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Ordered arrays of4.5 nm diameter silver nanocrystals passivated with dodecanethiol show remarkable thermal
stability at temperatures up to 975 K. Defects in the ordered-assembly were the first areas to show signs of
melting while much of the structure remained intact. The mechanism for their stability is attributed to the
unusually strong inter-nanocrystal bond formed by the interpenetration of thiol chains between neighboring
nanocrystals within the nanocrystal superlattice. Individually dispersed nanocrystals show stability up to 800
K while some persist until 975 K.

The potential application of nanoscale materials in fields the aforementioned nanocrystals and their superlattices and show
ranging from biology to electronics has spurred remarkable that not only do individual passivated silver nanocrystals
interest and investigation into the preparation and characteriza-supported on an amorphous carbon film remain stable at
tion of identical, isolated, nanometer-scale entities composedtemperatures near 800 K, but also that the silver nanocrystal
of materials such as metdl8, semiconductord, magnetic supercrystals (Ag NCSs) show structural stability near 975 K.
materials! and a wide variety of othefs® Applications in Previous work determined the structure and properties of
catalysis and biological taggif@nd the possibility of nanom- ~ NCSs composed of ca. 4.5 nm core diameter silver nanocrystals
eter-sized magnetic domains for ultrahigh-density recording passivated with dodecanethiol (§8.s) self-assembled-mono-
medig are just a few of their many possible uses. The layers (SAMs), having an approximate length of 1.2 nm
subsequent organization of identical passivated nanometer-scalgrojecting from the nanocrystal surfa&€he silver nanocrystals
objects into micron-scale ordered arrays gives encouragemenivere produced using an aerosol method described elsewhere.
to the use of these novel materials particularly in regards to The icosahedral (20-faceted) silver nanocrystals show even
their collective nonlinear optical properties where stability at longer micron-range ordering of their subsequent superlattice
high temperatures is necesséry. than similar mass truncated octahedral nanocrysStaiad,

The studies of nanometer-sized crystallites over the pastfurther, exhibit a similar type of weblike nanocrystal intercon-
twenty years and more recently their composite structures havenects throughout their hexagonal-close-packed superlattice. The
been numeroudl®Various methods are being used to produce NCSs measure-0.2—3.0um laterally and have very uniform,
these materials in such abundance as to allow their characterizaplatelet-like structure in thickness, herd5 nanocrystal layers
tion by means of well-known chemical and physical tech- thick (Figure 1). The TEM micrographs obtained clearly show
niques®1112 The solution phase, gas (aerosol) phase, and the long-range order and faceting of the resulting supercrystals.
reverse-micelle methods have been the most popular nanocrystalhe corrugations seen in the inset of Figure 1 are the lattice
production techniques lately. planes of silver nanocrystals viewed along the [0001] zone axis.

An important factor in the production of nanocrystals is the Away from the dark contrast of the supercrystals one can see
ability to keep them physically isolated from one another. Many individual nanocrystal resolution as dark dots scattered over the
different types of systems have been used for nanocrystalfilm.
passivation as well as exchange of one surfactant for an- A Gatan TEM specimen heating stage was employed to carry
other37.13Factors such as the binding energy of the headgroups out the in-situ experiment in a Hitachi HF2000 Field Emission
to the nanocrystal surfaéé how the exposed tails affect the Gun Transmission Electron Microscope. The specimen tem-
solubility and reactivity of the passivated nanocrystal (i.e., its perature could be increased continuously from room temperature
functionality) 10 the effect of the passivation agent on the to 975 K. The heating unit is made of a Ta cup on which the
electronic and optical properties of the nanocrystal core, the specimen is loaded. The column pressure was keptal@ 8

electronic properties of the surfactant material its2lgnd, Torr. The temperature was increased from room temperature at
further, the agent’s ability to bind or link nanocrystals together a rate of approximately 3 K/min.
both structurally and electronicaly 8 are all very important Shown in Figure 2ad are subsequent images of the same

conditions placed on a material that will allow the nanocrystal region of a NCS at temperatures of 600 K (a), 740 K (b), 820

to be stable and isolated yet not affect its core material's K (c) and 975 K (d). The region seen consists of two

properties. Here we present an in-situ temperature analysis ofsupercrystals that overlap (darker contrast) near the upper left
of the images. In Figure 2a, one can easily make out the

* Author to whom all correspondence should be addressed. E-mail: Nanocrystal packing structure of each supercrystal domain. As
zhong.wang@mse.gatech.edu. evident by the figure, they remain almost perfectly intact up to

10.1021/jp990052e CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/29/1999



Stability of Passivated Ag Nanocrystal Superlattices J. Phys. Chem. B, Vol. 103, No. 21, 1994343

Figure 1. Transmission Electron Micrograph of silver nanocrystal superlattices composed®hm diameter Ag cores passivated with dodecanethiol
self-assembled-monolayers (SAMs). The ordered hexagonal-close-packed structure can be seen in the inset, a high magnification of the boxed
region in Figure 1. Apparent in the inset are the corrugations corresponding to nanocrystal lattice planes in the supercrystals and individually
dispersed nanocrystals on the carbon film between the supercrystals.

820 K (Figure 2c). Remarkably, at 975 K (Figure 2d) much of If one looks at subsequently higher temperatures it is seen that
the supercrystal structure still remains unaltered. Of interest arethe dispersed individual nanocrystals stay intact on the carbon
the areas marked A and B in Figure-2& These are defectsin  film well up to 740 K (Figure 2b). Thereafter, an apparent loss
the packing structure of the superlattices, and careful observationof most of these particles by 975 K either due to evaporation
of these regions shows that as the temperature is increased thesar motion laterally along the carbon film takes place.

become increasingly larger regions of melting and coagulation ~ An understanding of how the passivating self-assembled-
of the nanocrystal cores while the rest of the supercrystal monolayers (SAMs) protect the nanocrystal surface and, more
remains intact. It is apparent from the micrographs that the edgesimportantly, facilitate the obviously very strong inter-nanocrystal
of the supercrystals remain stable while toward the center bonding can be developed from work done on SAMs passivating
superlattice contrast becomes obscure as potentially the uppeatomically flat gold, silver, and copper surfadés?® The
layers of nanocrystals in the superlattice have lost their protective bonding of the thiols to the metal surfaces is mediated by the
mantle of surfactant and melted, pulling back from the NCS sulfur—surface bond. Various length thiol chains, ranging from
edges, while the lower layers have not. Of further interest are propanethiol (C3) to octadecanethiol (C18), have been shown
the images of individual nanocrystals seen on the carbon film to cover these noble metal surfaces, effectively rendering them
separate from the NCSs (indicated by arrowheads in Figure 2a).inert to oxidation or contamination. Alkylthiol coverage of gold
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T=600K

Figure 2. Transmission electron micrograph images of a silver nanocrystal supercrystal recorded in-sifliat§ap K, (b) T = 740 K, (c)T

= 820 K, and (d)T = 975 K. The specimen was held at each temperature-fid¥ min for data recording. Areas marked A and B correspond to
defects in the superlattice (Figure 2a) that show increasing contrast with temperature owing to coagulation of melted silver nanocrystal cores.
Individually dispersed nanocrystals (arrowheads) show stability through 740 K (Figure 2b) and even up to 975 K.

and silver surfaces, usually tf&11} and{110 surfaces, have Thiol-covered gold surfaces show thermal desorption com-
been well studied. Calculations show that the sulsurface plete by 500 K, but desorption started at slightly lower
distance is longer for silver than for the same indexed gold temperatures, 425450 K, for silver?® Molecular dynamic
surface!* Structurally, the degree of tilt of the carbon backbone calculations on<2 nm core diameter gold nanocrystals show
of the molecules from the surface normal was found to have a that the thiols have an ordering particular to the facet of the
tilt of approximately 30 for gold, while for silver a smaller nanocrystal from which they project. The thiol chains tend to
angle ranging from~0—17°,2224 was found, indeed, some group together forming “bundles” of molecules projecting from
further conclude that the angle of tilt for thiols on silver is closer the surface, allowing the nanocrystals to pack into a superlattice
to 0°.14 This property of near-normal projection of the thiol by interlocking their bundled thiol chairfé Experimental work
molecules from silver surfaces would allow greater interdigi- on gold nanocrystals ef1.2 nm diameter show that they pack
tation among thiols on neighboring nanocrystals and gives sometogether with thiols on neighboring nanocrystals interdigitating
insight into, generally, why we have seen that superlattices of and forming a seemingly organized molecular bond between
thiol-passivated Ag nanocrystals might show better long-range the nanocrystal cores. The amount of interpenetration is roughly
ordering than similar superlattices comprised of Au nanocrystals. proportional to the thiol chain length (here C8, 12, and 16) and
Much of the present understanding of SAM formation and the inter-nanocrystal spacing quite less than twice the thiol chain
structure on noble metal surfaces has been from experimentatiofeéngth? This is concurrent with thiol chain interdigitation and
on gold surfaces. Since Au and Ag share many common agrees with our previously measured inter-nanocrystal spacings
properties, especially concerning their passivation with SAMs, for silver NCSs*18
it seems only natural to discuss data from SAM experiments Direct imaging and simultaneous chemical composition
utilizing gold to support this work done on silver. Also, much analysis of Ag nanocrystal interconnects within a NCS was
of the data gained about thiol interdigitation between gold achieved using energy-filtering TEM This proves that the thiol
nanocrystals, presumably, has very little dependence upon themolecules used to passivate the nanocrystal core surfaces are
surface they are coating. directly connecting facets of neighboring nanocrystals. The thiol
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density is highest along the line of nearest neighbor nanocrystalof that needed to evaporate dodecanethiol from flat noble metal
cores and lowest in the interstitial regions agreeing with image surfaces and melt nanocrystalline silver. The stability of the
contrast seen in previous wotkThe Ag nanocrystals show  supercrystals is attributed to the unusually strong inter-nano-
bundling of the passivating thiols with interdigitation of thiol crystal bonding in the superlattice facilitated by the interdigi-
chain bundles, not interlocking of the bundles, like gears, that tation of neighboring nanocrystals’ dodecanethiol surfactant
would fill the space between the cores uniforrhiy8 chains. Defects in the superlattice lead to areas of coalescence
From Figure 2 one can see through this experiment that whenof molten silver, emphasizing the strength and stability of the
packed into a supercrystal the dodecanethiol molecules andthiol molecules when interdigitating with other bundled thiol
nanocrystal silver cores are more stable. For continued observamolecules from neighboring nanocrystals.
tion of superlattice imaging up to 975 K the nanocrystal cores
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