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Assembly and chemical reactions at interfaces using polymers,
surfactants, lipids, and proteins have been well stutliglowever,
very few routes independently control mechanical, structural,
electronic, and optical properties. Functionalized nanopatrticles are
ideal for hierarchical self-assembly, as the nanoparticles possess a
range of tunable electronic and optical properfigs, while the
attached ligands can be tuned to tailor interactions with the
surroundings. Fluid/fluid interfaces offer unique platforms for the
assembly of colloidal particlég: 16 Interfaces between immiscible
fluids, i.e., on the surface of droplets, have been shown to be ideal
for the assembly of elastic, semipermeable capsules composed of
micrometer-sized colloidal particlé®. Recently, we described
the self-assembly of ligand-stabilized nanoparticles at fluid/fluid b
interfaces and phase separation of different sized nanoparticles on
the interfacé® The weak interfacial confinement of nanoparticles
relative to micrometer-sized particles led to particle-size-dependent
self-assembly and exchange at the fluid/fluid interface.

For optimal utilization of nanoparticles at fluid interfaces,
methods are needed to provide robust assemblies so that the
interface can be removed after the assembly. Here we describe ) .
chemical cross-linking of the ligands attached to the nanoparticles 79ure 1. Fluorescence confocal microscopy on a nanoparticle assembly

. . . . . where an air bubble was introduced by micropipet, showing (a) preferential

as an effective route to this end. The ability to functionalize the gegregation of CdSe nanoparticles at the oiliwater interface (scale bar 70
ligands and provide rapid diffusion of reagents to the fluid/fluid um) (b) water-in-oil droplets; and (c) oil-in-water droplets (scale bar 20
interface allows stabilization of the nanoparticle assemblies via «m).
cross-linking to give nanoparticles embedded in a network of cross-
linked ligands. These composite organinorganic, nanometer-
thick membranes prevent convection but allow diffusion of small
molecules across the interface. Compared with layer-by-layer poly-
electrolyte depositio®’, or charged colloidal particle$,assembly
at the soft fluid/fluid interface requires fewer steps, affords ultrathin
membranes of nanoparticle width, and may reduce structural defects ks p:
due to the mobility of nanoparticles at the fluid interface. Figure 2. Confocal microscope image of a nanoparticle sheet prepared by

Figure 1a shows a fluorescence confocal microscope image of cross-linking the associated organic ligands. The scale bar is160
the air/toluene and toluene/water interfaces with £8.2 nm
diameter trin-octylphosphine oxide (TOPO)-stabilized CdSe nano-
particles in toluene. As in previous studiésianoparticle assembly
is observed at the toluene/water interface, while there is no

noticeable assembly at the toluem_a/ ar ".“e”ace- _The diffuse moieties were prepared as described previd@slyd dispersed in
background arises from the nanoparticles dispersed in the tc’Iuenetoluene. This solution was introduced to an aqueous solution of

E)Fllase. Figure 1db s_k:t?v?dz;fluorescenfel imagﬁ_lof E_WaterldrOElet ir]2,2-azobis(2-(2-imidazolin-Z-yI)propane) dihydrochloride (Wako
oluene covered wi € nanoparticies, whiie Figure 1c Shows VA-044), to give nanoparticle assembly at the planar oil/water

the invgrse case. The nanoparticles self-assemble so as to f"rT“ fhterface. The system was sealed under nitrogen and heated to 60
separating layer between the water and toluene. Studies of dnedoc for 6 h toafford a membrane of cross-linked nanoparticles at

droplets with atomic force microscopy, transmission electron . o1,ene/water interface. The membrane was removed from the
microscopy, and in situ studies by small-angle X-ray scattering interface by pipet and suspended in toluene

indicate that the nanoparticles form a nearly close-packed monolayer
with liquidlike ordering.

Nanoparticle Assembly

The dense packing of the ligand-covered nanoparticles at the
fluid/fluid interface opens the possibility of stabilizing the assembly
by cross-linking the ligand®. CdSe nanoparticles with a core
diameter of 2.9+ 0.2 nm and covered with reactive vinylbenzene

Figure 2 shows three-dimensional confocal fluorescence micro-
scope images of the resulting sheet suspended in toluene (rotated
to view at three different angles). The surface area of the sheet is
T Polymer Science & Engineering Department, University of Massachusetts on the order of 1 cih The crumpled morphology may result from
Amherst. . . . . ; .
* Department of Physics, University of Massachusetts Amherst. shear stresses during manipulation with the micropipet. The fluores-
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Figure 3. Digital photographs of organic dye (red solution) becoming
entrapped and then diffusing across a membrane of cross-linked nano-
particles. The bold arrow points to the interface in each tube.

. L . . Figure 4. Confocal microscope image of a water droplet dispersed in
cence emission (excitation: 488 nm, detection: 540 nm) arises from toluene covered by a shell of cross-linked CdSe nanoparticles. The scale

the nanoparticles, unchanged before and after assembly and crossar is 40um.
linking. The observation of a structurally intact membrane floating
freely in toluene demonstrates that the ligands attached to the nano- Cross-linking of the ligands can also be used to stabilize the
particles cross-linked into a continuous, elastic membrane. This mem-nanoparticle assembly on the interface of droplets. This leads to
brane, while clearly observable by photoluminescence, is invisible the encapsulation of the water droplets by a shell of cross-linked
in a transmission optical microscope due to its ultrathin nature. nanoparticles. Subsequent centrifugation and washing with pure
The morphology of the crumpled sheets provides insight into toluene caused some of the cross-linked shells to crack, as shown
their elastic properties. The pronounced ridges observed in thein Figure 4. Nevertheless, the integrity of the assembly is
confocal images are similar to those seen in macroscopic crumpledmaintained, showing the impact of ligand cross-linking in promoting
elastic sheets such as paper or aluminum?oitlasticity theory the mechanical and structural stability of the assemblies.
characterizes this elastic sheet by an area-expansion mo@ulus In summary, self-assembly of chemically functionalized nano-
and a bending modulus. If the membrane is composed of an particles at the toluene/water interface, coupled with chemical cross-
isotropic material, then«{G)¥2 is approximately equal to the linking of the attached ligands, provides a simple and flexible route
membrane thickness. The ratioxd6 also determines the morphol-  for the fabrication of ultrathin, composite orgasinorganic
ogy of the crumpled she®tand can be measured by comparing membranes. Interfacial cross-linking at droplet surfaces enables the

the typical curvatureC,, and the lengthl., of the ridges as encapsulation of water-soluble or oil-soluble materials inside the
resulting nanocontainers. By varying the concentration of reactive
~ (L)L _\* moieties, it will be possible to control the permeability and strength

o \L (K/G)l/Z of these nanostructured membranes.
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From the confocal images, ma®; andL pairs were measured
to give (/G)Y2 from 2 to 7 nm, comparable to the membrane
thickness £5 nm). The deformation is consistent with that of a
uniform elastic sheet. An upper bound #ocan be obtained by
modeling the membrane as~a5-nm thick layer of polystyrene,
which yields « ~ 10°kgT. While this is an overestimate, it is
consistent with the fact that no thermal undulations of the membrane
were observed, indicating thatis at least 1RsT.
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potential as diffusion barriers. Following sheet formation at the  (2) Discher, B. M.; Won, Y.Y.; Ege, D. S.; Lee, J. C. M.; Bates, F. S.; Discher,

toluene/water interface as described above, a droplet of an aqueous D.E.; Hammer, D. ASciencel999 284, 1143.
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: L : 7) Brus, L.Appl. Phys. A1991 A53 465.
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