RAPID COMMUNICATIONS

PHYSICAL REVIEW E VOLUME 59, NUMBER 6 JUNE 1999

Spontaneous patterning of quantum dots at the air-water interface
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Nanoparticles deposited at the air-water interface are observed to form circular domains at low density and
stripes at higher density. We interpret these patterns as equilibrium phenomena produced by a competition
between an attraction and a longer-ranged repulsion. Computer simulations of a generic pair potential with
attractive and repulsive parts of this kind, reproduce both the circular and stripe patterns. Such patterns have a
potential use in nanoelectronic applicatiof81063-651X99)50306-1

PACS numbss): 68.10—m

Spontaneous formations of spatial patterns arise spectaclamellay domains[10]. In aqueous solutions of surfactant,
larly and yet commonly in a wide variety of nonlinear kinetic the spontaneous appearance of micelles can be understood
[1] and biological[2] processes. Still, more interestingly, similarly in terms of the demixing between heads and tails
they are observed in a surprisingly diverse seg¢@idiliborium  being frustrated by their connectivifl1,12. More explic-
situations involving fluids and solids in two and three dimen-itly, several group$13,14 have shown how the basic phys-
sions. For example, in two dimensiofD), systems as ap- ics of structural organization and phase behavior in am-
parently disparate as magnetic garnets, Langmuir monolayshiphilic systems can be recast into lattice models involving
ers, and thin films of adsorbates all form periodic structureserromagnetic(attractive nearest-neighbor interactions and
consisting of uniformly spaced domains with circular or antiferromagnetiqrepulsive next-nearest-neighbor interac-
striped shapeg3]. In the garnets, the magnetization normal tions.
to the plane is high inside these domains and low in between In this Rapid Communication we demonstrate that quan-
them whereas, in the Langmuir films, it is the number dentum dots — nanoparticles — at the air-water interface also
sity of molecules that is different inside and outside theorganize spontaneously to form spatially modulated phases.
circles and stripes. The order parameter in these two cases\i$e observe in particular that nanoparticles at submonolayer
clearly different, but the spatial modulation — the pattern —coverage form both circular and stripe domain patterns, de-
is the same. The size of the patterns, i.e., the period of thegending on the extent of coverage. These structures are ar-
spatial modulation, varies from nmigdsorbates on metals gued to be equilibrium states of the system, driven by the
[4]) to micrometergLangmuir films[5]) to cm’s (ferrofluids ~ competition between attractions anohger-rangedrepul-

[6]). In all of these cases, the onset of modulation, and itsions between the nanoparticles. Computer simulation results
characteristic length scale, is caused by the competition beconfirm that a simple interaction potential consisting of these

tween an attractive interaction andl@nger-rangedrepul-  competing parts does indeed lead to the experimentally ob-
sion; the former favors a bulk phase separation, while theerved structures. While our results are related in fundamen-
latter transmutes this into a microphase transition, involvingal ways to the spatial patterns reported for the many other
an equilibrated distribution of domaing.g., circles, and systems mentioned above, we shall feature the concentration
stripes in 2D, and spheres, cylinders and lamellae in 3Qiependence of the observed spatial patterns. In particular, the
[3,7]), all of which are of finite size in at least one direction. reversible conversion from circles to stripes in 2D, upon in-

In Langmuir monolayers, for example, the attractions arecrease in nanoparticle coverage, is argued to be analogous to
associated with van der Waals interactions between the alkyhore general phenomena observed, for example, in surfac-
chains(hydrophobic “tails”) of the amphiphilic molecules tant solutions where micellar aggregates evolve from globu-
at the surface of water. The longer-ranged repulsions ariskr to cylindrical to bilayer forms as the volume fraction is
from the oriented dipoles that comprise the hydrophilicraised[7]. In all of these cases, the interactidmstweerthe
“heads” of these species. This two-dimensional system haslusters are the ones that lead to their reorganization into
been modeled as a dipolar lattice gas by Hurley and Singdower-curvature shapes that can pack more efficiently.

[8], and treated in the continuum limit by McConnfdl]. In In recent years, chemically synthesized quantum dots
many other instances of domain formation and microphashave begun to appear as the active elements in various pro-
separation, the physical origin of the competing interactionsotype photonid 15,16 and electronid 17,18 devices. Si-
is more subtle. In the case of diblock copolymers, for ex-multaneous with these developments, techniques for the pat-
ample, the effective repulsions are due to the fact that théerned assembly of nanoparticles weanplatingapproaches
two blocks are connected to each other, and it is this conhave been reported [19-21]. Nontemplated,
straint that limits the size of théspherical, cylindrical, and thermodynamically-controlledatterning can potentially pro-
duce organization at nanometer length scales that cover large
areas. Such approaches may prove useful for certain defect-
*Electronic address: gelbart@chem.ucla.edu tolerant device-related applicatioh22]. From a more fun-
Electronic address: heath@chem.ucla.edu damental point of view, the spherical symmetry of these par-
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FIG. 1. Results of the computer simulaticiop) for the potential of Eq(1) and Fig. 2, at densitie&®) p=0.1 and(b) p=0.3, and the
corresponding TEM micrograplibotton) revealing the spontaneous formation of clusters and stripelike arrays of alkylthiol passivated Ag
nanocrystals. The solution used to prepdmewas approximately three times more concentrated (mg/ml) than that ofa). The size of
the scale bar shown is 0/&m. The parameters of the potential arg=0.5, y,=0.25, ande, /kT=¢€,/kT=7. The patrticles are represented
by circles a little smaller than the diameter of the hard core, and #mely axes show distances from the lower left corner of the simulation
box, plotted in units of the hard-core diameter.

ticles makes modeling of their interactions and phaseround the perimeter of the Langmuir trough. These regions
behavior easier than with complex molecular structures. were sampled as described above. As the particle concentra-
Circles and stripes of silver quantum dots were preparetion within the drops is increased from 0.3 to 0.5 mg/ml, we
using two different approaches. All experiments utilized hex-observe a transition from circular domains to stripes. The
ane or heptane solutions of 4—6-nm-diameter Ag particle$act that both circular-domain and the stripe structures were
that were surface passivated with octanethiol. The structurggyepared using two distinct approaches, including one in
of the (submonolayer films were sampled by transferring thewhich the islands were converted directly into stripes by
Langmuir films to a transmission electron microscopycompression[23], strongly suggests that these spatially
(TEM) grid using the horizontal lift-off (Langmuir- ~modulated nanocrystal phases are at least metastable and can
Schaeffer technique. In the first approach, several drops of &€ described by an equilibrium model. As far as we are
dilute (0.3 mg/m) particle/hexane solution were evaporatedaware, this is the first demonstration of pattern formation in a
on the water surface and the film was sampled at variousystem of spherically symmetric particles having a character-
stages of compression while simultaneously monitoring thdstic nanometer length scal4], in which the patterns have
pressure {)/area isotherm. Prior to monolayer compressionbeen shown to be an equilibrium phenomenon.
(surface coverage~20%,m~0nN/m) the particles were In order to interpret the experimental results we assume
found to aggregate into circular domaifsee the bottom of that the particles interact via a pair potentigt), which is a
Fig. 1@], while at high surface coverage~60%,mr function only of distance between the particte¥Ve chose a
~1.5nN/m), a transition from circular domains to stripesSimple phenomenological form, plotted in Fig. 2:
[see the botton of Fig.(bh)] has taken place. In the second _
type of experiment, agsingle drop of p:rticle/hexane solution U(r) = Unc(r) + U (r), @
was deposited onto a clean water surface. Successive expefihereu;, is a hard-core potential, equal o for r<1, the
ments were carried out by increasing the particle concentradiameter of the hard corgaken as our unit of lengihand 0
tion in the drop from~0.1 to 1 mg/ml. When a single drop otherwise.u,, is the long-range part of the interaction, given
of particle solution is evaporated on the water surface, they
coverage is highly non uniform. Macroscopic regions of par- ) 5
ticles, easily visible to the naked eye, are observed to form U (M=~ €ayaeXp— val )t &y eXpl— ). (2)
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: : : tial favors a vapor-liquid transition. This transition is driven

0.00 by the reduction in energy at high densities where many

0024 L particles are close enough to each other to feel their mutual
attraction. However, with the long-ranged repulsion, the en-

-0:044 N ergy isonly low for small clusters or stripes. When a cluster

u(r) /e,

grows larger than about five diameters, the particles on op-

posite sides of the cluster start to repel each other, thereby

-0.08 - increasing the energy.

We can make this idea more definite by considering the
: : : energy u;; of one of our particles in a liquid, using the

0 S 1 15 20 approximation of van der Waal&5]:

-0.06 | o

-0.10 o

FIG. 2. The potentiau(r) [Eqg. (1)], as a function of interpar- 1 €. €
ticle separatiorr, is shown by plotting it divided by, . The pa- u“q=§pf u,(rdr=—pm T kT 3)
rameters of the potential are,=0.5, y,=0.25, ande, /e,= 1.

wherer is a pair separation vector in 2D. The computer

The first and second terms are, respectively, attractive angmulations are for a potential wit,= ¢, , S0 within the van
repulsive, €5,€6,>0. The repulsive term is longer ranged der Waals approximatiofEq. (3)], the energy is zero; the
than the attractiony,‘1> ygl. Our motivation for choosing long-range attraction and repulsion cancel each other out for
the hard-core part of the potential is obvious since the nanca bulk phase. Of course, E(B) is only an approximation;
particles cannot interpenetrate one another. They also intenevertheless, while the energy of a dense fluid will be less
act via a dispersion attraction, which we model with ourthan zero, it will not be much less than zero, and so we
attractive term of the Kac forri25]. The origin of the repul- would not expect to see a liquid phase. This is consistent
sion is much less obvious. As in other systems at the airwith the results of computer simulations in which no liquid
water interfacg5,24], it may be a dipole-dipole repulsion. phase has been seen.
The repulsion between the total dipole moments of the In contrast, for widely separated circular domains of di-
patches of water molecules beneath each nanoparticle is ameter <5 particle diameters, no two particles are far
the same order as the interaction strengths we use in thenough apart to interact via the repulsive hump in the poten-
computer simulationf26]. This supports the idea of dipole- tial. Therefore, the attractive interactions will not be canceled
dipole forces as the origin of the long-ranged repulsion, bubut by the repulsion and the energy will be low. The energy
does not, of course, prove it. In any case, the repulsion i low because the density of particles is nonuniform.
taken here to be of the Kac form, to emphasize that its long At low density we do indeed find circular domains in both
range is a generic feature of systems that form equilibriumexperiment and simulation. These domains are a little larger
patterns; we shall further stress the generic nature of ththan five particle diameters, as their size is set by competi-
observed progression from circular clusters to stripes upotion between the repulsion and an effective surface tension
an increase in particle concentration. from the attractive interactions, which latter favors larger

The computer simulations were performed using the standomains[3,28]. As the density increases, the domains are
dard Metropolis Monte Carlo algorithifi27] at a fixed num-  pushed together until there is a transition from domains to
ber of particles, area, and temperature, with periodic boundstripes. Roughly speaking, the domains can be pushed to-
ary conditions. The number densipy=N/A, with N as the gether until the interdomain separation is so small that each
number of particles, is equal to 1600 in our simulations, andlomain strongly repels the surrounding domains. The energy
A'is the area in units of the square of the hard-core diameteis then lower for stripes since, at any density, the separation
Due to the large length scale of the patterns and the smalletween stripes is larger than that between circular domains.
difference in free energy between different patterns, the In conclusion, nanoparticles deposited at the air-water in-
simulations converged to equilibrium very slowly. We terface form circular domains and stripes, depending on the
checked that our patterns were equilibrium structures by obdensity. The patterns have been described as resulting from
serving that our simulations converged to them starting froncompetition between an attraction, which makes the patrticles
both a square lattice covering the whole area of the simulaaggregate, and a longer-ranged repulsion, which limits the
tion box, and from a single large drop containing almost allaggregation to finite domains. The patterns are not new, in-
of the particles at a liquidlike density. The results, presentedofar as many diverse systems form thgh and the nano-
in Fig. 1, are configurations obtained after 23tg. 1(a)]  particles have much in common with these other systems.
and 44Q[Fig. 1(b)] million Monte Carlo moves. It is easy to However, the fact that they are spherical particles and not,
see that, at low density, both experiment and simuldtiég.  for example, molecules with a relatively complex architec-
1(a)], find (roughly) circular domains, while at high density ture, makes them an unusually simple system to demonstrate
[Fig. 1(b)], there are stripes. Qualitatively, we have completesuch complex behavior. Also, we have emphasized the fact
agreement between experiment and simulation of the poterthat an increase in concentration leads to a spontaneous re-
tial of Eq. (). organization of the self-assembled domains from circular

Perhaps the simplest and most direct way to understanclusters to stripes, as the repulsions between the aggregates
the domains and stripes is to consider them as disks or stripggecome more important than those between the individual
of liquid whose small size is enforced by the long-rangedparticles within them. This phenomenon is closely related to
repulsion. As is well known, the attractive part of the poten-the transitions to hexagonal and lamellar phases observed
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commonly in concentrated surfactant solutions, where theant pathway for the chemical assembly of nanoelectronic
locally preferred curvature of micelles is successivelycircuits. In the future, a better understanding of the nature of
“squeezed out” of the systems as interaggregate repuslsiorthe competing interactions between nanoparticles at the air-
become dominant and the lower-curvature cylinder and biwater interface will allow us to optimize the size, conductiv-
layer geometries are found to better minimize the overallty, and alignment of the patterns, and to thus advance along
interaction free energ}7]. Finally, the patterngas they are  that pathway.

easily transferable to a variety of substratemre not just
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The ability to control the conductivity of the particle mono- Society Petroleum Research Foundati®fRP under Grant
layers[30,31], combined with the spontaneous formation of No. 31797-AC9. J.R.H. acknowledges support from the

nanoscale “wires” from these particl¢82], opens a signifi-
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