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ABSTRACT

Size-monodisperse 35 A diameter, sterically stabilized gold nanocrystals self-assemble into hexagonal networks, or two-dimensional honeycombs,
during drop casting of a dispersion onto a substrate under the appropriate conditions. By changing the nanocrystal concentration prior to
deposition, the microscopic morphology of self-assembled nanocrystal structures can be tuned from rings at high concentrations to honeycombs
at low concentrations. The temperature dependence of the surface tension of the gold nanocrystal dispersions was measured using a ring
tensiometer and found to depend on the particle concentration, particle size, and distribution. The morphological transition from rings to
honeycombs appears to occur due to a transition from diffusive to convective fluid flow during solvent evaporation, which results directly
from the surface tension and thermal conductivity differences between the dispersions.

In many instances, thermodynamics controls the structural observation of self-assembled hexagonally organized net-
organization of mesoscopic colloid-based materials. For works of gold nanocrystals (see Figures 1d and 2a). The
example, size-monodisperse hard sphere colloids pack intohexagonal networks consist of ribbons of nanocrystals
face-centered cubic (fcc) superlattidesharge-stabilized — approximately 15 nm thick and 500 nm wide; the honeycomb
colloids and sterically stabilized nanocrystals can organize network has a lattice parameterof ~4.3 um.

into fcc or bee (body-centered cubic) lattices, depending on The microscopic morphology of the self-assembled struc-

the range of repulsive interaction between partiéfésand  tures depends on the starting nanocrystal concentration in
size-matched colloids with bimodal size distributions can the dispersion prior to deposition. Figure 1 ShOWS the
form ordered phases, such as ABnd AB, lattices®’ The morphological progression that occurs with decreasing

dynamics of the colloidal organization process, however, can nanocrystal concentration prior to deposition, from rings to

tive examples include the convective self-assembly of finally structures without microstructural order.

microscopically ordered colloidal arrays with macroscopic
planar, spherical, ellipsoidal, and even doughnut sfdpe. di
Constraints imposed on the mobility of hard-sphere nano-
crystals on a surface during monolayer deposition can
frustrate equilibrium phase behavior. For example, disordered
monolayers occur for zero surface diffusion (a process known
as random sequential adsorption), a hexatic phase forms wit
limited surface diffusion, and the equilibrium phase (hexa
gonal array) forms when the surface mobility is high.
Ohara, Heath, and Gelbart have demonstrated the formatio
of organized rings of nanocrystals due to solvent dewetting
effects during solvent evaporatiéhMore recently, Pileni
and co-workers demonstrated the formation of a variety of
microstructures, including polygonal networks of nanocrys-
tals and rings, which were attributed to thermocapillary flow
during evaporatio®? In this letter, we describe our recent

We ascribe the observed polymorphism to a transition from
ffusive to convective fluid flow during evaporation. At high
nanocrystal concentrations, thermocapillary flow does not
occur and rings and polygonal networks form as a result of
hole formation in the fluid upon evaporation and dewetting.
Below a critical concentration, however, a Marangoni
k5nstabi|ity occurs giving rise to convective flow, which pro-

" duces hexagonal networks under the appropriate conditions.
The occurrence of the Marangoni instability depends on the
r‘iemperature dependence of the surface tension, which was
found to depend on the nanocrystal concentration and size.

Alkanethiol-stabilized gold nanocrystals were synthesized
at room temperature using a modified version of the
procedure developed by Brust etat* Samples of relatively
size-monodisperse 3.5 nm (Figure 2a) and 5 nm (Figure 2b)
diameter nanocrystals and a polydisperse sample with sizes

* Corresponding author. Phone: (512) 471-5633. Fax: (512) 471-7060. rang_mg from 3 to 12.5 nm diameters (F'gure 20) were
E-mail: korgel@mail.che.utexas.edu. studied.
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Figure 2. TEM images of (a) monodisperse 35 A, (b) monodis-
perse 50 A, and (c) polydisperse 30 to 125 A Au nanocrystals
deposited on a carbon substrate from chloroform at a concentration
of 1.25 x 1072 g/L.

Figure 3 shows a representative high-resolution transmis-
sion electron microscopy (TEM) image of the nanocrystals
used. Note that the particles are separated on the substrate
by ~15 A, due to the stabilizing ligands that coat the
nanocrystals and prevent uncontrolled aggregation in solu-
tion.

Dispersions were prepared with the following concentra-
tions: 1.67 g of gold nanopatrticles/L of chloroform, 28
10t g/L, 9.26 x 102 g/L, 1.25 x 102 g/L, and 1.25x
103 g/L. ThreeuL of each nanocrystal dispersion was drop-
cast on a carbon-coated 200 mesh copper TEM grid. The
solvent was evaporated from the TEM grid while holding
the substrate horizontal with anticapillary action tweezers

Figure 1. TEM images of microscopic structures formed by 35 A _at 20°C n still air. _T_he nanocrystal microstructures were
diameter sterically stabilized Au nanocrystals drop-cast on a carbonimaged using a Phillips EM208 TEM operated at 120 kV
substrate from a chloroform dispersion. (a) Au nanocrystals at 1.67 acceleration voltage.

g/L deposit as rings. (b) At 0.277 g/L, the number of rings decreases.  Figure 1 shows the progression of patterns formed with
(c) At 9.26 x 102 rings no longer form; instead, polygonal  yecreasing gold nanocrystal concentration for 3.5 nm dia-

networks become the preferred morphology. (d) At 1:2802 ' . . .
g/L, ordered repeating hexagonal networks resembling honeycombsmeter particles. At the highest concentration studied (1.67

dominate the structural morphology. () Further dilutions collapse 9/L), the nanocrystals coalesce into ring structures with an
the order. average diameter of 1x4m. As the concentration is lowered
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Figure 3. Representative high-resolution TEM image of Au
nanocrystals used in the study.

(9.26 x 102 g/L), the pattern transitions from isolated rings
to polygon networks. As the nanocrystal concentration g ,m~"
decreases further (1.26 102 g/L), the particles organize
into networks of uniform hexagons as shown in Figure 1d,
with a characteristic lattice parameter= 4.3 um. The
characteristic size of the hexagonal networks formed using
35 A diameter nanocrystals did not vary with nanocrystal

preparation, the grid used, or the area on the grid examined._. )
. Figure 4. AFM images of (a) hexagonal networks and (b)
2
At concentrations below 1.25 10 g/L, the networks no dewetting rings of Au nanocrystals. The average height of the

longer appear, as in Figure le at a concentration of .25 hexagonal borders are 15 nm, and the dewetting rings vary from
103 g/L. 25 to 100 nm.

The nanocrystal size and size distribution affect the 55 solvent continues to evaporate. As a hole widens in the
morphology of the self-assembled structures. Figure 2 showsfjim  nanocrystals collect at the air-solvent interface until
representative TEM images of nanocrystal dispersions de-pecoming “pinned” on the substrate. The solvent continues
posited from 1.25< 1072 g/L dispersions as a function of {4 evaporate, leaving the nanocrystals fixed on the substrate
polydispersity and particle size. The larger 5 nm nanocrystalsi, the form of a ring. The separation between the hole
(Figure 2b) and the polydisperse nanocrystals (Figure 2¢) nycleation event, which occurs at a critical fluid film height,
with sizes ranging from 3 to 12.5 nm do not organize into g hole growth leads to relatively size-monodisperse ring
hexagonal networks at this concentration, or at any of the giameters as shown in Figure 1a. Dewetting rings similar to
other concentrations tested. these have also been observed for thin polymer fiffss

The thickness of the ring structures and the honeycomb the nanocrystal concentration decreases from 1.67 g/L, the
networks was determined using atomic force microscopy evaporating hole spreads further before nanocrystal pinning
(AFM; Thermomicroscopes Autoprobe CP Research). Figure occurs. At 9.26x 1072 g/L, the holes grow large enough to
4 shows AFM images of the border of one of the hexagonal intersect. At the intersection of the rings, the nanocrystals
convection cells and nanocrystals that have formed a ring. restructure to minimize their interfacial free energy, resulting
The ring structures were significantly thicker than the in the formation of polygonal networks. This dewetting
honeycomb networks of particles, with heights of greater than mechanism has also been well documented for thin polymer
25 nm, compared te-15 nm for the hexagonal borders. films.15

Ohara, Heath, and Gelbart proposed that rings of nano- Further decreases in the nanocrystal concentration (1.25
crystals form as a result of hole nucleation and growth in x 1072 g/L) lead to the formation of organized hexagonal
thin wetting solvents during evaporatiéhin the absence  networks. It is highly unlikely that the hexagonal networks
of thermocapillary effects (i.e., convective motions in the form as a result of intersecting dewetting holes. The
fluid), the film thickness decreases homogeneously until thermodynamic packing constraints and force-field interac-
reaching a critical thickness when the film becomes unstabletions between particles are not sufficiently complex or long-
and dewets the substrate through a hole nucleation mecharange to control microstructural organization into honeycomb
nism. The critical thickness depends on the disjoining networks. In essence, there is no driving force to spatially
pressure of the solvent film on the substrate. The holes growcorrelate neighboring dewetting holes into a hexagonal

0 um
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Figure 5. TEM image reveals dewetting rings within the honey-
comb network.

lattice. In fact, organized hexagonal networks have not been
observed in any dewetting thin polymer filmenly disor-
ganized polygonal networks have been forredddition-

ally, as seen in Figure 5, rings were observed within
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Figure 6. lllustration of surface tension driven convection. Solvent
evaporation induces a vertical temperature gradient between the
free gas-solvent interface and the relatively isothermal substrate.
WhenMa > Ma,, the film becomes unstable to thermal fluctuations
on the surface and convection occurs. The surface tension increases
with decreasing temperature, causing the surface to spread at regions
of higher temperature and contract at regions of lower temperature.
The resulting surface flow forces warmer liquid near the substrate
to rise and replace the spreading fluid, which leads to vertical
convective flow. Flow is further enhanced because the rising fluid

is warmer than the average gasolvent interfacial temperature.

hexagonal cells, indicating that the rings and hexagons mostconyection reaches steady state as viscous forces dissipate the

likely do not both result from dewetting phenomena. The

surface tension induced energy gradient.

simultaneous occurrence of these patterns within the same

cells indicates that they form at different stages of the

evaporation process and that two different organizing mech-

anisms could be active under these deposition conditions.
Pileni and co-workers recently stated that Marangoni

convection, or thermocapillary flow, can direct nanocrystal

organization during the evaporation proc&sk relatively

thin fluid films, on the order of micrometers thick, solvent

surface tension fluctuations at the air-solvent interface caused 1.25 x 1073

by a vertical temperature gradient across the film can give
rise to two-dimensional hexagonally organized flow pat-
ternsi® As solvent evaporates from a drop-cast nanocrystal

Table 1: Parameters Measured at 20 for 3.5 and 5 nm Gold
Nanocrystals Dispersed in Chloroforna:, or, «, Ma2

concentration diameter o oT K

(a/) (nm)  (dynes/cm) (dynes/cm-C) (cm?/s) Ma
1.66 3.5 30.75 —0.5520 9.161 x 10™* 63.6
2.77 x 107 35 30.7 —0.5522 7.553 x 1074 77.1
9.26 x 1072 35 30.63 —0.5531 7.339 x 104 79.5
1.25 x 1072 3.5 30.38 —0.5606  7.246 x 1074 81.6
35 30.3 —0.6833 7.233 x 1074 99.7
1.66 5 29.94 —0.5421 9.161 x 104 62.4
2.77 x 1071 5 29.85 —0.5447 7.553 x 1074 76.1

9.26 x 1072 5 29.8 —0.5496 7.339 x 104 79
1.25 x 1072 5 29.77 —0.5520 7.246 x 1074 80.4
1.25 x 1073 5 29.67 —0.7392  7.233 x 107 107.8

dispersion, a vertical temperature gradient results as evapora-

tion cools the free surface relative to the isothermal substrate.

Marangoni convection, originally observed by rized in
19007 and later explained by Pearson in 198&an give
rise to hexagonal honeycomb networks of convective flow
cells® For a flat liquid film with negligible thickness

aFor all solutions,p = 1.471 (g/mL),» = 0.58 cP,a. = 1.24 x 1073
(1K), k= 2.46 x 1074 (cal/scn?+(Clcm)),ky = 5.624x 1075 (cal/scrm?(C/
cm)).

organized convective “cells,” depicted in Figure 6. Steady-
state flow occurs as the viscous forces dissipate the thermally

compared to its length and fixed temperatures at the top andyerived surface tension energy gradients in the film. This

bottom surface, the Marangoni numbda, is

_o7ATd

PVK

Ma

)

where,o is the liquid surface tensiod\T is the temperature
differential across the fluid film of thicknes$ or = |do/

dT], p is density,v is kinematic viscosity, and is the thermal
diffusivity. The Marangoni humber is a ratio of the force
due to the surface tension gradient and the viscous forces
For a system characterized kvla less than a critical
Marangoni numberMa, = 80, heat transfer from the
underlying hot surface to the cool ailiquid interface occurs

by diffusion. However, wherMa > Ma, = 80, surface

behavior has been well studied in a variety of micrometer
thick fluid films.»® In these systems, the dimensionless
wavenumber. = 2zd/L is on the order of 2 and relates the
characteristic lattice spacing of the hexagonal netwotl

the fluid film thicknessd.

Few measurements of the surface tension, density, and
viscosity of nanocrystal dispersions exist. Therefore, to
calculateMa for the dispersions, v, ando were measured
as a function of nanocrystal concentration, size, and size
distribution. Table 1 lists the parameters measured 420
for 3.5 and 5 nm diameter gold dodecanethiol-capped
nanocrystals at different concentrations in chloroform. There
was no noticeable concentration dependence®8iThe same
was true for p—as expected for these dilute colloidal

tension gradients become large relative to the viscous forcesdispersions. Howeveg (30.7 dyn/cm) for 1.66 g/L 3.5 nm

and convective motion sets 1#41° This instability in the fluid
film can lead to a steady-state flow pattern of hexagonally

598

and (29.94 dyn/cm) for 5 nm gold nanocrystals in chloroform
at 20°C exceeded the pure chloroform value of 27.4 dyn/
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cm?! The surface tension increases with increasing particle g
concentration for both particle sizes. The increase in surface &8
tension with increased concentration presumably results from ga
the much lower volatility of the nanocrystals relative to the &
solvent. Values ofir also change significantly with particle
concentration, with largest at lower concentrations. The
increased solvent exposure at the-diquid interface in more
dilute nanocrystal dispersions leads to greateihe thermal
conductivity also changes with nanocrystal concentraon. -
Changes in the thermal conductivity manifest themselves in (s
Ma as variations in.

Mawas calculated using the measured parameters for eact
dispersion and estimatimyT = 4.5°C andd=1.3um (Table
1)22In all of the 3.5 nm nanocrystal dispersioia is close
to 80, the critical Marangoni number required for convective
flow, and increases with decreasing concentration. At 1.25 [
x 1072 g/L, the concentration that produces hexagdnia,
> 80 and Marangoni convection is expected. At the onset
of thermocapillary flow, the fluid sweeps the nanocrystals
into the boundary regions between neighboring flow cells.
The solvent velocity at the cell boundaries must reach a
boundary condition of zero. Furthermore, the temperature
of the solvent between cells is lowest, which gives the lowest
nanocrystal solubility in the solvent film. With sufficient
concentration and slow diffusion compared to the evaporation
rate, the nanocrystals remain fixed between flow cells as
the solvent evaporates below the film thickness required
to host short wavelength instabilitiés.The hexagonal
networks form using a narrow range of nanocrystal concen-
trations because Marangoni convection becomes more favor
able with decreasing concentration while simultaneously
there must be enough particles to fill the gaps between
convection cells.

Figure 7. SEM image of a hexagonal network of 40 A sterically
stabilized nickel nanocrystals.

to the value oMa, the local uniformity in particles size and
interaction on the grid are also important.

Other nanocrystals, in addition to gold, were also observed
to form hexagonal networks, which confirms that this
phenomenon is not just restricted to gold. For example, nickel
particles with an average diameter of 4 nm produced
honeycomb networks, as shown in the high-resolution SEM
image of Figure 7° In the sample, particle sizes ranged
between 3 and 7 nm, yet networked hexagons formed.
However, the ordering of this sample is less extensive than
‘the gold nanoparticles, which can perhaps be attributed to
the polydispersity of the nickel nanocrystals.

In conclusion, the experimental observations presented
here demonstrate that, within a narrow concentration range,
Ordered honeycomb networks were not observed for short wavelength Marangoni instability can occur during
polydisperse nanocrystals or larger 5 nm diameter nano-golvent evaporation to produce honeycomb networks of
crystals. The 5 nm diameter nanocrystal solutions do not monodisperse sterically stabilized 3.5 nm diameter nano-

exhibit values ofr as high as the smaller particles, leading crystals with a lattice parameter of 4an. Organized

to slightly lowerMa. Nonethelessyla > 80 for the two most  networks were not observed at higher nanocrystal concentra-
dilute solutions (the 1.25¢ 107 g/L sample is shown in  tjons, giving rise instead to 14m diameter rings as a result
Figure 2b), yet hexagons were not observed for either case.of the dewetting characteristics of the solvent. Rings have
In the most dilute solution there are certainly not enough peen observed to occur within the hexagonal networks,
particles to leave a residue of the hexagons on the grid. Sincengicating that ring and hexagonal network formation occur
the Marangoni number is barely above 80 for the 125 gt two different stages in the evaporation process.

1072 g/L solution (assumingl = 1.3 um), the drive toward A necessary but not sufficient condition for honeycomb
convective behavior is not as strong as the 3.5 nm nanocrystahetwork formation is thaMa > 80, which depends on the
case, requiring a largerfor Marangoni convection to occur;  yalues of several parameters of the nanocrystal solution. The
thus, the nanocrystals have more time to diffuse away from yalue of o changes significantly as a function of particle
the interface as the solvent evaporates completely. Indeedconcentration, with the most dilute solutions giving the
the deposited nanocrystal patterns for the 5 nm particles|argest changes. The combined changes in thermal conduc-
appear as though they are approaching the polygonaltivity and or make the most dilute solutions more prone to
networks that exist for the smaller nanocrystal samples.  Marangoni convection. However, the most dilute solutions

The polydisperse sample, as shown in Figure 2c, did notdo not form hexagonal networks because the particle
exhibit order at any of the concentrations tested. It is possible concentrations are too low to leave significant deposits on
that these samples could not achieve organized convectivehe TEM grid. The particle size also affeats, and 5 nm
flow patterns due to the presence of renegade larger particleanocrystals did not form hexagonal networks at concentra-
that disturbed the surface tension “field” within their vicinity tions identical to that of the 3.5 nm particles. Furthermore,
at the interface, thus preventing spatially correlated flow nanocrystal polydispersity frustrates hexagonal network
patterns to develop. In this respect, it appears that in additionformation.
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reactants. The 5 nm diameter nanocrystals (Figure 2b) were prepared
in exactly the same manner as the 3.5 nm particles, except that the
sodium borohydride solution was added approxinyatek before
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for 12 h, and the organic phase again was collected. The resulting byproducts.
solution was alternately centrifuged in chloroform and ethanol three
times to remove excess thiol, uncapped particles, and unused NLO15601I
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