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While evaporating solvent is a widely used technique to assemble nano-sized objects into desired su-
perstructures, there has been limited work on how the assembled structures are affected by the physi-
cal aspects of the process. We present large scale molecular dynamics simulations of the evaporation-
induced assembly of nanoparticles suspended in a liquid that evaporates in a controlled fashion. The
quality of the nanoparticle crystal formed just below the liquid/vapor interface is found to be bet-
ter at relatively slower evaporation rates, as less defects and grain boundaries appear. This trend
is understood as the result of the competition between the accumulation and diffusion times of
nanoparticles at the liquid/vapor interface. When the former is smaller, nanoparticles are deposited
so fast at the interface that they do not have sufficient time to arrange through diffusion, which
leads to the prevalence of defects and grain boundaries. Our results have important implications
in understanding assembly of nanoparticles and colloids in non-equilibrium liquid environments.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4789807]

I. INTRODUCTION

Large, defect-free crystalline arrays of nanoparticles
(NPs) are critical for many technologically important ul-
tra thin film materials including filters, sensors, optical de-
vices, and magnetic storage media.1, 2 One common method
for dispersing nanoparticles is to suspend them in solution,
spread the suspension on a surface, and then evaporate the
solvent.1, 3–5 This technique has been used to assemble NPs
into desired structures such as nanoclusters, rings, wires,
stripes, films, and superlattices.2, 6–18 The factors that influ-
ence the assembled structure include the evaporation kinetics
of the solvent, the flow properties and concentration of NPs in
the solution, the NP-NP interactions, the interactions between
NPs and the liquid/vapor interface, and the wetting/dewetting
behavior of the suspension on the solid surface.15 One ubiq-
uitous example is the “coffee-ring” stain left behind after a
particle-laden drop has evaporated. A simple and beautiful
physical picture of this class of phenomena was first clarified
by Deegan et al.19 When the drop dries, a flow of liquid from
the interior of the drop to its edge emerges to replenish the
liquid that has evaporated from the region around the pinned
contact line. This flow convects particles to the drop’s edge,
where they form ring-like depositions. The model was tested
recently by Chen et al. on the molecular scale with molecular
dynamics (MD) simulations.20

Recently, Marin et al. demonstrated an order-to-
disorder transition of the particle organization in coffee-ring
stains.21, 22 In the early stage of evaporation, the deposi-
tion speed of particles at the contact line is low and they
have time to arrange into an ordered superlattice by Brow-
nian diffusion. However, at the end of evaporation, because
of the increase of the flux velocity toward the contact line,

a)Electronic mail: sncheng@sandia.gov.

particles are deposited at a high speed and jammed into a
quenched disordered phase as a result of the “rush-hour” traf-
fic. The experiment clearly showed the importance of deposi-
tion/accumulation and diffusive time scales on controlling the
particle ordering during solvent evaporation.

Bigioni et al. showed earlier that particle accumulation
and diffusion times determine the assembly behavior and
growth kinetics of monolayers of gold NPs with diameters
∼6 nm at a liquid/vapor interface.6, 10, 23 They found that in
order to induce NP assembly at the interface, the evaporation
rate of the solvent has to be rapid and an attractive interac-
tion between the NPs and interface is required. The latter was
induced by the excess of dodecanethiol in a toluene solution
where gold NPs were suspended. After the assembly is initi-
ated, the growth kinetics of each crystalline domain can be ex-
ponential, sub-exponential, or linear in time, depending on the
ratio of a diffusive length scale to the domain size. By tuning
the concentration of dodecanethiol, Bigioni et al. were able
to make long-range ordered arrays of gold NPs over macro-
scopic areas.10

The work of Bigioni et al. showed that evaporation gen-
erally needs to be fast so that the accumulation of NPs at the
interface passes certain critical density, leading to the nucle-
ation and growth of 2-dimensional (2D) crystals. However, if
evaporation is too fast, the crystalline quality may diminish
because NPs do not have sufficient time to arrange via diffu-
sion, but instead quenched disordered structures will emerge,
similar to the “rush-hour” effect observed in the coffee-ring
stains. This trend was actually observed earlier in an exper-
iment of Im and Park using larger polystyrene colloids with
diameters ∼230 nm,24 where the evaporation rate was tuned
by varying the temperature. They found that there exists an
optimum evaporation temperature that yields particle arrays
of the highest quality at the water/air interface. When the
evaporation temperature is higher than the optimum one, the
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accumulation rate of colloids at the interface is too large, lead-
ing to defects in the array. It is thus interesting to determine if
the effect of evaporation rate on particle assembly persists to
smaller NPs in the fast-evaporation regime, which nicely fits
the accessible length and time scales of MD simulations. This
was the motivation of our work reported here. To anticipate
the final results, we will show that there exits an optimum
evaporation rate, determined by the diffusive times of NPs
along the interface, at which the 2D crystal of NPs formed
near the interface has the highest quality even without the “an-
nealing” step.

The remainder of this paper is organized as follows. The
simulation methods are briefly introduced in Sec. II. Then
Sec. III is devoted to results and discussion. Conclusions are
included in Sec. IV.

II. SIMULATION METHODS

We modeled the liquid solvent and its vapor with atoms
interacting through a standard Lennard-Jones (LJ) potential,
ULJ(r) = 4ε[(σ /r)12 − (σ /r)6], where r is the distance between
two atoms, ε the unit of energy, and σ the diameter of atoms.
The potential was truncated and shifted to 0 at rc = 3.0σ . The
mass of each LJ atom is m and a time unit τ can be defined as
τ =

√
mσ 2/ε. The NPs of diameter d = 20σ were assumed to

consist of a uniform distribution of atoms interacting with a LJ
potential. For spherical particles, their mutual interaction can
be determined analytically by integrating over all the interact-
ing LJ atom pairs between the two particles.25 The resulting
potential depends on d, the inter-NP distance, and a Hamaker
constant Ann that characterizes the interaction strength. We
used a standard value Ann = 39.48ε and a cut-off 20.427σ .
This led to a purely repulsive NP-NP interaction, which phys-
ically corresponds to adding a short surfactant coating on NPs
to avoid flocculation.26, 27 The interaction between LJ atoms
and NPs was determined similarly by integrating the interac-
tion between a single LJ atom and those within a NP. We set
the corresponding Hamaker constant Ans = 100ε, which with
a cut-off of 14σ resulted in NPs that were fully solvated and
dispersed in the LJ solvent.28

The simulation cell was a rectangular box of dimensions
Lx × Ly × Lz. The liquid/vapor interface was parallel to the x-y
plane in which periodic boundary conditions were employed.
In the z direction, the LJ atoms and NPs were confined by
two flat walls at z = 0 and z = Lz, respectively. The depth of
the liquid was at least 150 σ and the vapor was at least 70 σ

thick before evaporation. The resulting liquid and vapor den-
sities are 0.64 m/σ 3 and 0.056 m/σ 3, respectively. Note that LJ
monomers have a vapor density higher than most real fluids
(Fig. 1(a)). This implies that the vaporization rate of LJ liquids
is quite large and they can evaporate very fast.29 To provide
a rough mapping of the evaporation rates (number fluxes of
solvent atoms) in our simulations to experimental values, we
take σ ∼ 0.3 nm and τ ∼ 2 ps, the slowest evaporation rate
we can simulate with MD is at the order of 10−4 τ−1 σ−2, cor-
responding to ∼5 × 1026 sec−1 m−2. This is about an order
of magnitude higher than the maximum rate at which water
evaporates, which is not surprising since water has an unusu-

FIG. 1. Snapshots of a NP solution with Lx = √
3Ly/2 = 271σ : (a) the

equilibrated solution before the evaporation of solvent (containing ∼7.1 mil-
lion LJ atoms); (b) after 52% (∼3.7 million atoms) of the solvent had evap-
orated at a fixed rate 2.35 × 10−4 τ−1 σ−2 for 1.85 × 105τ ; (c) after
52% (∼3.7 million atoms) of the solvent had evaporated into a vacuum for
2.9 × 104τ ; (d) the same system as in (c), but the system had re-equilibrated
for 3.4 × 104τ after the evaporation was stopped. For clarity in (a)–(d) only
about a quarter of the system in the x-y plane is shown. (e)–(h) Side views
of the NP distribution for systems in (a)–(d), respectively; the dashed lines
indicate the location of the liquid/vapor interface. (i)–(l) Top views of NPs in
the top layer for systems in (a)–(d), respectively; colors are based on an order
parameter (ψ6) for each NP as defined in Sec. III A.

ally high boiling temperature and surface tension compared
with the LJ liquids studied here.

All simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS
(developed at Sandia National Laboratories)).30, 31 The equa-
tions of motion were integrated using a velocity-Verlet algo-
rithm with a time step δt = 0.005τ . During the equilibration,
the temperature T was held at 1.0ε/kB by a Langevin thermo-
stat weakly coupled to all LJ atoms with a damping constant
� = 0.1τ−1. Once the liquid/vapor interface was equilibrated,
the Langevin thermostat was removed except for those liquid
atoms within 15σ of the lower wall at z = 0. We confirmed
that the evaporation occurring at the interface was not affected
by the thermostat.29

III. RESULTS AND DISCUSSION

A. Effect of evaporation rate

Most of our simulations started with 668 NPs dispersed
in a liquid that contained about 7.1 × 106 LJ atoms,32 as
shown in Fig. 1(a). The volume fraction of NPs was 0.205,
which was based on the diameter of bare NPs. If we took
into account the effect of a layer of solvent of thickness ∼1σ

that was effectively attached to NPs,27 the effective volume
fraction of NPs would be even higher, roughly by a factor of
1.16. We have studied systems of which the liquid/vapor in-
terface has various aspect ratios. Since the NPs were spherical
and with a short-range isotropic interaction, their ordering at
the interface was expected to be hexagonal. Thus to reduce
the finite size effects, we focused on a system with a cross-
section that was commensurate with hexagonal packing, i.e.,
Lx = √

3Ly/2 = 271σ (Figs. 1 and 2). Lx and Ly were
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(a) (b) (c) (d)

FIG. 2. (a)–(d) Voronoi constructions of NPs in the top layer in
Figs. 1(i)–1(l), respectively. Colors are based on ψ6.

chosen so that the lattice spacing in a perfectly ordered hexag-
onal array would be the same as that found after some of the
solvent was evaporated in a system that had a square cross-
section with Lx = Ly = 304σ . However, this latter system
has a larger interfacial area than the previous one. To reduce
the potential influence of areal size, we studied another sys-
tem of which Ly was increased to 352σ while Lx was kept at
271σ , so that not only the interfacial area was close to that
of the square interface, but also the aspect ratio of the inter-
face favored a hexagonal packing with a lattice spacing found
in the previous two systems. Our results indicated that the
size and aspect ratio of the interface had negligible effects on
the particle packing. Below we mainly discuss the results for
the first system and include the results of other two systems
in the supplementary material.33

The side view of the NP distribution in the equilibrium
solution is shown in Fig. 1(e), where the dashed line indi-
cates the location of the liquid/vapor interface. NPs are al-
most uniformly distributed in the solvent. Note that during
all our simulations, including the evaporation runs described
below, all NPs were fully solvated in the liquid solvent. NPs
within d = 20σ of the interface were grouped together and re-
ferred to as the top layer. At equilibrium their areal coverage
is about 45%, which is below the critical coverage 70% at the
2D hexatic phase transition.34 As shown in Fig. 1(i), the layer
is clearly disordered.

To quantitatively characterize the in-plane packing ge-
ometry, we have defined an order parameter ψ6 for each
NP. A Voronoi construction was performed and those NPs
with 6 neighbors were identified since in a close 2D pack-
ing each particle was expected to have 6 nearest neighbors
forming a hexagon. The angle θ i corresponding to the ith
side of the hexagon was found and ψ6 was computed as
ψ6 = ∑6

i=1 |θi − π/3|. We found that ψ6 was typically in the
range of 0 to 4π /3. So we normalized ψ6 by 4π /3 and the nor-
malized ψ6 was thus in the range of 0 to 1. ψ6 = 0 indicates
a perfect hexagonal packing, while ψ6 → 1 indicates situa-
tions far from a hexagonal lattice. The Voronoi construction
also showed that all other NPs had either 5 or 7 neighbors
and they were assigned ψ6 = 1 to indicate that their packing
configuration was not hexagonal. In Figs. 1(i)–1(l), NPs are
colored according to their values of ψ6 (NPs with ψ6 ≤ 0.2
are colored red and with ψ6 = 1 are colored blue). As shown
in Fig. 1(i), in an equilibrated solution NPs near the interface
are randomly distributed without any ordering, which is also
clear from the Voronoi construction shown in Fig. 2(a).

Evaporation of the solvent was modeled by introducing
a deletion zone from (Lz − 20σ ) to Lz. All or a certain num-
ber of vapor atoms in the deletion zone were removed ev-

ery 0.5τ . The former mimicked evaporation into a vacuum
which proceeded at the maximum rate, while the latter sim-
ulated evaporation at a fixed rate jE, namely, the rate of re-
moval of solvent atoms out of the simulation box. Results in
Figs. 1(b), 1(f), and 1(j) are for a system of which the solvent
had evaporated at jE = 2.35 × 10−4 τ−1 σ−2 since t = 0. Dur-
ing evaporation, the liquid film, where NPs were dispersed,
shrunk, and NPs started to accumulate below the liquid/vapor
interface that impinged from above. In this case the vapor den-
sity was only slightly reduced compared with its equilibrium
value (Fig. 1(b)) throughout the whole simulation and the in-
terface always remained close to equilibrium. As a result, the
rate jE was roughly the same as the actual outward flux of
solvent atoms near the liquid/vapor interface or in the vapor.
The side view of the NP distribution in Fig. 1(f) shows that
NPs formed layers where their concentration had peaks. At
t = 1.85 × 105τ , 52% of the solvent (∼3.7 million atoms)
had evaporated, and the volume fraction of NPs increased
to 0.35. At least 3 layers of NPs were formed as shown in
Fig. 1(f), with 171 NPs in the top layer. Figure 1(j) shows
the in-layer structure of these NPs, from which a hexagonal
packing is clearly visible. This is also evident from the corre-
sponding Voronoi construction (Fig. 2(b)).

Note that the number of layers induced by evaporation
depends on the volume fraction of NPs and the interfacial
area. In many experiments, NP solutions are quite dilute and
only one layer of NPs forms, but more layers were also ex-
perimentally observed,6 as in our simulations. The structures
in the NP layers below the top one were essentially similar
but with a diminishing crystalline quality as the distance from
the interface increased. Two consecutive layers were roughly
in-registry as in fcc or hcp crystals, but we had too few layers
to distinguish the two crystal structures. For clarity, we focus
on the in-plane structure in the top NP layer below.

The results in Figs. 1(c), 1(g), and 1(k) are for a system
with the same starting state, but with the solvent evaporat-
ing into a vacuum since t = 0. Here the vapor was quickly
depleted (Fig. 1(c)) and the evaporation at the liquid/vapor
interface proceeded at the maximum rate, which decreased
with time and eventually reached a plateau value around
1.2 × 10−3 τ−1 σ−2 (see Fig. 3). The actual flux of solvent
atoms at the interface was lower than jE for the first 1000τ

during which the vapor depletion occurred, and then the two
were almost identical. It only took 2.9 × 104τ to evaporate
roughly the same amount (52%) of solvent as in the previous
case with a fixed rate. The layering of NPs was obvious from
the side view (Fig. 1(g)). However, each layer was composed
of several 2D grains separated by grain boundaries, where the
packing deviated significantly from a hexagonal lattice as in-
dicated by colors based on the values of ψ6 (Fig. 1(k)) and the
corresponding Voronoi construction (Fig. 2(c)) for NPs in the
top layer.

Comparing Figs. 1(j) and 1(k) (or Figs. 2(b) and 2(c))
shows that the slower evaporation led to a NP packing with a
better crystalline order. The same trend was also found for the
other two systems evaporating at various rates (see Figs. S1(a)
and S1(b), and Figs. S2(a) and S2(b) in the supplementary
material).33 This effect of evaporation rate jE on the assem-
bly quality can be understood on the basis of two time scales:
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one describes how fast NPs accumulate at the interface, and
another is determined by the diffusivity of NPs along the in-
terface. In the steady state, the liquid/vapor interface recedes
almost uniformly, with a receding velocity v that is related to
jE through jE = ρv, where ρ = 0.64σ−3 is the liquid den-
sity. Using a model discussed by Bigioni et al.,10 a time scale
ta = (φvd2)−1 can be defined to describe the speed of NP ac-
cumulation at the interface, where φ is the NP concentration
in the solution. After NPs reach the top layer, they primarily
diffuse along the interface. We denote the diffusive time scale
as td, which can be estimated as td = d2/4D with D as the dif-
fusion coefficient. For d = 20σ and D ∼ 3 × 10−3 σ 2/τ ,28 the
diffusive time is td ∼ 3.3 × 104τ .

NPs accumulate faster than they diffuse in the limit
ta � td, where the growth of 2D crystals is induced primar-
ily by NP addition. As it is unlikely that crystalline grains
in different spatial regions have orientations that match, this
leads to the occurrence of grain boundaries when grains meet.
However, in the opposite limit ta � td, NPs are added to the
top layer slowly and small crystal regions can act as seeds
which then grow larger through NP diffusion. In this case de-
fects and grain boundaries are less likely to appear. The NP
layer also has more time to relax into a uniform hexagonal lat-
tice even if imperfections in the packing occur. For the system
shown in Figs. 1(k) and 2(c), the solvent evaporated fast and
the interface velocity v was about 2 × 10−3σ /τ , which leads
to ta � 1.3 ∼ 2.3 × 104τ . The value of ta has a range since
the NP concentration φ increased as the solvent evaporated.
For Figs. 1(j) and 2(b) where jE was fixed at 2.35 × 10−4 τ−1

σ−2, v was about 3.7 × 10−4σ /τ , which gives ta � 7 ∼ 12
× 104τ . As expected, ta < td in the fast evaporation (into a
vacuum), while ta > td in the slow evaporation (at a small
fixed rate).

Since ta and jE are related through ta = (φd2jE/ρ)−1, by
equating ta to td one can estimate a critical rate jC = ρ/(φd2td).
When jE < jC, an almost defect-free hexagonal NP array is ex-
pected; while for jE > jC, grain boundaries and point defects
will appear in the 2D crystal induced by evaporation. For our
simulations, jC � 9 × 10−4 τ−1 σ−2. When the solvent evap-
orated into a vacuum, the evaporation rate was always larger
than jC, leading to NP layers with defects and grain bound-
aries. However, when jE was reduced and fixed at a value
below jC, the assembly quality in NP layers was greatly im-
proved. Furthermore, from experiments it is already known
that if the evaporation is too slow, then the density of NPs
at the interface never reaches the critical nucleation density
since NPs have abundant time to diffuse back into the bulk of
the solution, and assembly is not initiated in the first place.6, 10

Combined with this observation, our simulations indicate that
there exits an optimum evaporation rate jopt at which the NP
arrays formed near the liquid/vapor interface are of the high-
est quality. Though it is very difficult to precisely calculate
jopt from simulations, our results indicate that jopt should be
about an order of magnitude smaller than jC since only a
few defects and grain boundaries were observed at jE � jC/5
(Fig. 2(b) and Fig. S1(a) in the supplementary material),33

while more were seen at jE � jC (Fig. S2(a) in the supple-
mentary material).33 Therefore, a reasonable estimate is jopt

∼ jC/10 = ρ/(10φd2td).

B. Effect of annealing

Since the volume fraction of NPs was only 0.35 in
Fig. 1(c) and still below the critical fraction of hard-sphere
crystallization (∼0.545),35 we expected that the layering
structure in Fig. 1(g) would be destroyed when the evapora-
tion was stopped and the system was allowed to relax. How-
ever, this was not the case on MD time scales, and the layering
became even more dramatic after the evaporation ceased at
t = 2.9 × 104τ and the system had re-equilibrated, as shown
in Figs. 1(d) and 1(h) at t = 6.3 × 104τ . The robustness of
layering was partly due to the fact that some solvent evapo-
rated to fill the vapor-depleted region above the liquid and to
re-establish the liquid/vapor equilibrium. This increased the
volume fraction of NPs in the solution to 0.38. Furthermore,
melting requires the diffusion of NPs in the direction per-
pendicular to the layers, which was hindered by the ordered
structure in each layer and the commensurability between lay-
ers. Our results thus indicate that the system was dominated
by non-equilibrium dynamics with long relaxation and equi-
libration times, much larger than those achievable with MD
simulations.

The organization of NPs in the top layer was greatly im-
proved after relaxation. The grain boundaries in this layer
completely disappeared after approximately 3.4 × 104τ and
NPs formed an almost perfect hexagonal lattice, as shown
in Figs. 1(l) and 2(d) (also see Figs. S1(c) and S2(c) in the
supplementary material).33 This finding is consistent with an
experimental observation that alternative evaporation and re-
laxation produce 2D crystals of NPs with less defects.36 It re-
veals the importance of relaxation that allows imperfections in
the NP packing to heal via structural re-arrangement, which
only gradually proceeds through the diffusion of NPs. The
improvement of the crystalline quality was also observed for
the other layers below the top one after annealing, though
over the time scale of simulations they were still not com-
pletely ordered. For NPs with diameters at the nanometer
scale and without mutual attractions as studied here, their
diffusion is relatively fast and thus the time scale of struc-
tural re-arrangement is accessible with MD. However, it can
be imagined that for larger NPs or colloidal particles in the
micrometer range and with attractive inter-particle interac-
tions, diffusion becomes much slower and it will take much
longer time to remove defects and grain boundaries. This is
one of the reasons that they are frequently observed in assem-
bly experiments.6, 10

C. Effect on evaporation rate of assembled
nanoparticle layers

When NPs crystallize below the liquid/vapor interface,
they slow down the evaporation, since liquid atoms need
to circumvent NPs to reach the interface and then evapo-
rate. This blockage effect on evaporation is shown in Fig.
3(a), where the rate jE is plotted against time for a neat sol-
vent and the NP solution, both of which evaporated into a
vacuum. At earlier times, NPs were dilute near the inter-
face and liquid atoms essentially did not feel their presence.
Therefore jE was roughly the same for the two systems. At
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Τ

Τ
Σ

FIG. 3. (a) Evaporation rate jE vs. time for a NP solution (solid red line)
and a neat solvent (dotted green line), showing the blockage effect of NPs on
evaporation. (b) A schematic illustration of how the evaporation is affected
by nanoparticles immersed just below or straddling the liquid/vapor interface:
only the evaporation of the solvent in the area enclosed by the black boxes is
blocked.

later times, since NPs started to form a dense layer below
the interface, jE for the NP solution became smaller than
that for the pure solvent. The factor of reduction was 25%
when jE reached the plateau values in the two systems at
t � 800τ . However, the reduction in jE is not as dramatic
as what a naive estimate of the areal reduction of the liq-
uid/vapor interface would indicate. The reason is that NPs
still sit below the interface in our simulations and their top
sides only barely touched the liquid/vapor transition zone.
As illustrated in Fig. 3(b), only liquid atoms attached to the
surface around the north pole of NPs were affected in terms
of evaporation. At several σ away from this region (outside
the box enclosing the north pole of the immersed NP in
Fig. 3(b)), the distance from the interface to NP surface
quickly increases beyond a few diameters of LJ atoms, and
the evaporation of the liquid there was not influenced by the
presence of NPs. However, if the NP layer straddled the liq-
uid/vapor interface (see the straddling NP in Fig. 3(b)), we
would expect jE to decrease by an order of magnitude com-
pared with the case of a neat solvent. In this case, the inter-
facial area is indeed reduced by NPs. The evaporation can-
not occur in the area covered by NPs and will slow down
significantly.

IV. CONCLUSIONS

To summarize, we have studied the assembly of NPs in
a solution induced by solvent evaporation with MD simu-
lations. Our results showed that NPs formed layers which
started from below the liquid/vapor interface. The structure
in each layer found in simulations is similar to that observed
in many experiments,6, 10, 23 i.e., a close-packed hexagonal 2D
crystal. Interestingly, we found that the assembly quality was
better when the evaporation rate was relatively slower. This
trend was understood with a simple physical picture based on
two time scales. The time scale associated with NP accumu-
lation in the top layer, which is controlled by the evaporation
rate, needs to be larger than the diffusion time of NPs along
the interface in order to form a defect-free 2D crystal. Other-
wise, growth of crystals at different locations leads to grains
with different orientations, and grain boundaries and point de-
fects appear when grains meet. Since it is known that evapo-
ration needs to be fast enough to initiate interfacial NP assem-

bly in the first place, our simulations indicate that there exits
an optimum evaporation rate at which the packing quality of
NP arrays at the liquid/vapor interface is the best. If evapo-
ration proceeds at a higher rate, a relaxation process, which
can have a large time scale depending on the particle size and
interaction, is needed to “anneal” the crystal and remove the
imperfections in the packing. Our simulations also showed
the blockage effect on evaporation because of the presence
of the dense NP layer near the interface. The effective area
of the interface was reduced and the evaporation of the liq-
uid slowed down compared with the case of a neat solvent.
However, in our simulations NPs were still immersed in the
solvent and only the solvent atoms in the region around the
top of NPs were actually affected in terms of evaporation and
therefore only a minor reduction in the evaporation rate was
observed.
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Lett. 11, 2430 (2011).

3C. J. Brinker, Y. Lu, A. Sellinger, and H. Fan, Adv. Mater. 11, 579 (1999).
4F. Bresme and M. Oettel, J. Phys.: Condens. Matter 19, 413101 (2007).
5M. Pichumani, P. Bagheri, K. M. Poduska, W. G. Viñas, and A. Yethiraj,
e-print arXiv:cond-mat/1210.6662.

6X.-M. Lin, H. M. Jaeger, C. M. Sorensen, and K. J. Klabund, J. Phys. Chem.
B 105, 3353 (2001).

7D. Wyrwa, N. Beyer, and G. Schmid, Nano Lett. 2, 419 (2002).
8S. Liu, T. Zhu, R. Hu, and Z. Liu, Phys. Chem. Chem. Phys. 4, 6059 (2002).
9J. P. Hoogenboom, C. Rétif, E. de Bres, M. van de Boer, A. K. van Langen-
Suurling, J. Romijn, and A. van Blaaderen, Nano Lett. 4, 205 (2004).

10T. P. Bigioni, X.-M. Lin, T. T. Nguyen, E. I. Corwin, T. A. Witten, and
H. M. Jaeger, Nature Mater. 5, 265 (2006).

11J. Xu, J. Xia, and Z. Lin, Angew. Chem., Int. Ed. 46, 1860 (2007).
12G. Derkachov, K. Kolwas, D. Jakubczyk, M. Zientara, and M. Kolwas,

J. Phys. Chem. C 112, 16919 (2008).
13J. Chen, W.-S. Liao, X. Chen, T. Yang, S. E. Wark, D. H. Son, J. D. Batteas,

and P. S. Cremer, ACS Nano 3, 173 (2009).
14L. Xiao, R. Zhou, Y. He, Y. Li, and E. S. Yeung, J. Phys. Chem. C 113,

1209 (2009).
15S. Jeong, L. Hu, H. R. Lee, E. Garnett, J. W. Choi, and Y. Cui, Nano Lett.

10, 2989 (2010).
16P. Kanjanaboos, A. Joshi-Imre, X.-M. Lin, and H. M. Jaeger, Nano Lett.

11, 2567 (2011).

Downloaded 08 Feb 2013 to 198.102.153.2. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1002/adma.201000755
http://dx.doi.org/10.1021/nl200841a
http://dx.doi.org/10.1021/nl200841a
http://dx.doi.org/10.1002/(SICI)1521-4095(199905)11:7<579::AID-ADMA579>3.0.CO;2-R
http://dx.doi.org/10.1088/0953-8984/19/41/413101
http://arxiv.org/cond-mat/1210.6662
http://dx.doi.org/10.1021/jp0102062
http://dx.doi.org/10.1021/jp0102062
http://dx.doi.org/10.1021/nl0157086
http://dx.doi.org/10.1039/b208520h
http://dx.doi.org/10.1021/nl034867h
http://dx.doi.org/10.1038/nmat1611
http://dx.doi.org/10.1002/anie.200604540
http://dx.doi.org/10.1021/jp806349q
http://dx.doi.org/10.1021/nn800568t
http://dx.doi.org/10.1021/jp807776w
http://dx.doi.org/10.1021/nl101432r
http://dx.doi.org/10.1021/nl2014873


064701-6 S. Cheng and G. S. Grest J. Chem. Phys. 138, 064701 (2013)

17A. Dong, X. Ye, J. Chen, and C. B. Murray, Nano Lett. 11, 1804 (2011).
18J. A. Fan, K. Bao, L. Sun, J. Bao, V. N. Manoharan, P. Nordlander, and

F. Capasso, Nano Lett. 12, 5318 (2012).
19R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, and T. A.

Witten, Nature 389, 827 (1997).
20W. Chen, J. Koplik, and I. Kretzschmar, e-print arXiv:cond-mat/1203.1910.
21Á. G. Marín, H. Gelderblom, D. Lohse, and J. H. Snoeiger, Phys. Rev. Lett.

107, 085502 (2011).
22Á. G. Marín, H. Gelderblom, D. Lohse, and J. H. Snoeiger, Phys. Fluids

23, 091111 (2011).
23S. Narayanan, J. Wang, and X.-M. Lin, Phys. Rev. Lett. 93, 135503

(2004).
24S. H. Im and O. O. Park, Langmuir 18, 9642 (2002).
25R. Everaers and M. R. Ejtehadi, Phys. Rev. E 67, 041710 (2003).
26P. J. in’t Veld, M. K. Petersen, and G. S. Grest, Phys. Rev. E 79, 021401

(2009).
27G. S. Grest, Q. Wang, P. J. in’t Veld, and D. J. Keffer, J. Chem. Phys. 134,

144902 (2011).

28S. Cheng and G. S. Grest, J. Chem. Phys. 136, 214702 (2012).
29S. Cheng, J. B. Lechman, S. J. Plimpton, and G. S. Grest, J. Chem. Phys.

134, 224704 (2011).
30S. J. Plimpton, J. Comp. Phys. 117, 1 (1995).
31See http://lammps.sandia.gov/ for information about the LAMMPS molec-

ular dynamics simulator.
32We also simulated a larger system starting with 720 NPs dispersed in a sol-

vent containing about 17 million LJ atoms at a volume fraction 0.1. Results
are qualitatively similar to those reported here, which indicates that our re-
sults are robust and insensitive to both the starting volume fraction of NPs
and the finite size of the liquid/vapor interface.

33See supplementary material at http://dx.doi.org/10.1063/1.4789807 for
Voronoi constructions of the other two systems with Lx = Ly = 304σ , and
Lx = 271σ and Ly = 352σ , respectively.

34K. Binder, S. Sengupta, and P. Nielaba, J. Phys.: Condens. Matter 14, 2323
(2002).

35W. G. Hoover and F. H. Ree, J. Chem. Phys. 49, 3609 (1968).
36W. J. Ray, private communication (2012).

Downloaded 08 Feb 2013 to 198.102.153.2. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1021/nl200468p
http://dx.doi.org/10.1021/nl302650t
http://dx.doi.org/10.1038/39827
http://arxiv.org/cond-mat/1203.1910
http://dx.doi.org/10.1103/PhysRevLett.107.085502
http://dx.doi.org/10.1063/1.3640018
http://dx.doi.org/10.1103/PhysRevLett.93.135503
http://dx.doi.org/10.1021/la025888e
http://dx.doi.org/10.1103/PhysRevE.67.041710
http://dx.doi.org/10.1103/PhysRevE.79.021401
http://dx.doi.org/10.1063/1.3578181
http://dx.doi.org/10.1063/1.4725543
http://dx.doi.org/10.1063/1.3595260
http://dx.doi.org/10.1006/jcph.1995.1039
http://lammps.sandia.gov/
http://dx.doi.org/10.1063/1.4789807
http://dx.doi.org/10.1088/0953-8984/14/9/321
http://dx.doi.org/10.1063/1.1670641

