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We discuss theoretical and experimental aspects of the array formation of nano-colloids in
two-dimensional (2D) situations. In particular, we treat metal nanocrystals which have
been passivated by surfactant monolayers and then deposited on the free surface of water.
Their self-organization properties follow from the fact that the relevant interparticle
attractions do not greatly exceed thermal energies, thereby allowing for equilibrium
structures to form and to evolve reversibly as a function of temperature and concentration.
In the case of large enough metal cores, spatially-modulated phases arise because of
long-range repulsions between particles; for smaller cores, the interactions are highly
directional, giving rise to linear chain structures at low concentrations and to extended
networks at higher densities.

We have been interested for the past several years in the self-assembly properties of colloidal
solutions of metal nanocrystals passivated by surfactant. Unlike most work in the nanoparticle
field, our focus has been on the equilibrium statistical mechanical features of these suspensions,
rather than on the optical or electronic characteristics of the individual particles.! Much of our
interest is spurred by the fact that the attractions between particles are not too large compared to
thermal energies (kzT), thereby allowing the system to “anneal” into equilibrium configurations.
This fact in turn follows from the small (i.e., few nanometers) size of the polarizable cores of the
particles and from their being separated through chemisorbed monolayers by large enough dis-
tances (again, nanometers), even at closest approach. Instead of being concerned with any details
of the specific metals or surfactants involved, we focus on the generic properties of a suspension of
weakly interacting particles, in particular, their preferences for different patterns of structural
organization and long-range ordering under a wide variety of physical conditions.

In the present paper we start in Section I with a brief discussion of the spatial structures devel-
oped spontaneously by metal nanoparticles, which are deposited on solid substrates under sub-
monolayer conditions. Section II then treats, in significantly greater detail, the array formation
observed for these same particles when they are deposited instead on the free surface of water. The
concluding discussion in Section III emphasizes the many open questions which remain and
includes some speculation about the microscopic origins of the interactions acting between par-
ticles.

Before proceeding further it is important to introduce the generic particles in question, in partic-
ular, how they are made and what they look like. There is, of course, a huge literature on silver
and gold nanocrystals stabilized by alkylthiols and alkylamines, see recent papers and reviews.>
One of the most widely used syntheses involves® the borohydride reduction of aqueous gold
chloride salts, in the presence of alkylthiol and the phase-transfer (water to organic solvent) agent
tetraoctylammonium. As shown in earlier work,* the size of the particles can be controlled by
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varying the mole ratio of thiol to metal, i.e., by fixing the surface-to-volume ratio. Indeed we have
argued that in many cases the dispersion of nanocrystals is in thermodynamic equilibrium, much
like the droplets in a water-in-oil micro-emulsion, say, where the role of surfactant is to lower the
interfacial energy per “particle” to the point where it is no longer large compared to kzT. In the
nanocrystal case, this dramatic lowering of surface energy is associated with the fact that the
gold—thiol bond strength is comparable to that of gold—gold interactions.

For our present purposes, we will consider the following “picture” for the structure of the
nanoparticles. A spherical metal core is surrounded by a monolayer of alkylthiol chains. The
interface is assumed to be essentially saturated, i.e., the metal surface is covered by the
“maximum” number of surfactant molecules: each thiol occupies the same area as it does in
self-assembled monolayers on bulk gold surfaces. This assumption leads to a simple prediction,
based solely on geometry, for how the number of surface-metal atoms per thiol increases with
particle size, in particular, from about 2 to 3 as one proceeds from 6 nm metal diameter, say, to a
bulk (planar) surface, in good agreement with results from detailed molecular dynamics simula-
tions. In the discussion below we shall use L to denote the length of the surfactant chains, and
consider a factor-of-two range of L, corresponding to carbon numbers varying from 9 to 18; we
write the area per thiol as mf?, and keep f constant as we move from one combination of metal
diameter (2R) and surfactant chain length (L) to another. It turns out that we will make distinc-
tions between “small” and “large” particles, both in Section I where we treat array formation on
solid substrates, and in Section II where we focus on pattern formation at the air/water interface.
In the former case it will be the overall particle size that is important, whereas in the latter it is the
ratio of R to L.

I Nanoparticles on solid substrate

Our primary interest in this paper is the spontaneous formation of patterns of nanoparticles at the
free surface of water, as discussed in Section II. Nevertheless, it is useful to present briefly the
rather different situation that arises when the particles are deposited instead on a solid substrate.
Consider a small (ul) drop of a dilute (about 10'* particles ml~') solution of gold-thiol particles in
hexane, with their metal diameter about 6 nm. Consider also a TEM substrate that consists of a
square millimetre of fine copper mesh covered by amorphous carbon. When the drop of solution
is placed on the grid, and the solvent evaporates, one is left with a sub-monolayer of particles. If
the particles are “large enough”, e.g., 5-6 nm diameter in the case of gold C,, thiols, one typically
sees annular rings in the TEM imaging, i.e., isolated circles, several particles thick and with a
radius roughly ten times larger than the annular width. As stressed in our earlier work,® the entire
square millimetre of grid shows this one size of ring. More explicitly, for any given solution, i.e.,
particle size, concentration, and solvent, all rings have essentially the same diameter and annular
width. This phenomenon was argued to derive from the following considerations.

Even though the solvent (hexane, toluene, etc.) wets the substrate (amorphous carbon), once it
has evaporated below a certain thickness the thin film becomes unstable with respect to the nucle-
ation and growth of holes. Basically, the holes reflect the film’s effort to increase its thickness in
order to satisfy the demands of the disjoining pressure, whose contribution to the free energy per
unit area has the form Ay/t?, where t is the film thickness and A4, is the Hamaker constant
relevant to liquid solvent layer between vapor and wetting solid substrate. This driving force is
resisted by the positive spreading coefficient, S, describing the wetting of the substrate by the
solvent: S = y,, — (yq + 7), where y is the liquid/vapor interfacial tension and y,(yy) the corre-
sponding value for the solid/vapor (solid/liquid) interface. t, ~ (4y/S)!/? is the equilibrium thick-
ness resulting from the compromise between these competing tendencies of thinning, wetting film.”
Accordingly, when the film thins down to thicknesses just below t., holes open up and grow,
pushing solvent and particles out toward the bulk film of solution. But the particles can only be
moved if the force acting on them is sufficient to overcome the friction arising from their attrac-
tion to the substrate. And the force acting on the hole rim increases linearly with the size of the
hole, whereas the number being swept out by the hole area increases quadratically. It follows that
there will be a limiting hole size at which point its contact line becomes pinned due to particle-
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substrate interactions: the resulting hole size will be inversely proportional to particle concentra-
tion, consistent with preliminary experimental observations.

It turns out, as a consequence of the above scenario, that if the particle concentration is suffi-
ciently low the contact lines of the holes will not be pinned before the growing holes “percolate”.
Then, instead of the annular rings, one expects to see compact domains of particles, due to their
having been pushed into the interstices of the percolating holes. We argue elsewhere® that faster
evaporation can also lead to percolation of holes and hence to loss of the annular ring structures.
Finally, it is also possible that changing the size of the particles would constitute another way to
favor compact domain formation. In particular, smaller particles would more easily have their
static friction overcome as long as the force attracting particles to the substrate increases faster
than quadratically with their size. Then the critical (pinning) hole size could become larger than
the average distance between holes and their percolation would lead to compact domains, such as
those analyzed by us earlier.® In that case, when the size distribution is polydisperse, the larger
particles are found in the center, with progressively smaller particles appearing as one proceeds
radially outward. This size segregation has been explained previously in terms of the size-
dependent dispersional interactions between particles, i.e., the biggest particles crystallize first as
the solvent evaporates (concentration increases), with the smaller ones following suit.

II Nanoparticles at the air/water interface

For the rest of our discussion, we focus on the case of nanoparticles being deposited on the free
surface of water, in a Langmuir trough. In both situations described below we are concerned with
demonstrating that the spatial patterns formed by the particles interacting in 2D correspond to
equilibrium structures. For example, we attempt to produce a particular array from at least two,
totally different, routes, making more plausible the conclusion that, for a given type of particle
(and hence interparticle potential), the array formation depends only on concentration (and tem-
perature, of course, which is always T',,,,.).

The first route consists in depositing a single drop of dilute nanoparticle solution on the surface
of water. One sees the solvent evaporate within seconds, and the particles form a sub-monolayer
along one of the edges or corners of the trough. Transferring these particles to a TEM grid by the
horizontal lift-off (Langmuir-Schaeffer) technique described elsewhere,!® one sees two essentially
different classes of patterns. As discussed at length in the two subsections below, whether one sees
circular and stripe clusters, or linear chains and networks, depends on the nature of the particle,
i.e., its ratio of metal core radius R to alkylthiol thickness L. All we want to emphasize at this
point is that, for a given particle, the spatial pattern formed in these single-drop deposition experi-
ments depends only on the concentration of the solution from which it is taken.

For example, a pattern of isolated circular clusters of close-packed particles results from depos-
iting a single drop of a 0.1 mg ml~*! solution of 4-6 nm diameter silver-C, , alkylthiol particles in
hexane. One sees the same thing if one successively deposits many more drops of the same solu-
tion before transferring the particles to a TEM grid. Indeed, one can fill up the entire trough by
successive depositions, and the same images will be obtained. “Fill up” here does not mean at
full-monolayer coverage, but rather at the same coverage observed locally in the single-drop case.
The only way in which new patterns arise is when one begins to compress the film once enough
drops have been deposited to “fill up” the trough, or when one deposits a drop from a higher
concentration solution. If, for example, we take a drop of these same 4-6 nm particles but now
from a solution whose concentration is 0.5 mg ml~ !, one sees many-particle-thick stripes, instead
of circular clusters. But the stripe pattern can also be obtained directly from the circles, i.e., for the
deposition of 0.1 mg ml~! particles, if one compresses the system of circles. Furthermore, expan-
sion of the system can be shown to give back the circle pattern. Similar arguments can be made in
the case of the smaller metal core/longer alkylthiol particles, which give rise to linear chain and
then extended networks patterns, i.e., the characteristic structure of the array formed by a given
system of particles at a given temperature is again a function only of concentration.

So we see the role of increasing concentration is to either drive the 2D array from circles to
stripes (and ultimately to hexagonal close-packed structures), or from linear chains to space-filling
networks (and then to amorphous close-packed configurations). These two scenarios correspond
to two different regimes for the ratio of metal core radius to surfactant length, as explained below.
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A Large particles

What we mean by “large” particles here is simply that the metal core radius R is significantly
greater than the thickness L of the surfactant monolayer. The condition R > L results (see Section
IIT) in the particles interacting through spherically symmetric forces whose attractive range is
shorter than that of the repulsions, leading to size-limited condensates at low concentrations, as
discussed immediately below. This condition is closely related to the small V, condition discussed
earlier by Heath et al.'® V, was introduced as an “excess volume” per adsorbed surfactant, essen-
tially measuring the “free space” (beyond the molecular volume f2L) available to each ligand as it
extends from the surface of the metal core; recall that f2 is the area per thiol. R > L means that
there is little splay and hence little excess volume associated with the adsorbed chains. In the case
of the particles under discussion here, this condition corresponds, say, to R > 3 nm for C, , chains.

We argue that the essentially monodisperse, circular, islands formed when a low-concentration
drop of “large” particles is deposited on the free surface of water are a direct consequence of pair
potentials between particles that are spherically symmetrical and whose attractive interactions are
shorter ranged than their repulsions. More explicitly, at short distances the particles attract each
other and so they condense (at the low temperatures relevant to the experiments, see below) into
close-packed structures. But once these condensates reach a size comparable to the (longer) range
of the repulsive interactions, the energy per particle begins to increase because of larger numbers
of pairs of particles separated by distances at which the potential is positive. Indeed, we have
shown that Monte Carlo simulations with pair interactions of this kind give the same result. We
happen to have chosen!! a potential u(r) which can be written as a sum of exponential function of
interparticle distance r: u(r) = —&,2 exp(—7y.r) + &y exp(—y,r). Here ¢, > 0 and y;) > 0 are
the strengths and ranges of the attractive (and repulsive) interactions, respectively. The inequality
p7 1 > 971 simply guarantees that the repulsive term is longer ranged than the attraction. Other-
wise, with interaction strengths ¢, and ¢, being comparable, the particular form of the potential is
of little consequence. Equilibrated configurations at low area fraction show a phase of circular
clusters whose size is essentially determined by the range y_!. At higher area fractions the pre-
ferred pattern is one of stripes, in agreement with the experimentally observed structure mentioned
above, which arose spontaneously following deposition of a drop of the same “large” particles but
from a solution of higher concentration. Finally, at still higher concentrations, one sees hexago-
nally close-packed structures, both experimentally and in simulation. We stress that this same
sequence of structural evolution, from circles to stripes to bulk crystalline domains, is observed
upon slow compression (and then in reverse, when followed by expansion) of a “full” monolayer
of particles from a dilute solution.

Additional indication that these spatially modulated structures correspond to equilibrium states
of the system comes from systematic calculations by Hurley and Singer on the “dipolar lattice
gas”.!2 A great deal of earlier work addressed the problem of domain structures in ferromagnetic
thin films, where magnetic dipoles compete with shorter-ranged attractions to give patterned
phases, and in Langmuir monolayers where electric dipoles give rise similarly to circular and
stripe domains of molecules in 2D.1* McConnell'# focused attention, in particular, on the effects
of competing length scales in the case of oriented (hence repulsive at large distance, interacting as
1/r®) dipoles at the air/water interface. His calculations are done at the continuum level, pitting a
line tension, deriving from the short-ranged attractions, against the dipolar “bulk” energy; inter-
actions between domains are explicitly included, and a transition from circles to stripes is predict-
ed upon increase in concentration. In the work of Hurley and Singer on the other hand, the
particles are treated within the context of a lattice gas Hamiltonian: H = — JY.Y ngng
+ AY Y (ngng)/| R — R'|® — p) ng (ng is equal to 1 if site R is occupied, and 0 otherwise). The
first term describes the short-range attractions of strength J > 0, and hence involves only nearest-
neighbor sites, whereas the second, dipolar, term with strength A4 includes repulsions between all
pairs; p is the chemical potential which controls the concentration of particles. The preferred
states of spatial modulation are then explored via Monte Carlo simulation as a function of tem-
perature (< J), area fraction (<> p) and particle “type” (the ratio 4/J). A wide range of structures
and phase behaviours are obtained, including the transition from circles to stripes upon increase
in concentration.

It is interesting to remark here on analogies with structural evolution in micellized surfactant
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solutions. In this latter case, the physical origin of the competing interactions between particles is
more subtle. Indeed, the “particles” themselves are aggregates, micelles, consisting of a large
number of individual molecules. The molecules have self-assembled into micelles in order to satisfy
the hydrophobic effect’s requirement that water be shielded from the alkyl chains of the sur-
factants; all the hydrophilic (dipolar and/or charged) head groups sit at the micelle/water interface.
But many different curvatures are possible, depending on details of the individual amphiphilic
molecule involved; accordingly, at the c.m.c. one sees either globular (“spherical”), rodlike
(cylindrical) or planer (bilayer) aggregates. And it is possible to formulate the basic physics of this
structural organization in lattice model language, involving ferromagnetic (attractive) nearest-
neighbor interactions and anti-ferromagnetic (repulsive) next-nearest-neighbor interactions,'> in a
manner reminiscent of the dipolar lattice gas, say, described above. Again the idea is that the
“condensates” (micelles!) are limited in size, and that their preferred shape progresses from one
curvature to a lower one as the overall concentration is increased. This fundamental result is
related to the geometric fact that objects of higher curvature pack less efficiently than ones with
lower curvature. Alternatively put, the average distance between spheres, for example, is larger
than that between aligned cylinders at any given volume fraction of material; hence the repulsive
energy of interaction is greater in the former case than in the latter.

B Small particles

Recall that by “small” we mean that the radius of the metal core is smaller than the thickness of
the passivating monolayer. This is the situation obtained, say, for 4 nm metal diameters and C, g
alkyl thiols. Suppose a microlitre drop of a dilute («mg ml~!) hexane solution of these particles is
deposited on the Langmuir trough. Upon evaporation of the solvent, the particles are seen again
to cluster along a small portion of the edge of the trough. Transferring the particles to a TEM grid
by the technique described in Section IIA, single-particle-thick chains and rings appear over-
whelmingly to be the preferred mode of spatial organization. Again, as with the competing inter-
actions (spherically symmetric attractions and longer-ranged repulsions) featured in the case of
“large” particles in the preceding section, we do not know the microscopic origin of the inter-
actions which lead to the linear-chain structures. We speculate a little about them in Section III,
but for the present purposes we proceed as follows. The linear chains indicate clearly that, for
whatever reasons, the particles strongly prefer to associate with two, and only two, neighbors. At
low concentrations (area fractions), the system can easily accommodate this preference for two-
fold coordination. The question immediately arises: what are the consequences of higher concen-
trations on the spatial organization of particles? More explicitly, do the isotropic distributions of
linear chains which characterize the low-density structure evolve via space-filling networks of
branched chains or into the amorphous close-packed arrays which appear at high area fractions?

To treat the evolution of spatial structures in the small-particle systems described above, we
find it useful to consider the “multiple bonding site” intermolecular potential models introduced
for the study of phase equilibria in associating liquids.!® The original motivation for these poten-
tials was to understand the nature of hydrogen bonding in simple molecular liquids, where low-
fold “coordination” arises naturally, “on top of” the usual short-range repulsions and
dispersional attractions. In the case of HF, for example, it is reasonable to impose two sites (for H
and F) on each spherically symmetric particle, and add the resulting interaction effects to the hard
core plus long range attraction structure and thermodynamics. In the present case, a model of this
kind becomes still more interesting because our system is “lyotropic” rather than “thermotropic”,
i.e., the concentration is varied over several orders of magnitude rather than essentially corre-
sponding to a fixed, neat-liquid value. Accordingly, the linear chains of particles, which dominate
the structure at low concentration, can be interpreted more literally than in the neat-liquid case
where they constitute a highly interconnected network superimposed on the usual liquid-state
structure. And of course, because the nanoparticle system is two-dimensional, with configurations
imaged directly in real space, there are much more unambiguous distinctions between linear
chains, space-filling networks, and close-packed structures.

We specify the pair potential energy of interaction, as follows.

u(r) = —e¢, if cones of Fig. 1 overlap withr > ¢; o0, if r <o; and 0, otherwise. (1)
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Here r is the distance between centers of particles, and ¢, is the angle formed by the line between
centers and the line connecting the two sites of the ith particle, as shown in Fig. 1. Note that ¢
specifies the hard core diameter of the particles, and that “bonding” (lowering of the energy by &)
occurs only if the distance between particles is less than r,, which is generally taken to be 10-50%
larger than a; both of the angles ¢; must also be less than the cut-off value ¢, .

To get a feeling for the effects of this simple, directional, potential, we show in Fig. 2(a) a typical
configuration from an equilibrated sample of 900 particles at an area fraction of 0.1. These results
correspond to an N,V(A!), T Monte Carlo simulation at a temperature k;T/e = 0.125, and with

Fig. 1 Shown here are the coordinates r and ¢;, cut-off angle ¢, and lengths ¢ and r,, in terms of which the
two-site potential given by eqn. (1) is defined.
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Fig. 2 Typical configurations in equilibrated systems of two-site particles [see eqn. (1) and Fig. 1] at area
fractions n = 0.1 (a), 0.3 (b) and 0.5 (c), from a Monte Carlo simulation at a temperature kzT/e = 0.125, and
with distance and angle cut-off values of r, = 1.2¢ and ¢, = 0.42, respectively. The x- and y-axes are labeled in
units of o.
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distance and angle cut-off values of r, = 1.2¢ and ¢, = 0.42, respectively. At a higher concentra-
tion, say, 0.3, the linear chains are still isotropically distributed, but they are significantly longer
on average, as seen in Fig. 2(b). In fact, one can derive approximate analytical expressions for the
average length of chain or, equivalently, the average fraction of sites F, which are involved in
bonding; the average length, in units of g, is given by the reciprocal of 1 — F. More explicitly, F

can be written as
1—F=2/{1+./1+8pKg e} 2

Here p = N/A is the total particle density and K = (r2 — ¢2)(¢2/m) is the “bonding area” associ-
ated with a pair of particles; g, is the value of the hard-disk radial distribution function at contact,
ie,atr=o0.

The chains in Fig. 2(a) reflect the non-zero persistence length, [,. In continuous elastic space-
curve models, for example, one can ascribe an exponential form e ™" to the decay of the autocor-
relation function <0(s)d(s + t)> where 6(s) is the angle associated with the tangent vector at the
point s along the curve contour. Equivalently, we can calculate here the average value {cos 0,) of
the cosine of the angle between the nth bond in a chain and the first. The result is shown by the
circles in Fig. 3. At higher values of concentration, the function is seen to decay more slowly (see
the squares in Fig. 3, corresponding to an area fraction of #n = 0.3). Here the “extra” persistence is
due to the interactions between chains and the fact that they begin to align locally in order to
pack more efficiently. At still higher concentrations, in fact, the system undergoes a thermodyna-
mic transition to a nematic state in which there is a macroscopically preferred direction for the
alignment of bonds. This effect is seen in the # = 0.5 configuration of Fig. 2(c) and in the diamond
curve of Fig. 3.

It is interesting to note the similarity between the linear chains in Fig. 2(a) and the configu-
rations reported for dipolar hard disks in 2D.!7 In this latter case the two-fold coordination arises
from the preference for a pair of dipoles to lie “head-to-tail”, rather than alongside one another
with opposite directions, if they are constrained (by spherically symmetric hard cores) to have
their centers a certain distance apart. At low densities it can be shown that the formation of chains
virtually saturates the interaction between dipolar disks, thereby emasculating the driving force
for condensation to a liquid phase.'® Instead, the linear chains remain stable, upon decrease in
temperature, much as in the two-site disk model described above.

At higher concentrations, see the # = 0.5 case shown in Fig. 2(c), where nematic order has set in,
the persistence length is no longer a relevant scale; indeed, as seen in the diamond curve of Fig. 3,
{cos 8,y never decays to zero because of the long-range orientational order. As pointed out earlier
by Odijk,'° the relevant length is now the contour distance “traveled” by a chain before it makes
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Fig. 3 <cos 6, vs. n for the equilibrated systems in the simulations of Figs. 2(a), (b) and (c). 6, is the angle
between the nth and 1st “bonds” in a linear chain.

Faraday Discuss., 1999, 112, 299-307 305



s 100 small particles (%) 0

Amorphous close-packe

Hexagonal
close
packed

-1

S,

network

29

Surface pressure /mN m

ry

01 gingi * circes
07 - -
0 large particles (%) 100

Fig. 4 Schematic phase diagram indicating dependence of spatial patterns discussed in the text on surface
pressure (density) and composition (fraction of small and large particles). All boundaries are highly approx-
imate; ?’s in center refer to the “eggs” and mixed lamellae described in Section III.

contact through thermal fluctuations with a neighboring chain having the same average align-
ment. This “deflection” length A is smaller than the persistence length [, by a factor of o, where «
(>1) measures the reciprocal width of the orientational distribution defining the nematic state:
6%y = 1/a.

But to treat more thoroughly the higher concentration states of our system, we need to consider
the network and close-packed structures in which three- and higher-fold coordination arise as the
particles are crowded together at high area fractions. Indeed, one can see this kind of structural
evolution, even within the two-site interaction model defined by eqn. (1), by only slightly increas-
ing the angular cut-off ¢, just beyond its critical value of sin~*(g/2r,). Probably it is more illus-
trative, however, to introduce a two-species system in which one type of particle has two sites, and
the other has three; the former strongly prefers two-fold coordination, while the latter is primarily
involved in three-fold vertices. Introducing chemical potentials for each then allows most naturally
for cross-over from linear-chain to extended-network configurations upon increase in overall con-
centration. Alternatively, one can define an interparticle attraction which allows for up to, say,
six-fold coordination, but which associates an increasingly large energy penalty per bond as pro-
gressively more than two bonds per particle are involved. Both of these approaches are presently
being pursued.

III' Conclusion

Here we discuss briefly the little that can be said at present about the physical origins of the types
of interactions invoked above to treat our “large” and “small” nanoparticles on the surface of
water. We also speculate on a novel phase diagram for this system.

In the case of “large” particles, we have assumed that they interact through spherically sym-
metric potentials. This is consistent with the condition R > L, i.e., the metal core radius is much
larger than the alkyl layer thickness, so that the flexible chains are minimally splayed. Each nano-
particle on water involves an area several nanometres square, over which the surface of water is in
contact with a hydrocarbon monolayer. While it is not known how water is “reconstructed” at
such an interface, it is clear that the net dipole moment associated locally with each such region is
necessarily different from that at the free surface of water. Hence there should be a long-ranged,
dipole-dipole, repulsion between particles, and very rough estimates'! suggest that this interaction
can indeed be significant at distances many times larger than the particle diameter.

For “small” particles, on the other hand, R « L implies a high positive curvature and large
degree of splay in the adsorbed monolayers; this suggests that chains on neighboring particles will
mutually interdigitate in order to “dissolve” in each other. It follows that the interparticle poten-
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tial should be highly directional and non-pairwise additive; once the chains on each side of an
R « L particle are tied up in interaction with a pair of apposite neighboring particles, there is little
of the monolayer available for strong interdigitation with a third particle. As far as we are aware
there is no theory at present that addresses this effect; it would be interesting to apply recent
formulations of adsorbed chain statistics to this particular geometry.

Finally, we remark on directions for future work which involve a more systematic exploration
of the phase behavior of the spatially modulated patterns formed by alkyl-saturated metal nano-
particles on water. Fig. 4 shows a highly speculative and schematic view of the problem. The
vertical axis denotes concentration (or lateral pressure in the Langmuir trough), while the horizon-
tal axis refers to particle size and polydispersity. At the right end of the horizontal axis lie the
systems of “large” particles; as we move up in concentration the system evolves from circular
clusters to stripes to hexagonal crystalline structures, as discussed in Section IIA. Similarly, at the
left end lie the monodisperse “small” particles, which first form linear chains, then extended net-
works, and then amorphous close-packed structures as they are forced to organize at progressively
higher densities. In between, where we have, say, a mixture of “large” and “small” particles, what
do we expect? In fact, preliminary experimental measurements indicate a surprising and striking
result. At low densities the mixture self-assembles into “sunny-side-up” egg structures in which the
large particles are hexagonally close-packed as the “yolk” and the small particles surround them
as the “white” in an extended network of chains. At higher densities these complex clusters evolve
into lamellar stripes in which the large and small particles alternate in regions whose lengths are
comparable to the stripe widths. Clearly, much more work needs to be done before these rich and
beautiful systems are properly explored and understood.
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