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ABSTRACT

Nanoparticles often self-assemble into hexagonal-close-packed (hcp) structures although it is predicted to be less stable than face-centered-

cubic (fcc) packing in hard-sphere models. In addition to close-packed fcc and hcp superlattices, we observe formation of nonclose-packed
simple-hexagonal ~ (sh) superlattices of nearly spherical PbS, PbSe, and  y-Fe,O; nanocrystals. This surprisingly rich phase diagram of
monodisperse semiconducting nanoparticles is explained by considering the interactions between nonlocal dipoles of individual nanoparticles.

By calculating the total electrostatic and dispersive energies, we explain stability of the hcp and sh nanoparticle superlattices, introduce the
superlattice phase diagram, and predict antiferroelectric ordering in dipolar nanoparticle superlattices.

Self-assembly is the fundamental phenomenon that generateparticle size$. The resulting nanoparticle superlattices
structural organization on all length scales. Among the constitute a novel type of “artificial solids”, with properties
variety of objects that can self-assemble into ordered determined both by individual nanoparticle building blocks
structures, uniform spheres are the simplest model systemand collective interactionsRecent studies demonstrated the
Ordering of spherical particles has been extensively studiedenormously rich phase variety of binary nanopatrticle super-
both theoretically and experimentalfly? Entropy can drive lattices®® which goes far beyond the predictions of hard
the ordering of noninteracting hard spheres because of thesphere model¥. The goal of this study is to provide a better
increased local free space available for each sphere in theunderstanding of parameters that govern self-assembly of
ordered lattice compared to the disordered stateeoretical nanoscale objects and could be used to engineer nanopatrticle
calculations and simulations of hard-sphere colloids predict superlattices structure and properties.
that the fcc structure should be slightly more stable compared Monodisperse colloidal nanocrystals tend to pack into
to the hcp structuré? The free energy difference between ordered superlattices during slow evaporation of carrier
these two structures with identical packing densit¥(7405) solvent or gentle destabilization of the colloidal soluti&h.
is very small, about-10~2 ks T per particle?? In agreement  The lateral size of crystalline domains varies from several
with this prediction, monodisperse micron-size latex and superlattice unit cells to hundreds of microns, depending on
silica spheres, whose behavior is similar to hard spheres,experimental conditions such as particle size distribution,
exhibit predominantly fcc superlattices, also known as soplvent evaporation rate, ete'2 Previous strudies demon-
synthetic opal$,whereas the hcp phase does not f8fm.  strated that nanoparticles can organize themselves into a
Formation of the fcc synthetic opals is both thermodynami- variety of ordered structures including chattrings4 and
cally and kinetically favored. free-floating sheet¥ Formation of hcp superlattices is rather
We study the self-assembly of nearly spherical monodis- common in the case of both semiconductor (e.g., CdSe) and
perse particles in the sub-10 nm size range where electronicmagnetic (e.g., CoRtnanoparticles, as shown in Figure 1.
structure and magnetic properties are strongly dependent orhcp packing with characteristic ABAB-type stacking of
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Figure 1. Nanoparticle superlattices with hcp packing symmetry. (a) TEM image of [111] projection of a superlattice self-assembled from
CdSe nanocrystals. The numbers highlight nanocrystal layers with ABAB... layer stacking, characteristic to the hcp lattice. (b) TEM image
of an [111] projection of hcp superlattice self-assembled from gudttocrystals. (c) Scheme showing the difference between [111] projections

of fcc and hcp packing. (d) Optical micrograph of macroscopic 3D superlattices of CdSe nanocrystals faceted as hexagonal platelets,
typical for hcp lattice. SEM image of self-assembled hexagonal nanoplate is shown in Figure S1 in Supporting Information. () SEM image
of 3D superlattice of CoRtanocrystals. Details on nanocrystal synthesis and assembly can be found in refs 11 and 12.

and macroscopic 3D “supercrystals” (Figure 1d,e). We have
observed hcp packing in superlattices of CdSe, ¢ oRAS, '

fce superlattices form simultaneously, however, hcp packing :
clearly dominates over fcc under certain experimental §

b

conditions (e.g., Figure 1d). In the self-assembly of these f:'i.’, :

@i

nanoparticles, additional forces should play a substantial role;:';':,',ﬁ. &7
P ,

because traditional models of entropy-driven hard-sphere:
assembly would only anticipate fcc structdre.

Instead of growing layer-by-layer (Figure 1a,b), these
structures form abrupt boundaries with the unstructured
phase. The superlattice is at least three nanocrystals thick
even near the edge of ordered domain, as seen from th
image contrast in Figure 2a. Diffraction of electrons in a m
column of nanocrystals with mutually rotated atomic lattice ™
planes gives rise to rotational moifiénges, seen in Figure  Figure 2. Superlattices of 7.2 nm PbSe nanocrystals. (a) Overview
2b. Figure 2c shows a corresponding high-resolution image. TEM image showing interface between superlattice and unstructured
All these data confirm the nanocrystals in the superlattice Phase. (b) TEM image showing moifiinges originating from the

. : _diffration of electrons on nanocrystals with mutually rotated atomic
are arranged in hexagonally ordered vertical columns pro planes and (c) corresponding high-resolution TEM image. (d) TEM

ducing asimple hexagonalsh) structure, space group image showing formation of the second layer of PbSe nanoparticles
P6/mmm The nanocrystals form layers with hexagonal with AA layer stacking (i.e., directly above the particles from the

ordering, and these layers assemble one-on-one in the verticalirst layer). Arrows show hexagonally ordered nanocrystal columns.
direction (i.e., AAA-type layer stacking). We observed sh

type superlattices in assemblies of PbSe, PbS ,yaR€,0; Similar hexagonal ordering of nanoparticles could in
nanoparticles (Figures S2 and S3 from Supporting Informa- principle also correspond to the [011] projection of the fcc
tion). Details on nanoparticle synthesis and assembly arelattice!® However, in the [011] projection of the fcc lattice,
given in the Supporting Information. the hexagons are stretched byl5% along the [01]

1214 Nano Lett., Vol. 7, No. 5, 2007



Figure 3. (a,b) Modeled (a) [011] projection of fcc lattice and (b) [001] projectiorsiofiple hexagonalsh) lattice, respectively. Right
bottom insets show FFT of these lattice projections with (a) 2-fold and (b) 6-fold rotational symmetry, respectively. Right top insets show
side view of the superlattices. (c) TEM image of 7.2 nm PbSe nanocrystal superlattice. The angle between superlattice planese 60

for sh lattice. The inset shows small-angle electron diffraction pattern collected fram? 8uperlattice area.

direction, as shown in Figure 3a. The reduced, 2-fold interparticle interactions. Our previous studies of binary
rotational symmetry of the superlattice is reflected in the FFT nanoparticle systems show that the behavior of nanoparticles
pattern through the difference of the lattice parameters alongdiffers substantially from that predicted for hard spheres
[200] and [111] directions. The angle between [111] and because of strong Coulombic, chargiipole, dipole-dipole,
[111] planes of the fcc lattice is 7786 whereas the angle  and dispersive (van der Waals) interactiéfis.
between planes in the hexagonal lattice should B&REQure The sh lattice could be stabilized by anisotropic interac-
3b). The PbSe nanocrystal superlattice exhibits an undistortedions between dipolar nanoparticles. Semiconductor nano-
hexagonal arrangement of nanocrystal columns, with the crystals are known to have large dipole moments, which can
angles between the lattice planes very close tb(6@ure generate chaining of nanoparticles in solutté#: Analo-
3c). Fourier analysis of TEM images and selected areagously, magnetic nanoparticles can form chains in magne-
electron diffraction collected from a Bm? area confirm totactic bacterid’ In nanoparticles with wurtzite structure
6-fold rotational symmetry of the superlattice projection. (e.g., CdSe), an electric dipole moment originates from the
Analysis of many TEM images of PbSe and PbS nanocrystal noncentrosymmetric atomic lattice and scales with the
superlattices gives the average deviation in lattice constantnanoparticle volumé?®1® Moreover, both experimental and
of about 6%, which is significantly smaller than that expected theoretical studies demonstrated large dipole moments for
for [011] projection of fcc lattice. These small, local nanoparticles with centrosymmetric zinc blend (ZnSe, CdTe)
superlattice distortions could be induced by nanocrystal sizeand rock salt (PbSe) lattices. In such nanopatrticles, dipole
distribution, point defects, or inhomogeneities in dipole moments can originate from noncentrosymmetric distribution
orientations of the nanoparticles. We observed similar of polar facets around the nanocrytalr asymmetric lattice
distortions of hexagonal packing in the first layer of PbS truncations:#2° Assuming a random distribution of polar
and PbSe nanocrystal superlattices. Analysis of the edgedacets around a cuboctahedral PbSe nanocrystal, almost 90%
of superlattice domains revealed the early stages of super-nanocrystals with supposedly centrosymmetric lattice should
lattice formation (Figure 2d). In the second layer, sh packing possess permanent dipole moméfits.
competes with fcc and hcp structures. Relative stability of  In our modeling, we calculate the cohesive energies of
the sh lattice compared to the close-packed structuresthe fcc, hcp, and sh nanoparticle superlattices in the presence
increases with the number of layers, as seen in Figure 2a.of dipolar and dispersive (van der Waals) interactions but
Figure 2d also demonstrates that the superlattices shown inexclude monopolar Coulombic interactions because super-
Figure 2 cannot be the [111] projection of six-layer-thick lattices of charged monodisperse nanoparticles cannot be
bce structure. The analysis of bcc lattice is given in neutral. We consider spherical nanoparticles with diameters
Supporting Information (Figure S4). that are close to those used in the experiments. The
To the best of our knowledge, the sh structure has not interactions between nanoparticles are described by effective
been reported for superlattices of spherical nanoparticles orpotentials reflecting typical microscopic interactions. Most
opals. Moreover, stability of the sh lattice has not been previous theoretical studies of dipolar micro- and nanopar-
predicted by theoretical calculations or simulations of ticles used the model opoint dipoles(e.g., ref 5 and
hard sphere colloids. Formation of the nonclose-packed shreferences therein). The approximation of point dipoles is
superlattice would be possible due to additional directional valid only if the distance between interacting dipoles is much
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larger than the actual dimensions of the dipéfeRecently, hexané® and ~0.3 eV for a CdSe/hexane/CdSe systém.

Sinyagin et al. used more accurate form of the interparticle The Hamaker constants for PbS in vacuum is about 25%

potential to describe electrostatic interaction between nano-smaller than that of Cd%, and A for PbS/hexane/PbS

particles??> The analytical form of electrostatic potential interaction can be estimated a€.04 eV whereas for

between two spherical particles was originally developed for PbSe/hexane/PbSA,~ 0.15 eV3*

dilute polyelectolyte solutions and took into account the  The expression for the total binding energy can be written

nonlocal charge distribution effects, however, it showed as

significant errors at small interparticle separations, especially

in the presence of dielecric discontinueties at the particle N g

boundarieg? This is not appropriate for a superlattice of :} o }
_ | . o +

semiconductor nanoparticles, where the length of the dipoles 2&m4meery,, 2

exceeds the interparticle distances. Because the dipole

moment in 'PbS'e pangparﬂcles Is associated with NONCEN-\here, in the first term, we sum only the charges located in
trosymmetric distribution of charges at the nanoparticle

. X . different nanoparticles. Assuming that the charge-separation
surfacel* we describe th@onlocal dipolesy two opposite b g g b

int ch o trically placed on th ite sid distances within each dipole are equal to the particle diameter
point charges-q symmetrically placed on the Opposite SIdes - - y,q charges in the dipoles are chosen so as to fit the
(surfaces) of the nanoparticle. The interactions between the

. . . _ dipole’s strength estimated from the experim&tt(e.g.,
point cha_rges of d_|fferent nanoparticles are described by theﬂ — 100 D ford = 5.8 nm CdSe NPs). We do not have
Coulombic potentials,

direct experimental data for dipole strengths in PbSe nano-

crystals, but the efficient formation of PbSe nanoparticle
_ OnlOn 1 chains at 250C gives the estimate for the dipole moments
C AmeE (1) in 5 nm PbSe nanoparticles as> 125 D3¢ We model the
repulsive potentialVie, by a hard-core-type form that
stabilizes the distances of the nanoparticles. To underline
the fact that different structures are obtained for different
sizes of nanoparticles, we introduce a dimensionless variable
S= R/(R+ c), wherec is the thickness of the nanoparticle
surfactant shell.S can also be used to characterize the
nonlocal characterof the dipoles, when the charges are
placed at the nanopatrticle surfaces.

In our experiments, crystallization of nanoparticles into
superlattices occurs on thin{85 nm) carbon layers. Free
electrons in the conducting carbon substrate screen the
electric field of the dipoled! which leads to an additional

hydrocarbon chains on a curved nanoparticle surface are€N€rgy term due to the Coulombic coupling of all dipoles
highly disordered, and their effective dielectric permittivity With their mirror images that is also included in our modeling.
is close to 2.0: this value is commonly used in STM and Indeed, we experimentally observed the influence of nano-

charge transport studies on semiconductor nanoparfigfes. Particle-substrate interactions on the self-assembly ofiLaF
We model the effect of the dielectric constant by using triangular nanoplates and binary nanoparticle superlattices.

effective charges and neglect screening by any possible free! Nere should be certain similarities in the behavior of dipolar

charges in the system. nanoparticles, self-assembled monolayers (SAMs), and lipid
The van der Waals potential between two spherical pilgyers. Simi!ar to nanoparticle;, the assembly of SAMs and
particles is described &s? Ilpld bllgyers is a_ffe(.:t.ed by t.helr dipole momentsi5 D), _
dielectric discontinuities (or image charges), and adsorption
kinetics38:39
dez _A R + 1 + We evaluate the total energies for different sizes of
: 2| Dy[L + Dy/4Rl 1+ Dy/R+ D,%4R nanoparticles and their clusters on the graphitic surface to
D;[1 + Dy/4R] )} @) ehstimall;e the imbrl)ortance of Ith(:cz var:ious flacror.s that influenche
2 the self-assembly process. In further calculations, we use the
RI1+Dy/R+ Dy 4R] following parameters:A = 0.15 eV,Q = +0.358 e {t =
100 D ford = 5.8 nm),e = 2,R= 2.9 nm, anct = 1 nm,
Here,R = d/2 is the nanoparticle radiuB); is the distance  giving S= 2.9/(2.9+ 1) = 0.74. A single nanoparticle with
of the closest approach betwe#mandjth nanoparticles (for  the horizontally oriented dipole has the binding energy to
the nearest neighbo®; ~ 1—2 nm), andA defines the the graphite surface s = —4.7 meV (Figure 4a). The
Hamaker constant. The calculated and measured values obinding energy for the nanoparticle with the vertically
the Hamaker constant for semiconductor nanoparticlesoriented dipole is—29.4 meV (Figure 4b); including the
interacting across a hydrocarbon layer vary widely with the dielectric constant of the nanoparticle, > 100, might
material. For examplé) ~ 0.1 eV for CdS interacting across significantly increase the binding energy in the case of

N
S Vi 4 Ve ©
1]

mn

whererq,is the distance betweenth andnth point charge,

Om denotes the charge of theith point charge at the
nanoparticlego is vacuum permittivity, and is the dielectric
constant 2.0 for the interparticle medium and above 100
for PbSe nanocrystal ca® The interparticle medium is
formed by long hydrocarbon chains of capping ligands such
as oleic acid and trioctylphosphine. Depending on the
ordering of hydrocarbon chains, the dielectric permittivity
of hydrocarbon layer can vary from about 1.9, typical for
disordered hydrocarbon molecules, to 2.5, reported for
perfectly ordered self-assembled monolayers (SA¥She

21n
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in the adjacent rows, we call dntiferroelectric We can
\ see that the sh lattice with vertical orientation of dipoles has
£z \, ) the lowest energy due to relatively strong dipetépole
- \ coupling and interaction with the conductive substrate. The
\.!,/ electron diffraction patterns taken from the sh superlattice
: of PbSe nanocrystals shown in Figures 2 and 3 are consistent
e & with the vertical orientation of nanocrystal dipole moments,
‘ Lap ' ) | ‘ which are typically oriented along tH®01} axes of PbSe
== & | nanocrystals (Figure S5, Supporting Informati&tijhe role
® o [ | : of image charges in stabilization of sh lattice was con-
h ’ firmed by assembling PbSe nanocrystals on insulating silicon
nitride membranes. In agreement with our calculations, on
Figure 4. Typical configurations of one and two nanoparticles on the insulating substrate, PbSe nanocrystals self-assembled

the graphite surface are shown. Interaction of nanoparticles with jnto fcc and hcp superlattices (Figure S6, Supporting
substrate can occur through the image charges. Information) '

To better illustrate these results, we show in Figure 5 three
low-energy structures. The ordering of dipoles in nanocrystal
superlattices results in substantial gain of binding energy and
can manifest itself through preferential orientation of nano-
crystals often observed in the superlattie&soreover, it can
affect relative stabilities of different superlattice structures.
In the close-packed fcc and hcp lattices, the horizontal
orientation of dipoles is more favorable because the dipoles
have a higher “connectivity” than in the vertical arrange-
ments. Their binding to the surface is also not large, which
Allows easy rearrangement of particles leading to coherent
close to the thermal energisT = 25 meV at room lattices, as seen in Figure 1. We found that the final size of

temperatures, their values could be larger for the Pbsenanoparticle dipoles not only controls thype of structure

nanoparticles with larger dipoles. Nanoparticle crystals with that is formed, but it can also influence ttf‘eienta':[io.n of
binding energies per particle that are closég® have been the dipolesIn particular, we found that, for “short” dipoles
also reported? (of the lengthLy < d/2), the ferroelectric configuration

With increasing lateral dimensions of the nanoparticle Pécomes more stable than the antiferroelectric. If we
clusters, the horizontal orientation of the dipoles can becomeintroduce the ratio between the length of the dipoles and the

energetically more preferable because of a larger mutual CeNter-to-center interparticle distanees= Ly/2(R + c), we
connectivity of dipole moments. The nucleation of the obtfeun that the transition between the ferroelectric and
nanoparticle clusters can be a very important step in the self-antiferroelectric lattices occurs at. ~ 0.369 (for the 30
assembly process. As soon as a sufficiently large cluster is* 30 three-layer hcp system).
formed, every new nanoparticle might join the existing  We now select the lattice configurations with the largest
arrangement of the dipoles and follow the geometrical pattern total binding energies, i.e., fcc (A-H), hcp (A-H), and sh
templated by the underlying lattice even if it might become (A-V), shown in Figure 5, and search for possible transitions
less energetically favorable during the progressing self- between hcpfcc, and sh lattices on the graphite surface.
assembly. The first somewhat counterintuitive result of dipeléipole
Next, we compare in more detail the possible structures interactions is the higher stability hcp structure compared to
and energies of nanoparticle clusters. The energies perfcc, resulting from more favorable dipolar coupling in the
particle for different clusters with three layers, each with 5 hcp packing, with odd layers sitting on the top of each other.
x 5 nanoparticles, are summarized in Table 1. If all This explains the experimentally observed formation and
nanopatrticle dipoles orient in the same direction, we call such stability of hcp nanocrystal superlattices (Figure 1). Our
configurationferroelectric if dipole orientations alternate  calculations show a small<(1%) difference between the

]

vertically oriented dipole. Two-particle clusters shown in the
configurations from Figure 4c,d,e) have the particderface

interaction energies ds = —8.2,—57.6, and—33.7 meV,

respectively. The total energies, which include mutual
dipole—dipole binding of the nanoparticles dtg; = —37.6,

—62.3, and-63.1 meV for the above-discussed nanopatrticle
configurations, respectively. Therefore, a single nanoparticle
or nanoparticle pair with parameters used in our experiments
should prefer vertical rather than horizontal dipoles orienta-
tion because of the stronger electrostatic binding to the
conducting substrate surface. Although these energies ar

Table 1. Energy Terms (in meV Per Nanopatrticle) in Clusters of Dipolar Nanopariicles

E [meV] fecA-V  fecF-V  feccA-H fecceF-H  hep A-V hepF-V. hepA-H  hepF-H  shA-V shF-V shA-H shF-H

C —4.1 99 —-25.71 —17.8 —6.6 9.7 —25.82 —17.8 —21.95 —6.7 —25.5 —18.0
vdW -9.4 —-94 —9.39 —-94 —94 -94 —9.39 —-9.4 —7.10 —7.1 —-7.1 -7.1
surf —10.4 —21.3 —0.45 —6.9 —10.4 —21.4 —0.45 —7.0 —10.28 —19.6 —-0.4 —6.2
total —23.8 —20.8 —3555  —34.1 —26.4 —21.0 —35.66 —34.3 —-39.33 335 —33.0 —31.3

aC, Coulombic; vdW, van der Waals; surf, electrostatic binding to the surface. Labels: fcc, hcp, sh, lattice structures; A/F, antiferroeteteatifer
orientation of the dipoles; H/V, horizontal/vertical orientation of the dipoles.

Nano Lett, Vol. 7, No. 5, 2007 1217



T OJOLOXONO)
oy BICICIOK
W OO

. A £ M -
X & @@
< C mam

© OO0 VOO
;00000 OO0 OO

Figure 5. Dipole ordering in nanoparticle superlattices. Top view ([0001] plane) of (a) horizontal antiferroelectric ordering in fcc, (b)
horizontal antiferroelectric ordering in hcp, and (c) vertical antiferroelectric ordering in sh lattices. Panels (d), (e), and (f) show side views

([2210] plane) of fcc, hep, and sh structures, correspondingly.

binding energies of fcc and hcp lattices with the horizontal
orientation of dipoles both for ferroelectric and antiferro-
electric ordering. These results obtained for finite size thin .
film superlattices correlate well with the calculations of the 0.8 4
Madelung energies for bulk fcc and hcp lattices, which :
predict higher stability of the hcp phase in dipolar spheres :
with ferroelectric ordering.The Madelung energy difference Ty
between hcp and fcc, proportional 48, can overcome the

entropic contribution to the free energy. Because the entropic
contribution to the free energy of fcc lattice is lower by 0.6
~1072% kgT per particlé?® for 5.8 nm nanoparticles, the B T
transition from fcc to hcp superlattice should occupat a=050 2«00 s
50 D at room temperature. The fcq structure should b_e more 0-50.0 011 0i2 0i3 0i4 015 0:6 017 08
stable at higher temperatures, while hcp should dominate at

low temperatures. This is because, in the Gibbs endggy, A [eV]

= H — TS the advantage that hcp gets fréi(enthalpy~ Figure 6. Phase diagrams in the coordinag&s R/(R + c) vs the
Coulombic energy) is cancelled at highby the entropic Hamaker constantA) calculated for the hcp and sh lattices

_ _ : : interacting with a conductive surface, whékeand c are particle
term —TS At T = 0K, the difference of free energi& of radius and thickness of the surfactant shell, respectively. Phase

the fcc anq hcp structures.JSU = Cutf. Usi.n'g this result, coexistence lines between the two phases, shown for different
we could find the expression for the transition temperature chargesy (dipole moments of 50 D, 100 D, 150 D, and 200 D for
between hcp and fcc latticek,= AU/AS= ¢?Cy/Cs, where the radiusR = 2.9 nm_). The inset sc_:hematically sh_ows the finite_
the constan€y is given by the geometry of the lattice, and temperature phase diagram of a dipolar nanoparticle superlattice
Cs is the entropic difference between the two lattices. This ©2King into account Coulombic, van der Waals, and entropic

o . contributions to the superlattice free energy.
transition temperature determines whether the sh phase P o

will coexist with fcc or hep structures in a (finite tempera-  competition, the vdW coupling can win, leading to the
ture) phase diagram, as schematically shown in the inset totransition from the sh to the hcp lattice at cert&in

0-9 . » ' T T T T T

Dipole moment (S=const)

Figure 6. The data presented in Table 1 show that Coulombic dipolar

In Figure 6, we show the phase diagram in theand S interaction in semiconductor nanocrystal superlattices can
(R) coordinates, where stability regions for the hcp and sh be stronger than van der Waals interaction, which, in turn,
structures are shown for different surface charges 0.5 can dominate over the forces associated with entropy-driven

Q,Q, 1.5 Q, and 2 Q@ = +0.358e), corresponding to the  crystallization?®

dipole moments 50 D, 100 D, 150 D, and 200 D for the In real nanoparlicle superlattices, the effects associated
nanoparticles with the radiusd® = 2.9 nm. For higher  with the deviation of nanoparticle shape from spherical,
accuracy, we scale the system up to three layers witkk 30  partial disorder of the dipole moments or coupling of higher
30 particles per layer. The sh lattice is stabilized by the order multipole moments can influence the relative stabilities
Coulombic coupling to the conductive surface, which is of fcc and hcp phases. Kinetic factors associated with solvent
favorable for the sh lattice. When we increase the particle flow, etc., can also play important role in determining
size, while keepingd = const andy = const, the effective  structure of nanoparticle superlattices, usually favoring the
strength of the vdW binding (eq 2) increases. At the same formation of fcc phasé.In accord with this statement, we
time, we also increase the dipole moment, even if the chargesobserved formation of uniform hexagonal platelets charac-
are fixed, because the length of the dipole increases. In thisteristic to hcp packing of nanoparticles upon very slow

1218 Nano Lett, Vol. 7, No. 5, 2007



crystallization of CdSe nanocrystals, whereas faster crystal-

lization yielded irregularly shaped superlattices with tetrago-
nal faceting typical for fcc packiny.Kinetic factors can also
result in formation of metastable structures suclhaagiom
hexagonal-close-packe@hcp) and coexistence of several
structures in the same sample.

Note that short-range dispersive forces favor close-packed
structures, whereas dipolar interactions discussed here allow
more open structures. In addition to dipoles, higher order

moments of charge distribution can also affect the binding
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