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ABSTRACT

Amphiphilic, PEGylated gold nanoparticles, of ~ ~2 nm average core diameter, were synthesized by reduction of hydrogen tetrachloroaurate in
the presence of the ligand (1-mercaptoundec-11-yl)tetra(ethylene glycol). These PEGylated gold nanoparticles were found to assemble cleanly

at the oil —water interface. This self-assembly process gave a microencapsulated oil phase, water as the continuous phase, and a monolayer
of gold nanoparticles at the oil —water interface. The capsules could be cross-linked from the organic phase by reaction of the chain-end
hydroxyl groups of the PEG ligands with suitable electrophiles such as terephthaloyl chloride.

The development of reliable syntheses of well-defined as capsules and ultrathin she¥t%.In general, the combina-
nanoparticles has opened many new opportunities in the areasion of intrinsic nanoparticle properties, such as fluorescence,
of nanoscience and nanocompositésBeing able to control  conductivity, and magnetic properties, combined with control
the assembly of such well-defined nanoparticles is critically over their spatial location by assembly at the fhaftlid
important for effectively harnessing the unique properties interface, carries potential in numerous applications in which
of the nanoparticles, which arise from their nanometer-scale multifunctional nanostructured materials, including encap-
dimensions:8 Tailoring the ligand periphery of nanoparticles  sulants and delivery systems, are neetie#.

is proving useful for their dispersion and assembly in  cagmium selenide and gold represent two examples of
polymers and fluids, for example, within homopolymers 10 angparticles that can be prepared with finely controlled
give dispersed nanocomposites; within block copolymers  ayerage diameters and excellent reproducibfiityBoth
and block copolymer templates to give hybrid assemblies ¢ qmiym selenide and gold nanoparticles are stabilized by

with predictable spatial location of;gezr;anopartié%é? and  3ikane-based hydrophobic ligands that render the particles
at the interface of immiscible fluids. soluble in organic solvents. While tnoctylphosphine oxide

Itis vyell—established t_haF microparticles strongly segregate (TOPO)-covered CdSe quantum dots were found to segregate
to the interface of immiscible fluids, driven by a reduction 5 ihe oil-water interface n-dodecanethiol-covered gold

. ) o 51 - )
of interfacial energy”*! The driving force responsible for \,,haicles exhibit no such interfacial segregation, but

the analogous fluigfluid interfacial segregation of nano- rather prefer the oil phase. The literature contains only a few

par:!c:es IS (;T;'}Ch Vlveal(ﬁ:' duel to the Isamall size Oft. the examples in which gold nanoparticles segregate to the oil
particles, and the role of thermal energy (Brownian motion) oo air-water interfacé®22-26 Most of these methods

in disrupting weakly held assemblies (on the order of a few utilize citrate-stabilized gold nanoparticles—<50 nm in

keT). .NontheIess, several cases of nanoparticle assemblle%iiameter) that must be modified subsequently to enable the
at fluid—fluid interfaces have been observed and character- 89226 « po: :
o 17-28 , : . .~ assembly® while one example describes bromopro-
ized: When the nanoparticles used in these interfacial . , . . .
. . : . pionate-functionalized gold nanopatrticles that give very large
assemblies are decorated with functional ligands, the as-; . . . o : :
. . . (millimeter diameter) oil-in-water droplets when mixed with
semblies can be stabilized and transformed into robust . a7 o
. . : . silver nanoparticled’ Another example uses carboxylic acid
materials by performing chemistry on the functional groups terminated ligands on the gold nanoparticles. aaain to
contained within the ligand structure. This chemistry has dl .”.'g ter di i dg lets of FI) hl » agal t
provided a route to robust nanoparticle-based materials sucifroduce milimeter diameter aropiets ot ol ( exane) In water,
where the droplets are seen to coalesce quitk®yreviously,
* Corresponding  authors. E-mail:  russell@mail.pse.umass.edu we showed that gold nanOp_a_rtICfles covered with a m_IXture
(T.P.R.); tsemrick@mail.pse.umass.edu (T.E.). of hydrophobic and hydrophilic ligands, prepared by ligand
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Figure 1. Left: schematic depiction of PEGylated gold nanoparticles assembling at theai#r interface; right: confocal fluorescence
microscopy image of oil-in-water droplets, containing coumarin 153 in TCB, stabilized by gold nanoparticles atthateilinterface.
The fluorescence in the TCB phase confirms the hydrophobic interior of the capsules.

exchange chemistry, gave microcapsules of oil in w&er. marin 153 (a hydrophobic dye) is present in the organic
In that case, a narrow ratio of hydrophobieqodecanethiol) phase. Gold nanoparticles covered with PEG-OH ligand
to hydrophilic (11-mercapto-1-undecanol) ligands on the gold proved exceptionally effective in this eilvater interfacial
nanoparticle surface was needed to provide the desiredstabilization process with any of a variety of organic solvents,
interfacial assembly. While this method provides chain-end including, for example, hexanes, ethyl acetate, perfluoro-
hydroxyl groups for subsequent reactivity, it is limited to a decalin, 1,2,4-trichlorobenzene (TCB), and toluene. Chlo-
narrow range of ligand ratios and works only for select roform was the only solvent tested that proved incompatible
organic solvents. A more generally effective method for with this interfacial segregation due to an appreciable
interfacial assembly of gold nanopatrticles in fluids is thus dispersion of the PEGylated gold nanoparticles in chloroform.
needed to integrate the properties of gold nanoparticles intoPEGylated gold nanopatrticles with different chain ends were
self-assembled materials in fluids. also found to segregate to the -ewater interface. For
Here we demonstrate the interfacial segregation of gold example, (1-mercaptoundec-11-yl)tetra(ethylene glycol) tri-
nanoparticles containing an amphiphilic ligand periphery methylammonium methanesulfondtejgand 2, was used
consisting of PEGylated alkane thiols in which the thiols to functionalize gold nanoparticles by ligand-exchange
bind to the nanoparticle surface, the alkane provides a spacechemistry on the PEG-OHZ1{covered) particles. These
group, and the PEG is exposed to the surrounding agueousmmonium-functionalized gold nanoparticles were found to
medium. The methods described overcome the solubility andsegregate to the eilwater interface, also giving oil droplets
stability limitations that have been problematic in other gold in water, with numerous organic solvents (including chlo-
nanoparticle interfacial assemblies and lead to cleanly roform, unlike the PEG-OH case). While the positively
assembled, micron-sized oil droplets in an aqueous mediumcharged particles were found to assemble at thewadter
in which the oil droplets are covered with the gold nano- interface, the assemblies were not stable for long time periods
particles. These assemblies are obtained with considerablghours as compared to weeks for the PEG-OH case). These
simplicity and are amenable to capsule sizing and nanopar-assemblies are being investigated further for the effects of
ticle cross-linking methods that are highly desirable in charge in the ligand periphery on the stability of interfacial
encapsulation strategies. The gold nanoparticle assemblieassembly.
described here encapsulate hydrophobic liquids and solutes Capsules stabilized by gold nanoparticles covered with
in the oil phase and are relevant for potential applications thiol 1 are stable for at least several weeks without
that utilize the properties of the gold nanoparticles, including coalescence. Any excess of gold nanoparticles in the major
their conductive and optical properties as well as their (agueous) phase can be removed following the initial
biocompatibility. assembly by exchanging the aqueous solution with pure
The PEGylated gold nanoparticles used in these studieswater. These nanoparticle assemblies can then be dried on
were synthesized in the presence of (1-mercaptoundec-11-different substrates for further characterization. Figure 2a
yltetra(ethylene glycol) (ligand) according to the proce-  shows a transmission electron microscopy (TEM) image of
dures of Brust and co-worket$ These gold nanoparticles a nanoparticle-stabilized droplet dried on a carbon-coated
are dispersible in water and methanol and at low concentra-copper grid. The low magnification TEM image shows the
tions in chloroform. Fluid-fluid interfacial assemblies were edge of one droplet following drying. No nanoparticles are
formed by first dispersing the nanoparticles in water, observed outside of the droplet structure, confirming the
followed by addition of the organic solvent as the minor adherence of the nanoparticles to the interface during the
phase, to give a-1:10 ratio of organic solvent-to-water. This drying process. At higher magnification, individual gold
mixture was shaken vigorously by hand to give spherical nanoparticles are seen. It should be noted that the spatial
droplets ranging in diameter from 60 to over 20f. As arrangement of the nanoparticles seen in the TEM image
seen in Figure 1, the droplets formed by this process aredoes not necessarily reflect the assembly at thewdter
visible by confocal laser scanning microscopy when cou- interface; future studies using grazing incidence small-angle
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Figure 2. (a) TEM image of a dried droplet of PEG-OH-covered gold nanoparticles, formed initially at the~Wa&& interface then

dried on a carbon-coated copper grid. Individual nanoparticles are observed in the body of the droplet. (b) SFM image of a dried droplet
on a silicon wafer. The observed step height-df0 nm corresponds to two nanoparticles plus the surface-bound ligands, confirming the
monolayer nature of the interfacial assembly.

X-ray scattering (GISAXS) will probe this aspect of these Lensiometry Data of TCB-Water and TCB-Water/Au NPs

gold nanoparticle assemblies.

The gold nanoparticle-covered capsules were dried onto
a silicon wafer for characterization by scanning force
microscopy (SFM), as shown in Figure 2b. The edges of
multiple droplets are seen in the image, scanned along the
surface of the wafer. Step height analysis reveals that the
height from the substrate to the middle of the droplet is
approximately 10 nm, which corresponds approximately to
the diameter of two nanoparticles and their ligands (the outer
edge of the droplet measures higher than 10 nm as a
consequence of the drying process). This suggests that th¢
gold nanopatrticles had assembled as a monolayer at the oil
water interface. Such clean assemblies are of interest for
subsequent nanoparticle exchange at the interface and fof 2 " T " . " T " .

. . . 0 500 1000 1500 2000
understanding the properties of ultrathin sheets composed Time (sec)
primarily of nanoparticles.

The effect of the PEGylated gold nanoparticles on Figure 3. Pendant drop tensiometry measurement on PEG-OH-
measured interfacial tension was evaluated using pendantovered gold nanoparticles at the TE®ater interface. The upper
drop tensiometry, with TCB as the minor (drop) phase and curve represents the interfacial tension between TCB and water,

. - while the downward sloping curve reflects the observed reduction
yvater as the major phas_e. A drop of TC_:B was introduced in interfacial tension upon assembly of the nanoparticles at the
into an aqueous dispersion of nanoparticles, and based orrcg—water interface.
the droplet shape, the interfacial tension between the two
fluids is obtained. Figure 3 shows the measured reduction
in interfacial tension between TCB and water as a result of ~22 mN/m. This result is consistent with the theoretical and
introduction of gold nanoparticles covered with PEG-OH experimental studies, for example, by Pieraffsind Binks
ligand 1. The TCB-water interfacial tension, approximately and co-worker$®3! in which particle assemblies at the
45 mN/m initially, fell rapidly upon introduction of the gold  interface of immiscible fluids is described as driven by
nanoparticles, eventually reaching a steady value of particle mediation of interfacial interactions.
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Figure 4. (a) Confocal fluorescence image of vigorously shaken (by hand) assemblies of gold nanoparticles at-thealeCBterface,
with coumarin 153 dye in the TCB phase. (b) Confocal image of droplets following extrusion through the polycarbonate track-etch membranes
(12 um pore size membrane, 50 passes).

The gold nanoparticle-coated droplets formed by vigorous structures to collapse into nonspherical but intact capsular
shaking possess a broad size distribution, as seen in Figurestructures. When the cross-linking procedure is not per-
1, with most droplets in the 66200um diameter size range. formed, the nanoparticles simply disperse in the methanol,
Quantum dot-stabilized droplets, of similar size and size and no micron-sized capsules or other objects are observed
distribution to these gold nanoparticle droplets, can be resizedmicroscopically. Future studies on these cross-linked capsules
very simply by extrusion through polycarbonate track-etch of gold nanoparticles will center on their ability to withstand
membranes of known and well-defined pore sizdn break-up against applied mechanical force as well as their
analogy to sizing methods for vesicl&s? extrusion of the release properties with respect to encapsulated reagents.
droplets through the small pores imparts forces that exceed |n summary, gold nanoparticles with PEGylated ligands,
the lysis tension of the droplets. However, the interfacial containing either hydroxyl or ammonium chain ends, were
activity of the nanoparticles leads to a reformation of the found to assemble cleanly at the-eWater interface, with
droplets during extrusion, producing droplets much smaller water as the major phase and a variety of organic liquids
than those of the original samples and with a more narrow (with or without dissolved solutes) as the encapsulated minor
size distribution. As seen in Figure 4, passing gold nano- phase. These nanoparticle assemblies were characterized by
particle-coated TCB droplets 50 times through a track-etch a number of microscopic techniques that suggest the mono-
polycarbonate membrane containing«fh diameter pores  |ayer nature of the interfacial nanoparticle assembly and that
reduces their size from the initial 6200um diameter range  demonstrate the amenability of the capsules to sizing
to <10 um in diameter. The fluorescent dye in the TCB techniques by extrusion and cross-linking by chemical
phase following the extrusion process enables visualizationreactions on the ligand periphery.
of these smaller nanoparticle-coated droplets by confocal
fluorescence microscopy. Acknowledgment. The authors gratefully acknowledge
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