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Self-assembling of nanocrystals involves organization of nanocrystals encapsulated by protective compact
organic molecules into a crystalline material. The adsorbed molecules not only serve as the protection layer
for the nanocrystals but also provide the dominant cohesive interactions (or “bonding”) sustaining the
nanocrystal superlattices. The length of the adsorbed molecules is a controllable parameter, making the ratio
of particle size to interparticle distance an adjustable parameter that sensitively tunes the interparticle interaction/
coupling and resulting collective properties. In this paper, bundling and interdigitation of thiolate molecules
adsorbed on Ag nanocrystals are observed using the chemical imaging technigue in energy-filtered transmission
electron microscopy (EF-TEM) at a resolution-e2 nm. In these orientationally ordered, self-assembled
Ag—nanocrystal superlattices, the bundling of the adsorbed molecules on the nanocrystal surfaces is the
fundamental structural principle. A model consistent with the nanocrystal’s morphology and the interdigitation
of the adsorbed thiolates is proposed.

1. Introduction directly imaging the thiolate distribution on nanocrystal surfaces.

Size- and shape-selected nanocrystals behave like moIecuIaF or truncated-octahedral (TO) silver nanocrystals of predomi-

matter that functions as ideal building blocks for two- and three- hantly TO morphology, the adsorbaeHy(CHp)mS molecules

. . . are found to erectly bundle on t§@00 and{111} surfaces of
dimensional cluster self-assembled superlattice structafes. the nanocrvstals and are hiahlv directionally bunched. formin
Self-assembling involves organization of nanocrystals ENCAP" 1he interdi %tative moleculargbgndin betwgen the a}ticles ’
sulated within a protective compact organic coating into a 9 9 P )

crystalline material with translation and even orientation sym- N _ ) )
metry. This system contains ordering on two different length 2. Compositional Imaging Using Energy-Filtered TEM
scales, atomic level and nanocrystal-assembly level; thus, the - . . . .
macroscopic properties of the nanocrystal superlattice (NCS). The comp.os[tlonlal 'maging mode of TEM is used to directly
is determined not only by the properties of each individual image the distribution of thlol_ate molecules on the surfaces of
particle but also by the interaction among nanocrystals intercon-nanocrySt"?‘lg' The energy filtered TEM. (EF-TEM)_fqrms .
nected and isolated by a monolayer of thin organic molecules. IMages using the electrons that hav_e e?“"ted a specific inelastic
Furthermore, the length of the adsorbed molecules is a control-Scattering process, SU.Ch as the |on|zgt|0|j of the carbor! K shell
lable parameter, rendering the ratio of particle size to interpar- electr(?ns, SO that.the Image contrast Is d'r'.ECﬂY proport|on.al to
ticle distance adjustabfepossibly resulting in novel tunable the th|ckness-pr01e_cted_ carbon con_centratlpn in the Specimen.
structural, optical, and transport propertes. One of_the energy-filtering methods in TEM is shown in Figure
The nanocrystal’s adsorbed monolayer not only serves as thel@ which uses an electron energy-loss spectroscopy (EELS)
protective layer of the nanocrystals from agglomeration but also system attac.h$<é'\t/lo ESLESM -The Sy?}em. Is composed dOf rl:our
dominates the interparticle interactions, structure, and cohesioncomploged”tst ! ,ener?y-(lj.te.rlnlg dsystem, agl ¢ ar%e-
for the superlattice. Thus, the structural stability of NCSs is COUP'€ e\;'cﬁ (CCD) _camlera or digital data re;:o; ing. The
determined by the spatial distribution/directionality and con- operation of the TEM is almost '“dePe“‘?'em of the energy-
nection of the adsorbed molecules on the surface. Although filtéring system because the energy-filtering occurs after the
the structure of nanocrystals and NCSs can be determined byE!€Ctron has passed through all of the lenses belonging to the

X-ray diffraction and transmission electron microscopy (TEM), TEM. The electrons ar.e dispersed by the magqetic sectors .in
direct imaging the passivation configuration of the surfactant the EELS spectrometer; thus, electrons having different veloci-

is a challenge. In this paper, a new technique is introduced for ties (or energies) are focused onto different positions in the plane
of the energy-selecting slit. The energy-selecting slit filters the

*To whom all correspondence should be addressed. E-mail: €lectrons with a specific range of energy losses. A set of lenses
zhong.wang@mse.gatech.edu. are then arranged to redisperse the selected electrons to form
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Figure 1. (a) Schematic diagram showing the energy-filtering system attached to a transmission electron microscope. (b) Schematic diagram
showing energy-filtered electron imaging in TEM. The energy-selected electron images corresponding to different characteristic enengreoss fea

are shown, which can be used to extract useful structural and chemical information of the specimen. The conventional TEM image is recorded by
integrating the electrons with different energy losses.

the image (or diffraction pattern). The final image/diffraction thiolate molecules were very robust under the high-energy
pattern is recorded digitally using the CCD camera. electron beam, allowing stable imaging to be obtained. The
With an energy filter, images (or diffraction patterns) formed threshold ionization energy of carbon is 284 eV, and the width
by electrons with specific energy losses can be obtained, asof the energy window was controlled to be 20 eV to ensure the
illustrated in Figure 18. The energy-selected electron images Signal intensity.
can be simply illustrated using a three-dimensional data space, The Ag nanocrystals were synthesized using an aerosol
in which thez-axis represents the energy @8 of the electrons ~ technique reported previously.*® Briefly, an aerosol of
andx andy are the real space coordinates of the two-dimensional unprotected nanoparticles was produced by evaporating bulk
image of the specimen. The inelastic scattering proc&sses Silver into a flowing carrier gas stream and slowly cooling it in
observed in the EELS spectrum are schematically shown onan aggregation cell. Ultrahigh purity helium carried the silver
the right-hand side of Figure 1b. The zero-loss peak is vapor through a cooling region where nucleation of the
composed of elastically and phonon (or thermal diffusely) nanocrystals took place. The emerging nanocrystal aerosol was
scattered electrons. Atomic inner-shell ionization edges can bethen immediately diluted with a secondary helium stream, during
employed to form composition-sensitive images. The back- Which the dilution stream is added with an appropriate passi-
ground observed in the EELS spectrum is produced by scatteringvating or etching agemt-(dodecanethiol), so-called,£thiolates,
processes of multiple valence losses, electromagnetic radiationwhich have a fully extended chain length of 1.8 nm. The
and electron Compton scattering. To extract composition- material was then dissolved in toluene and went through several
sensitive images, the contribution made by these processes mustleaning stages using ethanol to rid the sample of excess thiol.
be subtracted from the recorded data. Only the inner-shell TEM specimens were prepared by depositing a highly concen-
ionization signal directly reflects the concentration of the trated drop of the toluene solution onto an ultrathin amorphous
corresponding element in the specimen. SiO film substrate, which was chosen specifically for the

The EF-TEM experiments were performed using a Philips chemical imaging to be described in the next section. Nano-
CM30 (300 kV) TEM, equipped with a Gatan image-filtering ~ crystal superlattices appear on the substrate film, in the form
(GIF) system that allows both parallel-detection EELS and ©f highly oriented thin crystalline films.
energy-selected imaging/diffraction. This TEM provides a high
beam current needed for chemical imaging. On the other hand,
high current can introduce significant radiation damage to the  We first show the observation of NCSs using conventional
specimen. However, it is rather surprising that the long-chain bright-field TEM. Figure 2 is a series of TEM images acquired

3. Interparticle Molecular Bonding
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Figure 3. Three-dimensional, faceted superlattice assembly of Ag
nanocrystals.

The bulk crystals usually havel11} facets possibly because

of the most dense packing of the nanocrystals in the plane,
resulting in lower surface energy. This phenomenon simply
indicates the role played by surface energy in forming self-
assembled superlattices and the strong interaction among the
adsorbed molecules. At the atomic level, {id 1} packing is
usually preferred in close-packed structure because of the largest
possible number of nearest neighbors. The similarity between
NCSs and atomic lattice simply demonstrates the strong
interaction between nanocrystals, which is mediated by the
adsorbed thiolates.

To directly image the thiolate molecules distributed between
the nanocrystals, EF-TEM is reliable and precise since the image
contrast is directly proportional to the thickness-projected
elemental density. Shown in Figure 4a is a bright field TEM

Figure 2. [110]s TEM images of self-assembled Ag NCSs recorded Image of_a NCS, and the Corre_Sand'r_]g e_nergy-flltered TEM
at (a) near in-focus, (b) under-focus, and (c) far under-focus. The NCS image using the carbon K edge is given in Figure 4b. The shape
has the fcc packing structure of the multilayer superlattices with a lattice of the nanocrystals is best revealed by high-resolution TEM
constant obs = 10.54 0.3 nm. The inset in (a) is a Fourier transform  (inset in Figure 4a). The nanocrystals are oriented at [110],
of the image and it is indexed as [11@ fcc. The center-to-center  glong which two {100 facets and four{111} facets are
interparticle distance id = a/v/2 ~ 7.5 nm; thus, the core size is 5.5 projected edge-on. The EF-TEM image gives some interesting
nm after subtracting the face-to-face distance (2 nm) between the . .
adjacent particles. cont.rast features, and the projected ca(bon density between the
particles shows a contrast pattern that is the strongest between
from the same area of the specimen under different defocusthe A and B types of particles, while the contrast is lower
conditions. The crystal structure of the NCSs has been between the A and C or B and C types of particles. This contrast
determined previousl =14 The projection of the unit cell is  behavior is best seen by taking a line scan of the image intensity
represented by a rectangle, which is the [1J0bjection of a as indicated in Figure 4b, and the result is displayed in Figure
face-centered cubic lattice, where the subscript s refers to the4c.
Miller indexes of the superlattice. The geometrical shape of The contrast pattern observed in Figure 4b is a rather general
the nanocrystals is more easily seen in the images recorded afeature of the energy-filtered TEM image of the NCSs using
near-focus condition (Figures 2a). The NCSs are dominantly the carbon K ionization edge. Figure 5 shows an EF-TEM
comprised of truncated octahedral Ag nanocrystals b image of a relatively large area of the NCS. The rectangular
and{111} facets. The image recorded at the out-focus condition represents the projected unit cell of fcc. The image intensity is
exposes a netlike pattern of directional “bonds” among neigh- the strongest between the A and B types of particles along
boring nanocrystals (Figure 2b), where the bright spots between[110]s. This is a unique evidence for constructing the molecular
the nanocrystals may correspond to the lower-density channelsbonding model of the NCSs to be given below.
between the bunched adsorbed molecules. Assembling of The nanocrystals we are interested in are dominated by
truncated octahedral nanocrystals usually starts with the {110) truncated octahedra (Figure 6a), which hag{4i8C} facets and
plane of the fcc lattice, as proven by the diffractogram of the eight{111} facets. The thiolate adsorbed headgroups (S-atoms)
image shown in the inset of Figure 2a. This is an optimal are assumed to be uniformly distributed on the facets of the
orientation for imaging the adsorbed molecules on the nano- nanocrystals (Figure 6b) and may be “bunched” by extending
crystal surface because the nanocrystals are separated at theormal to the nanocrystal facet. The orientational relationship
largest possible distance along one direction. between the nanocrystal core’s lattice and the superlattice has
Self-assembled NCSs can form platelet “two-dimensional” been established previouslyas [110]Il [110]s and [002]l]
structures as well as three-dimensional bulk crystals (Figure 3).[110]s. The [110} projection of the NCS is schematically given
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Figure 4. (a) [110}; bright-field TEM image and (b) energy-filtered
TEM image of the carbon K ionization edge, showing the projected
density of carbon atoms along the [1d6f the NCS. (c) Intensity profile
along the line scan in (b).
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Figure 5. [110]s energy-filtered TEM image of the carbon K ionization

edge, showing the projected density of carbon along the {IfQhe
NCS.
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Figure 6. (a) Diagram of the truncated octahedron morphology of the
Ag nanocrystals, with th¢ 111} and{10G facet structure an@11]
direction designated. (b) [110] projection of the TO nanocrystal with
adsorbates. (c) [11Q]projection of the NCS model, showing the
distribution of passivated molecules between the nanocrystals. The
projected unit cell is represented by a rectangle.

to-face distance betwedri0G facets of the two neighboring
nanocrystals is 1:52.0 nm, while the length of the thiolate
molecules is 1.8 nm; thus, there must be interdigitation among
the adsorbed thiolates distributed on the surfaces of two adjacent
nanocrystals. The face-to-face assembling of the nanocrystals
also supports this interdigitation model. With the model shown
in Figure 6¢, a “channel” of low chain density is formed among
three nanocrystal rows, in agreement with the image shown in
Figure 2b.

We consider the projected density of the carbon chains. Three
rows of nanocrystals labeled with A, B, and C are assigned for
the convenience of our discussion. Nanocrystals A and C are
assembled by arranging th&11} faces toward each other; thus,
the carbon density between the particles is contributed mainly
by the thiolate molecules adsorbed on the §4d1} edge-on
faces. The nanocrystals A and B are assembled by facing the
{100 faces; in addition to the carbon density contributed by
the interdigitated thiolates adsorbed on €0} faces (viewed
edge-on along [11@], the thiolates adsorbed on the fqurl 1}
planes (not edge-on) also contribute to the projected carbon
density although thg111} faces are at an angle with the
projection direction. Therefore, the projected density of the
thiolate molecules between particles A and B is expected to be
higher than that between A and C (or B and C) if the size of
{111} faces is the same as that{d0G and the density of the
adsorbed thiolate chains is the same on §dthl} and{10G}.

This agrees with the experimental data shown in Figures 3b
and 4. On the other hand, with consideration that the resolution

in Figure 6¢, where the gray nanocrystals are located at a layerof the EF-TEM is~2 nm, the channels formed by the bunched

of z= ad+/2 above (out of plane) the first layer, whesgis

thiolates may not be well-resolved in these types of images.

the lattice constant of the NCS. On the basis of the adsorbateTherefore, the intensity line scan in the carbon elemental map

structure model of Figure 6b, in which the thiolate chains from

(following the arrowhead) would give the profile displayed in

each facet are assumed to be codirected and tightly bunchedFigure 4c, in which the peaks correspond to the thiolates
the corresponding chain-packing structure in the NCS is given distributed between the A and B types of particles and the

in Figure 6¢c. From the image shown in Figure 2a, the face-

valleys are the A and C (or B and C) interspacing.
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