J. Phys. Chem. RB005,109,6741-6747 6741

Self-Assembly of Nanoparticles in Three-Dimensions: Formation of Stalagmités
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We develop a coarse-grained lattice gas model to describe drying-mediated self-assembly of nanoparticles in
three dimensions. Our model is an extension of the model developed by RabaniNtale[2003 426,

271] in two dimensions. We show that when liquid evaporation occurs layer by layer and solvation forces are
strong, the resulting morphologies agree well with the predictions of the 2D model. We discuss scenarios in
which the full 3D treatment is necessary and predict the formation of nanostalagmites.

I. Introduction ranged repulsion potentigi-4° A generic model potential was
used to simulate these structures, and it was shown that the
competition between the long-range attraction and longer ranged
repulsion is necessary to reproduce the observed pafterns.

While some evaporation-mediated assembly processes may
be understood from the standpoint of thermodynarfidbe
formation of assembled phases upon drying is, in general, an
example of nonequilibrium self-assemBh#142Substrate rough-
ness, solvent dewetting, and convective flow can lead to very
interesting nonequilibrium structuré%:*> An example is the
formation of mesoscopic rings and honeycomb nanocrystal
networks?3-46 Another example is the formation of disks,
ribbons, and cracks recently observed by Brus and co-work-
ers1®16.21These experiments utilize a thin solution that contains
semiconductor nanocrystals passivated by an organic surface
ligand. The solution wets the surface of the substrate, effectively
forming a two-dimensional film. Brus and co-workers analyzed
the formation of the different structures based on a simple
picture where the evaporation of the liquid is equivalent to a
temperature quench, and the different morphologies were

The assembly of colloidal-prepared nanocrystals into well-
defined ordered arrays is one of the most promising techniques
currently developed for advanced materials. Currently, it is well
established that metallic or semiconductor nanocrystals self-
assemble to form 2D superlattices when the solvent is evapo-
rated, provided that the size distribution of the nanocrystals is
sufficiently narrow. This has been demonstrated for a wide
variety of nanocrystals including gold? silver -8 cobalt?-1!
coppert? cadmium selenid& 16 cadmium sulfidé;18indium
phosphaté? ferrite nanocrystal3? and more.

Understanding self-assembly of nanocrystals is also an
important fundamental problem by itself. When a liquid
containing nanocrystals evaporates, various interesting self-
assembled phases may foth#t24 The formation of these
morphologies is governed by a subtle interplay of a variety of
influences. One of the key factors that governs the controlled
precipitation and self-assembly processes involves various
interactions between nanocryst#is30 substrates, and solvents.
Other factors include the drying kineties3? hydrodynamic . " ;
effects®® and self-diffusion of tr?/e nganocrystals o)rll the Zubsﬁeate. analyzed based ona spinodal decomposition p'dﬁ]@' ]

The theoretical study of self-assembly of nanocrystals has Recently, Rabani et & presented a coarse-grained lattice
been limited mainly to the treatment efjuilibrium phenom- ~ 9a@S model of nanoparticle self-assembly that includes the
ena®3350hara et ab* showed that the self-assembly of gold dynamles of the evaporating solvesxplicitly. Desplte the fact
nanocrystals cannot be described in terms of a simple hard-that thelr.model completely negleets the atomlst|c nature of the
sphere model (in which the phase transition is entropy drifen) nanoparticles and their passivation la§et? it accounts for
and that the self-organization during solvent evaporation is Nearly all observed spatial and temporal patterns. In addition,
strongly affected by the van der Waals attractions between theth® model also predicts network structures that have not yet
particles. The interactions were described phenomenologically P&€n explored. Rabani et al. discuss two distinct mechanisms
by a potential given by the Hamaker fo@hAlthough the net c_>f c_)rdermg, correspor_1d|ng to ho_mogeneous and heterogeneous
long-range interaction potential between the gold particles was imits of the evaporation dynamié8.Their calculations show
on the order or less thakT, a solution of polydisperse gold how different ch0|ces of solvent, n_anopart|cl_e size and |dent|_ty,
nanocrystals formed crystallized opals, signifying the fact that @nd thermodynamic state give rise to various morphologies
the size-dependent attraction between the nanocrystals is sufoPserved experimentally.
ficient to induce size segregation and reversible superlattice The approach developed by Rabani eflais limited to
formation34 treatment of the formation of 2D structures. In this paper we

Gold nanocrysta|s deposited at the-airater interface were extend the model of Rabani et al. to treat dl’ying-mediated self-
also found to form circular domains (2D disks) at low densities assembly of nanoparticles in 3D. A similar approach has been
and stripes at higher densiti#ghese unique structures were developed recently by Chandler and co-workers for understand-
interpreted as equilibrium phenomena governed by the competi-ing the dynamics of the hydrophobic efféét>> Our model is
tion between an attractive long-range potential and a longer described in section Il. Several questions regarding the validity

of the original 2D model are discussed in section lll. For

TPart of the special issue “David Chandler Festschrift”. example, we show that if solvent evaporation occurs gradually,

*To whom correspondence should be addressed. layer-after-layer, the resulting self-assembled morphologies
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' Nanoparticle the cqrresponc_iing densities (qonserve_d qrder parameter), while
the binary variable representing the liquid does not conserve
= Surface density (nonconserved order paramet@r).
Liquid

The number of cells in each dimension is givenry with

o = X, ¥, z An experimental realization of a thin film of
] ] ] ) nanoparticles deposited on a substrate is described by large
Figure 1. Sketch of the cubic lattice of our model. Each lattice cell of
size & is occupied by gas, liquid, nanoparticle, or surface. The color

values ofm, andm,, typically several hundreds to thousands of
scheme shown is maintained in subsequent figures. cells represgnting a Igyer of seve'ral micrometerg square in area.
The z direction describes the height of the wetting layer. We
simulated from the 3D model agree well with the predictions takem to be on the order of several tens of nanometers (i.e.,
of the 2D model, given that nanoparticles are driven to the several tens of cells). We assume periodic boundary conditions
substrate by solvation forces. We further discuss scenarios wherén the x—y plane only.
a 3D treatment is necessary and predict the formation of |[nitially, the lattice is entirely filled with liquid and nano-
nanometer-scale stalagmites composed of nanoparticles. Finallyparticles, except for the first layer that is entirely filled with
in section IV we conclude. substrate cells. This lower layer is the only immobile layer,

namely, the value of the cells in the lower layer is fixed for the
II. Model entire simulation. Initially, nanoparticles acquire random position

The coarse-grained model we use to describe the self-inside the simulation box. We fix at a value for which the

assembly processes in 3D is an extension of the model€quilibrium state is vapor and follow the dynamics of nano-
developed by Rabani et # A sketch of the lattice is shown in  particle assembly coupled to the dynamics of the solvent
Figure 1. The solvent and nanoparticles in our model are evaporation.
represented as a three-dimensional lattice’§&sach cell of a The dynamics of our model are stochastic, both for fluctua-
cube lattice can be occupied by liquid or nanoparticle or vapor. tions in solvent density and for nanoparticle diffusion. In the
The substrate (surface) is also modeled by a lattice gas. Theformer case, configurations evolve by Monte Carlo dynamics.
size of each cell in the lattice equals the typical solvent We attempt to convert a randomly chosen lattice céfiat is
correlation lengths ~ 1 nm. Because the size of a nanoparticle not occupied by a nanoparticle or the substrate, from liquid to
can exceed the range of correlated solvent fluctuations, we allowyapor (or vice versa); — (1 — I;). In the case that = 1, we
them to span several cells of the lattice, as can be seen in Figureattempt such a move only ¥i(; + n + s) = 0, where the
1. The lattice gas Hamiltonian can be expressed in terms of sym runs over all lattice sites with the samandy coordinate

three binary variables;, nj, ands in the layers above site In other words, only if the cells above
cell i are empty we attempt such a move. In the caselftat
H= _elglilj - En;ninj - enlgnilj - fnsgniﬁ - 0, we attempt such a move only if the lattice cell below is
E u D u occupied by liquid, nanoparticle, or substrate. These moves are

EIS; lis — ;4ZIi (1) then accepted with a Metropolis probabilipc.= min[1, exp-
T T (—=AH/kgT)], wherekg is the Boltzmann constant amH is
) ] the resulting change in energy computed using the Hamiltonian

wherel;, nj, and s are roughly proportional to the density of  given by eq 1. The main motivation to use this set of constraints
the solvent, nanoparticles, and substrate at lattice isite  on the liquid moves, which is different from the set of moves
respect_ively. Eaph binary variable can equa_ll to 0 (low density) ,sed by Chandler and co-worké#sss is to avoid unphysical
or 1 (high density); however, a single lattice site cannot be gjtations in which nanoparticles are surrounded by vapor (away
occupied by more than one species . ) from the substrate) in the limit of rapid evaporation. In this move

The sum } g9 in eq 1 includes only adjacent lattice cells. he dynamics do not conserve solvent density within the film,

These ceIIs_attract one another with a strength that_ depen_ds Ofhs seems appropriate for an evaporating thin film solution.
the occupation of the two cells. The strength of the interactions

between adjacent cells occupied by the liquid is determined by
the energy density of the liquid and is given gy Similarly,

As mentioned before, the nanoparticles have negligible vapor
pressure, and therefore, their density should be conserved. Thus,

when two adjacent cells are occupied by nanoparticles they'r! our _model t_hey execute a Ta.”dom \.Nalk on the three-
attract one another with a strength determined by the nanopar-d'.me.nS'F’nal lattice, b@sed by their Interactions with each other,
ticle interfacial energy given by, Adjacent cells that are W'th_“qu'd cells, and W'th_the substrat_e. SpeC|f|_caIIy, We_atte_mpt
occupied by different species also attract one another. The!© displace a nanoparticle by a single lattice spacing in a

strength of nanoparticteliquid, nanoparticle-substrate, and ~ '@ndomly chosen direction. Such a move is accepted with the
liquid—substrate attractions are given hyi, ens and e, same Metropolis probability bunly if the region into which

respectively. Since the value of the substrate binary variablesth€ nanoparticle moves is completely filled with liquid. Solvent

is fixed in the simulations reported below, we exclude the density in lattice cells overtaken by this displacement is
constant termesy s from the Hamiltonian. regenerated in the wake of the moving nanopatrticle. This final

The last term on the right-hand side of eq 1 includes the constraint mimics the very low mobi_li_ty of nanogrystals on a
solvent chemical potentialy, which is used to establish the ~dry surface’® It also provides an additional coupling between
average concentration of liquid and vapor cells at equilibrium. the Kinetics of evaporation and nanoparticle phase sepafdtion.
A large negative value gf will favor evaporation, while positive In all the results reported below a single Monte Carlo step
values will favor wetting. Since the vapor pressure of the consists of an attempt to change the value of all liquid/vapor
nanoparticles and the substrate is negligibly small, we do not cells (note that the sum of liquid and vapor cells is conserved)
include a chemical potential for these species in the Hamiltonian. followed by Nmove attempts to move all nanoparticles. Thus,
In other words, the binary variables associated with the the diffusion rate of the nanoparticles is controlled by changing
nanoparticles and the substrategnds, respectively) conserve  the value 0fNmove
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I1l. Results

t=1

In a typical self-assembly experiment the interactions between
nanoparticles are screened by the solvent, such that self- iy
organization of nanoparticles occurs when the solvent evapo-
rates? A realization of this experimental situation is achieved |
by carefully selecting the ratio between the solvestlvent,
solvent-nanoparticle, and nanopartieteanoparticle interaction
strengths. Thus, in the first set of simulations we have chosen
(in units of ¢) ey = 1.5 ande, = 2. The values o&s and eps 1256
determine the liquietsubstrate and nanopartieteubstrate
interface energy, respectively. The substrate will remain dry
(wet) for small (large) values efs. Similarly, before the solvent |
evaporates nanoparticles will stick to the substrate for large "
values ofeps Or remain solvated for small values @f. Below
we discuss the effect of the substrate energetics on the resulting
self-assembled structures.

We consider nonequilibrium initial conditions appropriate for
experiments conducted in a closed chanf®&kle assume that
the initial configuration of nanoparticles with a given density
pn is random on the 3D lattice and all other cells that are not
occupied by the substrate are filled initially with liquid.
However,u is fixed at a value for which the equilibrium state
is vapor. For the present 3D model this occurs when —3¢,.

The values of the chemical potentjaland the temperaturé 1096 14,096
not only determine the average concentration of liquid and vapor

cells at equilibrium but also strongly affect the dynamics of
evaporation. When the solvent is near the spinodal limit of
metastability, u ~ usT), evaporation is spatiallhomoge-
neous®® Between binodal and spinodal lines3¢ > u > :
usT), evaporation is instead strongly heterogeneous in space. ) & /Ju
The transition between these limits of evaporation can be tuned ~
by changingu or T and is also discussed below. Figure 2. Snapshots of a 3D trajectory resulting from homogeneous

One of the differences between the present 3D model and&vaporation and wetting of nanoparticle domains. (Left) Density of
the 2D model developed by Rabani ef&is the scaling of the nanopa_\rtlc_les only (red), and (_rlght) density (_)f nanopartlcles and der_15|ty

. . - . . . of the liquid (blue). Note the final structure is 2D with a small density
nanoparticle interactions with size. It is well known that nanoparticles in the second layer.
dispersion interactions between spherical particles scale linearly
with size?” This behavior is well captured by the 2D mo8l.  Evaporation occurs layer by layer, and solvation forces drive
However, for the present 3D model these interactions scale with the nanoparticles in the direction of the substrate. At intermediate
the surface area of the nanoparticles and not with their diameter.times ¢ = 256) a thinwetlayer of disordered nanoparticles is
Therefore, caution must be taken when the results are comparedormed. Eventually, long wavelength fluctuations of the liquid
for different size nanoparticles. In all applications reported below density lead to the evaporation of the thin liquid layer and
we assume that the size of nanoparticles is 2 x 2 lattice nanoparticles assemble to form ordered 2D arrays that are similar
cells. With proper parameter scalfigve find that the results  to the structures predicted using the 2D mdfel.
are independent of the nanoparticle size, in agreement with Most of the structures obtained in this limit have a small
experiments? The size of the simulation box is 256 256 x second layer, similar to the experimental observatidrhe size
11 with periodic boundary conditions in the-y plane. Since of the second layer depends mainly e, ens and e,. It
the lower layer is filled with substrate, nanoparticle and liquid diminishes for smaller interparticle interactions)(or larger

1=512

t=512

can fill the top 10 layers only. nanoparticle-substrate interactiong). We find that the size
In Figure 2 we plot snapshots of the 3D simulated structures of the second layer may vary with time when the boundary of
at different times withu = —3.125,T = 0.5,¢s = 1, andens = the nanoparticle domains remains fluxional throughout the

1.5 (in units ofe). The 2D nanoparticle coverage is 0.4. For growth dynamics. The latter condition requires that the bound-
these conditions evaporation is homogeneous in space, thearies are wet (i.e., covered with solvent) and that the energetic
solvent does not wet the substrate at equilibrium (see right panelscost of moving a nanoparticle into the surrounding solvent is
at long times), and nanoparticles do not stick to the substrate comparable tdgT.

before the solvent evaporates. Left panels show the 3D The above 3D self-assembly process can be described as a
nanoparticle density computed from a representative trajectory.two-step process. This is best illustrated in Figure 3, where we
Right panels show the corresponding density including that of plot the time evolution of the density of nanoparticles (bottom)
the liquid. We find that at all times the liquid wets the interface and solvent (top) for each layer separately. The results are shown
of the nanoparticle domains. for the same trajectory as in Figure 2. At early times (256)

At early times { = 1, in units of Monte Carlo steps) the solvent disappears gradually, layer after layer. Since the
nanoparticles fill random cells in the simulation box. The energy required to convert a liquid cell to vapor at the liquid/
remaining cells are filled with liquid. The evolution of this vapor interface is smaller than the bulk, the evaporation occurs
nonequilibrium initial state toward equilibrium is driven by the in steps. Namely, evaporation in a given layer is triggered by
value of the chemical potential, which favors evaporation. the drying of the layer above. The solvent evaporation is
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Figure 3. Time evolution of the density of nanoparticles (bottom) and  Figure 4. Snapshots of a 3D trajectory resulting from heterogeneous
liquid (top) for homogeneous evaporating conditions. Each color €vaporation. (Left) Density of nanoparticles only (red), and (right)
represents the time evolution of the 2D density at a different layer. density of nanoparticles and density of the liquid (blue). Note that the
The value of the 2D density is 1 if all cells are occupied or 0 if all final morphology is 2D. Under these conditions the density of
cells are empty. Different curves represent the 2D density from bottom Nanoparticles in the second layer vanishes.
(near the substrate) to top: Black, red, green, blue, yellow, brown,
gray, violet, cyan, and magenta. This color scheme is maintained in after layer. In this gradual process the nanoparticles are driven
similar subsequent figures. toward the substrate by solvation forces. Each solvent layer
evaporates heterogeneously in space. Evaporation at the layer
correlated with the increase of nanoparticle density near the peneath is triggered when the liquid density above is very small.
substrate due to strong solvation forces. Effectively, a disorderedThis is clearly seen in Figure 5, where we plot the time evolution
thin layer of liquid and nanoparticles is formed. At longer times  of the density of the liquid (top) and the nanoparticles (bottom)
(t > 300) the remaining thin liquid layer evaporates, triggering for each layer separately. Note that the time scale for evaporation
the self-organization of nanoparticles into 2D ordered arrays. js much slower than the corresponding time scale in the
The growth dynamics and scaling laws of this second step arehomogeneous evaporation limit (see Figure 3 for comparison).
well captured by the simple 2D model of Rabani effal. At intermediate timest(~ 2000) a thin layer of liquid and
Naturally, the 2D model lacks the description of the formation nanoparticles is formed. Eventually this thin layer of solvent
of additional layers on top of the dominant lower layer nor can ill evaporate by nucleation and growth of vapor bubbles (and
the 2D model describe the growth kinetics of nanoparticles in not by long wavelength fluctuation®).If nanoparticles are
higher layers, as can be seen in the lower panel of Figure 3 atsufficiently mobile to track the fronts of growing vapor nuclei,
long times. their aggregate patterns will be shaped by the structural history
We also simulated the system under similar conditions in of evaporation of the thin layer of solvent. The locations of
which the solvent evaporates gradually, layer by layer; however, nanoparticle domains at long times roughly traces the intersec-
the evaporation is instead strongly heterogeneous in space. Asion lines of colliding vapor nuclei, leading to 2D network-like
mentioned before, this is achieved by changing the chemical morphologies, similar to the morphologies obtained by Rabani
potential and/or the temperature. A snapshot of a typical et al. for the 2D mod€l® The resulting morphologies in this
trajectory under heterogeneous evaporation conditions is shownlimit are a direct consequence of the coupling between two phase
in Figure 4. These results were obtained for the same modeltransitions, one in solvent density and the other in nanoparticle
parameters used for Figure 2 at a thermodynamic state corre-density.
sponding tqx = —3.25 andT = 0.25 (in unitse)). Here, the 2D Despite the fact that the dynamics of self-assembly in the
nanoparticle coverage is 0.2. heterogeneous evaporation limit are dramatically different, we
At early times { = 1) nanoparticles fill random cells in the find that as long as the evaporation kinetics is slower than the
simulation box. The remaining cells are filled with liquid. particle aggregation and solvation forces drive the nanoparticles
Similar to the homogeneous evaporation limit, the evolution of toward the substrate, the resulting morphologies and charac-
this nonequilibrium initial state toward equilibrium occurs layer teristic time scales are well captured by the 2D model of Rabani
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Figure 5. Time evolution of the density of nanopatrticles (bottom) and
liquid (top) for heterogeneous evaporating conditions. Each color

represents the time evolution of the 2D density at a different layer.
Color scheme same as in Figure 3.

-

Figure 6. Snapshots of a 3D trajectory resulting from homogeneous

evap_oration. (Left)_Density of na}noparticlgs _only (red), and (right)
et al®® This is true regardless of whether the solvent evaporated density of nanoparticles and density of the liquid (blue). The formation

h | het . of conical nanostalagmites seen at late times is a result of the increase
omogenegusly or he er_ogeneous In space. . of the interparticle interaction strength tat= 0.
Thus far we have discussed the formation of 2D self-

assembled morphologies. These 2D structures result from largef the region into which the nanoparticle moves is completely
solvation forces that drive the nanoparticles toward the substratefilled with liquid. As the solvent dries, the nanoparticles are
when the liquid evaporates. The large liquid interfacial energy pinned to their location and the growth of the domains nearly
leads to gradual evaporation that occurs layer by layer. Severalstops. Eventually we obtain a 3D structure of nanostalagmites.
pathways exist to form 3D self-assembled structures. One Despite the fact that the interface of the stalagmites is still wet
possible route is based on the reduction of the liquid interfacial (see right panels of Figure 6), the growth kinetic slows down
energy. For example, density fluctuations near a critical point considerably upon drying. Domain walls are only slightly
may lead to the formation of interesting 3D self-assembled fluxional since the energetic cost of moving a nanoparticle into
structures governed by the long wavelength fluctuations of the the surrounding solvent is large comparedkgd due to the
solvent. Here, we have taken an alternative route, namely, at aincrease irp.
given instant we increase the nanopartiaknoparticle interac- We find that the shape of the stalagmites is conical. The size
tion strength relative to that of the liquidiquid interaction of the base of the cones depends mainly on the diffusion rate
strength. This can be achieved experimentally by adding small of the nanoparticles. The formation of conical stalagmites is
amounts of a cosolvent with respect to which the nanoparticles consistent with the result shown in Figure 7 for the time
are solvophob® or by optically exciting the nanoparticles, evolution of the density of nanoparticles (bottom) and liquid
thereby increasing their attractions. (top). The concentration of nanopatrticles is larger closer to the
In Figure 6 we show 3D snapshots of a typical trajectory substrate and decreases monotonically from the substrate.
following the above scenario. The thermodynamic state and The rate of growth of the stalagmites domains is correlated
model parameters are the same as those used in Figuret2. At with the evaporation of the liquid, as clearly can be seen in the
= 0 we increase the nanopartieleanoparticle interaction  figure. A significant slowing down is observedtat 200, where
strength by 25%, namely, we increasdrom 2 to 2.5 (in units the liquid fills the lattice cells only at the interface of the
of ¢). The liquid screens the interparticle interactionsdor= nanoparticle domains. At long times reorganization of nano-
2 but not fore, = 2.5. As a result the nanopatrticles begin to particle domains is driven by the reduction of interfacial energy
aggregate and flocculate. This aggregation is strongly coupledof these domains. This explains the longer time decay of the

to the dynamics of the evaporating liquid, since, as mentioned liquid density, since the interfacial area of nanoparticle domains
above, in our model a nanoparticle can diffuse randomly only decreases with time.
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1 L L)) B R The formation of complex 3D assembled arrays is a chal-
' lenging task. In this paper we explored one possible route to
form nanostalagmites. This occurs when suddenly the nano-
particle-nanoparticle interaction strength is increased relative
to that of the liquid-liquid interaction strength. Experimentally,
this can be achieved by adding small amounts of a cosolvent
with respect to which the nanoparticles are solvophobic or by
optically exciting the nanoparticles, thereby increasing their
attractions. The formation of the nanostalagmites is strongly
coupled to the liquiervapor phase-transition. Furthermore, the
shape of the stalagmites is conical with dimensions that depend
mainly on the diffusion rate of nanoparticles.

Several new directions can be studied within the present 3D

T T T T model. Since the substrate is treated explicitly, effects such as

OF substrate roughness and substrate patterning can be addressed
directly. Furthermore, other evaporation scenarios may lead to
0.15 — exotic 3D morphologies. For example, density fluctuations near
a critical point may lead to the formation of interesting 3D self-
— assembled structures governed by the long wavelength fluctua-
tions of the solvent. These and other issues are currently under
investigation.
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