CH,Cl, phase is at
the bottom), as depicted in panel C.

We also tested the possibility of forming water-in-oil reverse
micelle-like structures with the same Janus nanoparticles. In a
similar fashion, the same quantity of Janus nanoparticles (0.05
mg) was dispersed in a large excess (S mL) of CH,Cl, and then
a small amount (300 uL) of water was added (at an o/w ratio
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of 1:0.06), and mechanical agitation also led to the formation of
a homogeneous solution, as manifested in panel D, again in
sharp contrast to the case with the same amounts of (S mL)
CH,Cl, and (300 uL) water only but without the Janus
nanoparticles where water droplets could be clearly seen on the
side of the vial (panel E) because of their immiscibility.
Furthermore, solvents (5 mL) CH,Cl, and (300 uL) water
were not miscible with AuC6 nanoparticles dispersed in
CH,Cl,, as manifested in panel F, where after mechanical
agitation water formed droplets on the upper side of the vial.

The hydrodynamic diameters of the aggregate structures
formed by the Janus nanoparticles in these different solvents
were then evaluated by DLS measurements. When AuC6-MPD
Janus nanoparticles were initially dispersed in CH,Cl,, the
average hydrodynamic diameter was found to be about 58.2
nm, about 10 times the physical core size of individual
nanoparticles (5.0 nm, as determined by TEM measurements).
This may be ascribed to the amphiphilic nature of the particles
that self-assembled to minimize the exposure of the hydrophilic
face to the solvent, as observed previously.'” It is interesting
that with the addition of only a small amount of water (o/w
ratio 1:0.06) the size of the nanoparticle ensembles increased
significantly to ca. 148.4 nm after mechanical agitation. As
shown above in the optical images (Figure 1D), a
homogeneous solution was formed with water dispersed into
the CH,Cl, solution of AuC6-MPD Janus nanoparticles, likely
in the form of reverse micelle-like multilayer vesicle structures
with water droplets trapped in the cores. In the case where an
oil-in-water dispersion was formed with a large excess of water
added to a CH,Cl, solution of AuC6-MPD Janus nanoparticles
(o/w ratio 0.06:1, Figure 1A), the average hydrodynamic
diameter of the resulting nanoparticle assemblies was found to
be even larger at ca. 302.8 nm. This is consistent with the
formation of micelle-like superparticulate structures with
CH,Cl, droplets as the anchoring cores. The results are
summarized in Table 1.

These observations clearly showed the amphiphilicity of
Janus nanoparticles that might form (reverse) micelle-like
superparticulate structures (Scheme 1). Under the oil-in-water
condition (panel A), AuC6-MPD Janus nanoparticles self-
assembled into a structure that was analogous to multilayer
vesicles, with the hydroxyl-terminated MPD hemispheres
situated on the outermost surface and hydrophobic oil
(CH,Cl,) trapped within the central cores. On the contrary,
in the water-in-oil condition (panel B), an opposite orientation
was mostly likely formed where the outermost surface of the
nanoparticle ensembles would be the hydrophobic hexanethio-
late hemispheres and water encapsulated in the ensemble cores.

UV—vis measurements were also carried out to provide
further insight into the amphiphilic character of these Janus
nanoparticles and the formation of aggregates in different
media. The optical absorption profiles of AuC6 (black curve)
and AuC6-MPD Janus (red curve) nanoparticles in CH,Cl,
were depicted as Figure 2. It can be seen that the original AuC6
nanoparticles (black curve) exhibited an exponential decay
profile (Mie scattering) with an absorption peak at 556 nm,
characteristic of the surface plasmon resonance of nanosized
gold particles.*>**** For the AuC6-MPD Janus nanoparticles
(red curve), the surface plasmon peak was broadened and red-
shifted to 612 nm, suggesting enhanced interparticle electronic
coupling as a consequence of the formation of nanoparticle
aggregates, as observed in the above DLS measurements. More
interestingly, when a small amount of water was added to the
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Scheme 1. Schematic Structures of (A) Oil-in-Water and (B) Water-in-Oil Vesicles Formed by Janus Nanoparticles
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Figure 2. UV—vis absorption spectra of AuC6 NPs in CH,Cl, (black
curve) and AuC6-MPD JNPs in CH,Cl, (red curve), in CH,Cl,—H,O
(1:0.06, green curve), and in CH,Cl,—H,0 (0.06:1, yellow curve).

Janus nanoparticle solution in CH,Cl, (o/w ratio 1:0.06, Figure
1D), the corresponding surface plasmon peak became
increasingly broadened and red-shifted to 651 nm (green
curve). A more drastic red shift to 668 nm (yellow curve) can
be seen when a large excess of water was added to the Janus
nanoparticle solution in CH,Cl, (o/w ratio 0.06:1, Figure 1A).
These observations are in excellent agreement with the DLS
results where larger nanoparticle aggregates were formed in the
latter (Table 1).

Taken together, these studies highlight the amphiphilic
character of Janus nanoparticles where oil-in-water or water-in-
oil vesiclelike superstructures can be readily formed, akin to
conventional surfactant molecules, depending on the solvent
media. Such unique properties may be exploited for the phase
transfer of a diverse variety of guest nanoparticles between the
organic and aqueous phases, as manifested below.

Transfer of Hydrophobic Nanoparticles from the
Organic to Aqueous Phase. In the first tests, hydrophobic
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hexanethiolate-protected silver (AgC6) nanoparticles and
fullerene (Cg4) were employed as examples to manifest the
phase-transfer properties of Janus nanoparticles from organic to
aqueous media. AgC6 and Cg, were initially dispersed in
CH,CL,. With the addition of a large excess of water (o/w ratio
0.06:1), a homogeneous solution was formed when aided by
Janus nanoparticles, as depicted in Figure 3A,C, respectively.
Yet in the absence of Janus nanoparticles, AgC6 and Cg,
remained at the bottom of the vials, as manifested by the
dark-brown CH,Cl, droplets in panels B and D, respectively.

Consistent results were obtained for DLS measurements
(Table 1). For the solution of Figure 3A, the average
hydrodynamic diameter of the resulting nanoparticle aggregates
is ca. 179.9 nm, suggesting that the AgC6 nanoparticles were
most likely encapsulated in the CH,Cl, cores as well as
between the Janus nanoparticles in the vesicle layers. For the
solution of Figure 3C, even larger nanoparticle aggregates were
formed with an average hydrodynamic diameter of 274.5 nm
due to the formation of Cg, crystals within the Janus
nanoparticle vesicles (vide infra).

The transfer of hydrophobic AgC6é nanoparticles and Cg,
from CH,CI, to water by AuC6-MPD Janus nanoparticles was
further confirmed by UV—vis absorption measurements, as
shown in Figure 4. The characteristic surface plasmon
resonance of AgC6 nanoparticles in CH,Cl, can be found at
424 nm (Figure 4A, red curve), and with the addition of
AuC6-MPD Janus nanoparticles, two absorption bands (green
curve) appear at 424 and 556 nm. Note that the latter is
consistent with the optical absorption of AuC6-MPD Janus
nanoparticles (black curve). The fact that no additional
absorption peak emerges indicates no intimate interactions
between the two nanoparticles. However, with the addition of a
large excess of water (Figure 3A), the UV—vis absorption file
became largely featureless with a weak, broad bump between
600 and 800 nm (yellow curve). This is in good agreement with
the formation of nanoparticle aggregates such that the surface
plasmon resonances were markedly broadened because of
enhanced electronic coupling between adjacent gold and silver
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Figure 3. Photographs of 0.05 mg of AgC6 NPs in 300 uL of CH,Cl, mixed with § mL of water (A) with and (B) without 0.05 mg of AuC6-MPD
Janus nanoparticles and 0.05 mg of fullerene Cg, in 300 #L of CH,Cl, mixed with S mL of water (C) with and (D) without 0.05 mg of AuC6-MPD
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Figure 4. UV—vis adsorption spectra of (A) AgC6 NPs and (B) Cq,
before and after phase transfer from CH,Cl, to water by AuC6-MPD
Janus nanoparticles. The inset of panel B is an enlarged image of the
absorption profiles between 400 and 800 nm.

nanoparticles, in agreement with results from the aforemen-
tioned DLS measurements (Table 1).

The UV—vis spectra of C4, before and after phase transfer by
Janus nanoparticles are depicted in Figure 4B. For Cg,
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Figure S. Excitation and emission spectra of Cg, in CH,Cl, (black

curve), mixed with AuC6-MPD JNPs in CH,Cl, (red curve) and after
being transferred to water by AuC6-MPD JNPs (green curve).

dispersed in CH,Cl, (black curve), three absorption peaks
can be clearly seen at 208, 256, and 328 nm, which may be
ascribed to the 8'T,, < 1'A;, 6'T,, < 1'A,, and 3'T), « 1'A,
transitions of Cg, molecules, respectively.*® The same spectral
features can be seen with the addition of Janus nanoparticles to
the Cg, solution, along with the emergence of a broad peak
within the range of 500 to 600 nm that is due to the gold Janus
nanoparticles (red curve and figure inset). However, when Cg
was transferred to the aqueous phase by the Janus nanoparticles
(Figure 3C), the three absorption peaks of Cg, virtually
vanished (green curve), signifying the formation of Cg
clusters,”® and the weak, broad band centered at ca. 575 nm
(figure inset) may be ascribed to the formation of ensembles of
Cgo and Janus nanoparticles. Note that as Cy, is barely soluble
in water, they are most likely concentrated within the vesicles
formed by the Janus nanoparticles in the form of nanocrystals
rather than individual molecules of Cy, (vide infra).
Consistent results were obtained in photoluminescence
measurements. As shown in Figure S, Cg, exhibits a
characteristic reddish orange emission peak at 730 nm (and a
corresponding excitation peak at 459 nm, black curves), which
was attributed to the triplet state of Cg, in solutions® > and
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Figure 6. Representative TEM images of (A) AuC6-MPD JNPs alone in CH,Cl,—H,O (o/w ratio 0.06:1), (B) with Cg, (inset shows crystal lattices
of Cg nanocrystals), and (C) with AgC6 NPs. (D) Representative STEM image of an aggregate formed with AgC6 and AuC6-MPD JNPs. The top
inset is a schematic of the AgC6 nanoparticles encapsulated within the vesicles of AuC6-MPD Janus nanoparticles, and the bottom inset shows the
corresponding line scans of EDX elemental mapping with the orange curve for Ag and aqua blue curve for Au.
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Figure 7. Photographs of 0.05 mg of AgGSH NPs in 300 uL of water
mixed with S mL of CH,Cl, (A) with and (B) without 0.05 mg of
AuC6-MPD JNPs and 0.05 mg of carbon NPs in 300 yL of water
mixed with S mL of CH,Cl, (C) with and (D) without 0.05 mg of
AuC6-MPD JNPs.

thin films.***" Note that the photoluminescence profiles

showed no obvious variation by mixing AuC6-MPD Janus
nanoparticles with Cgy in CH,Cl, (red curves), which suggests
no strong interactions between Cq and AuC6-MPD Janus
nanoparticles in CH,Cl,. However, the peak intensity increased
markedly with the addition of a large excess of water (green
curves), indicating an enhanced local concentration of Cg, in
the solution, which is consistent with results from UV—vis
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Figure 8. UV—vis adsorption spectra of AgGSH NPs in aqueous
solution (black curve) and after being transferred to CH,Cl, by AuC6-
MPD JNPs (red curve).

measurements in which C4, was encapsulated within the
CH,Cl, cores of the Janus nanoparticle vesicles.

The formation of superparticulate ensembles can also be
visualized by TEM measurements. Figure 6A depicts a
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Figure 9. TEM (A) and STEM (B) images of the aggregate formed with AgGSH NPs and AuC6-MPD JNPs. In panel B, the top inset is a schematic
of the AgGSH nanoparticles encapsulated within the vesicles of AuC6-MPD Janus nanoparticles, and the bottom inset is the line scan of EDX
elemental analysis of a representative nanoparticle ensemble, with the aqua blue curve for gold and the orange curve for silver.
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Figure 10. Excitation and emission spectra of CNPs in water (black
curve) and after being transferred to CH,Cl, with AuC6-MPD JNPs
(red curve).

representative TEM micrograph of the AuC6-MPD Janus
particles in CH,Cl,—H,O (o/w ratio 0.06:1, Figure 1A), where
one can see a largely vesiclelike structure of about 160 nm in
diameter constituting multiple layers of nanoparticles that
encapsulated an empty core. This again suggests the
amphiphilicity of the Janus nanoparticles that self-assembled
into a vesiclelike superstructure. In the phase transfer of Cg,
from CH,Cl, to water (Figure 3C), one can see from Figure 6B
that Cg molecules, represented by the light-contrast objects,
largely clustered together to form nanoscale crystals that were
trapped within the AuC6-MPD Janus nanoparticle ensembles,
as highlighted by the white square. Furthermore, the fringe
spacing of the Cg4; nanocrystals was estimated to be 0.50 nm,
which is consistent with the (220) planes (0.50074 nm) of face-
centered cubic (fcc) Cy, crystals.*”* For the transfer of AgC6
nanoparticles (Figure 3A), a vesiclelike structure can also be
found, yet with a marked shrinkage of the void space in the
center, as shown in Figure 6C. This is likely due to the
encapsulation of the AgC6 nanoparticles in the CH,Cl, cores of
the Janus nanoparticle vesicles (top inset to panel D). In fact,
line scans based on the EDX elemental analysis of a typical
nanoparticle ensemble showed that the Ag profile (orange

curve) was mostly enclosed within the Au signals (blue curve),
as depicted in Figure 6D and bottom inset.

Transfer of Hydrophilic Nanoparticles from the Water
Phase to the Organic Phase. In this study, water-soluble
glutathione-stabilized silver (AgGSH) and carbon (CNP)
nanoparticles were used as examples of phase transfer from
water to CH,Cl, by AuC6-MPD Janus nanoparticles. As
illustrated in Figure 7, homogeneous solutions were obtained
when a large excess of CH,Cl, was added to the AgGSH or
CNP solutions in a small amount of water (o/w ratio 1:0.06) in
the presence of AuC6-MPD Janus nanoparticles, as depicted in
panels A and C, respectively. In contrast, in the absence of
Janus nanoparticles, the water phase remained clearly separated
from CH,Cl,, as manifested by the brown layers on the CH,Cl,
surface in panels B and D.

The dimensions of the nanoparticle ensembles were then
determined by DLS measurements (Table 1). For solution A,
where water-soluble AgGSH nanoparticles were transferred to
CH,Cl, by AuC6-MPD Janus nanoparticles, the average
hydrodynamic diameter of stable aggregates was found to be
279.9 nm, about 12S5 times larger than that of the AgGSH
nanoparticles alone in water (2.2 nm). For solution C, where
CNPs were transferred to CH,Cl, with AuC6-MPD Janus
nanoparticles, the size of the nanoparticle ensembles was
determined to be 426.3 nm, in comparison to 7.4 nm for
individual CNPs in water.

The corresponding UV—vis absorption spectra are shown in
Figure 8. For AgGSH nanoparticles alone in water, the surface
plasmon resonance peak can be identified at 454 nm (black
curve), characteristic of nanosized silver particles.* After being
transferred to the CH,Cl, phase by the AuC6-MPD Janus
nanoparticles (o/w ratio 1:0.06), the absorption profile was
largely featureless with a broad peak within the range of 550 to
800 nm. The broadening and red shift of the surface plasmon
resonance again arose from strong electronic interactions
between the nanoparticles as a result of the formation of
nanoparticle aggregates (red curve).

The formation of nanoparticle aggregates can also be clearly
seen in TEM measurements. Figure 9A depicts a representative
nanoparticle ensemble with a roughly spherical shape of about
160 nm in diameter, similar to those of AgC6 and AuC6-MPD
Janus nanoparticles in CH,Cl,—H,O (Figure 6C). The vesicle-
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like structure is evidenced by the partial collapse of the
ensemble, as highlighted by the yellow arrow in panel A. Line
scans based on the EDX elemental analysis of a typical
nanoparticle ensemble in panel B showed that indeed the silver
signals (orange curve) were enclosed within the gold profile
(blue curve), as manifested in the bottom inset. This is
consistent with the encapsulation of AgGSH nanoparticles
within the Janus nanoparticle vesicles (top inset).

For carbon nanoparticles, the effective transfer from water to
the organic phase can also be seen in optical measurements.
From the excitation and emission photoluminescence spectra in
Figure 10, one can see that carbon nanoparticles in water (black
curves) exhibited a well-defined excitation peak at 322 nm and
a corresponding emission peak at 444 nm, which have been
ascribed to electronic transitions of g)henanthrenequinone—like
moieties on the nanoparticle surface.”’** In contrast, when the
carbon nanoparticles were transferred to the CH,Cl, phase by
the Janus nanoparticles, the photoluminescence was substan-
tially quenched (red curves). This quenching may be accounted
for by the close proximity of gold nanoparticles to the carbon
nanoparticles where metal nano4partic1es are known to be
effective luminescence quenchers.™

B CONCLUSIONS

The amphiphilicity of Janus nanoparticles was tested by a series
of experiments. With hydrophobic capping ligands on one
hemisphere and hydrophilic ones on the other, Janus
nanoparticles were readily dispersed in both water and organic
media and formed oil-in-water micelle-like or water-in-oil
reverse micelle-like superparticulate structures by mechanical
agitation. This unique property was exploited for the transfer of
hydrophobic nanoparticles (e.g, AgC6 and Cg, nanoparticles)
from CH,Cl, to water as well as for the transfer of water-
soluble AgGSH and carbon nanoparticles from water to
CH,Cl,, in sharp contrast to the homogeneously capped
AuC6 nanoparticles. In these tests, the formation of vesicle-like
nanoparticle ensembles was clearly visualized in TEM measure-
ments, with the shells consisting of multiple layers of Janus
nanoparticles and guest nanoparticles encapsulated primarily in
the cores. Consistent results were obtained in DLS, UV—vis,
and photoluminescence measurements. The studies further
highlight the analogous behaviors of Janus nanoparticles with
respect to conventional surfactant molecules in the formation
of (reverse) micelle-like structures and their application as a
unique phase-transfer catalyst in the formation of functional
nanocomposites.
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