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ABSTRACT

We show by cryogenic transmission electron microscopy that PbSe and CdSe nanocrystals of various shapes in a liquid colloidal dispersion
self-assemble into equilibrium structures that have a pronounced dipolar character, to an extent that depends on particle concentration and

size. Analyzing the cluster-size distributions with a one-dimensional (1D) aggregation model yields a dipolar pair attraction of 8 -10 kgT at
room temperature. This accounts for the long-range alignment of the crystal planes of individual nanocrystals in self-assembled superstructures

and for anisotropic nanostructures grown via oriented attachment.

Anisotropic features in self-assembled structures of semi- among other things, PbSe nanocrystdis spite of the fact
conductor nanocrystals (NCs) point to the presence of athat the strength of the dipolar interaction is the most
directive force on the particlés? An example is the growth  important parameter in such calculations, it has up to now
of single-crystalline nanowires from PbSe NCs, which not been experimentally determined for that system. More-
indicates that the particles attach to each other in a preciseover, the model proposed by Cho et al. for the origin of the
orientation® The origin of the underlying directive force dipole moment in NCs with a rock-salt lattickas not been
observed for various types of nanocrystals is still under tested experimentally. Whatever its origin, a dipolar interac-
debate. CdSe has a wurtzite crystal structure that can, intion may have an important impact on the ordering and
principle, account for a dipole momefit.In contrast, the optoelectrical properties of assemblies of the NCs. Here we
rock-salt lattice of PbSe and the zinc-blende lattice of, e.g., provide independent experimental evidence for the presence
ZnSe, are centrosymmetric and cannot explain dipole mo- of a directive force between semiconductor NCs by dem-
ments in nanocrystals of these materfal. has been onstrating that it leads to anisotropic aggregates in liquid
suggested that nanocrystal dipole moments result from thecolloidal dispersions of the particles.
distribution of differently terminated polar crystal facets In previous studies, the dipole moment of NCs such as
from charged surface statés. CdSe and ZnSe has been determined through the dielectric
Dipolar coupling was also suggested to play a role in the response from rotation of single particles that are exposed
self-assembly of semiconductor NCs into ordered fifrihs.  to an oscillating electric fielé7-°°However, the more relevant
However, the unknown strength of the proposed dipolar parameter to describe the interaction between NCs in
attraction makes it difficult to evaluate its importance dispersion or in assemblies is their pair interaction rather
compared to capillary drying effects. Very recently, Talapin than a dipole moment. The pair interaction may contain
et al. presented calculations on the effect of a NC dipole higher multipole moments when the particles are at close
moment on the structure of self-assembled supercrystals of distance and may be significantly larger than the dipole
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panel C. We remark that the sample in panel B was prepared
in a separate synthesis. This shows that the observed linear
aggregation is a reproducible property of PbSe NC disper-

Table 1. Shape, Composition, Average Particle SizeSurface
Fraction®, and Determined Pair Interactioh(See Text) of

Systems A-F ) . .
p—— . sions. The imaged structures strongly resemble the magnetic
diamoter  fraction dipolar structures that have been observed recently in
d . " e 5 V o) colloidal iron and magnetite dispersiols:*
coae snhape composition nm . ope . . .
id POt i As a first quantification of the imaged dipolar structures,
A sphere PbSe 6.8+ 0.3 0.01 -8.0+1 ; ietrilg ; : .
B sphere PbSe 68403 008 S0t 1 we calculated the radial distribution functig(r), defined as:
C sphere PbSe 6.8 +0.3 0.16 —-8.0+1
D  cube PbSe 11.1+06  0.12 —9.0 + 2 1
E  star PbSe 128416 0.02 —10.0+2 ry== Or —r. —r 1
F  sphere  CbSe 59+07 009  —9.0+2 a(r) P DJZ, U ()

With this technique, we present in situ images of one- \yherep is the average number densityrepresents a delta
dimensional (1D) dipolar equilibrium nanostructures in thin gynction, r is the position vector, and the indiceand; run
(two-dimensional, 2D) vitrified films of PbSe and CdSe NC  qyer all particleg?

dispersions in decallin. Colloidal d.ispersions of Pbse and  The radial distribution functiog(r) for system A is shown
CdSe NCs are studied as a function of concentration and;, Figure 2a. The data show two peaks & 9 and 18 nm,

particle shape. We determine the interaction strength basedpgjicating the predominance of linear aggregation. Further-
on quantitative analysis of the imaged structures on the more, the position of the first maximum at 9 nm implies an

single-particle levet>® The only prerequisite is that ther-  «gtactive” interparticle separation;, of approximately
modynamic equilibrium prevails, which we show to be the 5 5 hm_ This value is close to the length of a single oleic
case by_ investigating dispersions of d_iffere_nt conce_ntrations. acid molecule and, therefore, suggests the presence of only
Colloidal PbSe and CdSe dispersions in decalir-fA a single layer between two neighboring particle surfaces.
were prepared by methods described previctiiy which The structures partially dissociate when the system is
the size and the shape of the particles could be tuned. Tablediluted (C— A), in line with our hypothesis that thermo-

1lists the average particle diametesdetermined by TEM, 4y namic equilibrium exists between the structures of different
the particle concentration expressed in surface fracttbns lengths. To examine the equilibrium in more detail, we

_(= NTAP/A'{ whereNy is the _total number of partlc!es inthe  caiculate the number of nearest neighbors per particle (Figure
images A, is the cross-sectional area of one particle, And ) e define a neighbor as being located within a center-
is the total area of all images) and the pair interacibn ., ~nter distance af. = 1.35A, whereA is the mean center-
(see below). Cryo-TEM images were obtained by preparing y,_center distance determined from the first maximury.

a vitrified film of dispersion on grids with holey carbon film The calculations were not affected by the choice of the cutoff
(R2/2 Quantifoil Micro Tools, Jena, Germany). A droplet isiance in the range 10L.5A. For system C, the distribu-

of dispersion_ was placed onto the hole_y carbo_n grid,.and tion peaks at 2 nearest neighbors, signaling the one-
excess solution was removed automatically with @ Vitro- gimensional character of the structures. Note that coordina-
bot**2In this way, a free-standing liquid film was produced tion numbers larger than 2 indicate branching points. When
in the grid holes (diameter '/Zm) with a thickness. of the system C is diluted by a factor of 16, the probability
order of one nanoparticle diameter. Thermal motion of the i<t ition shifts to 1 and the number of branching points

particles was arrested by plunging the film into liquid = yecreases significantly, confirming the dissociation of the
nitrogent® The homogeneous gray background in Figure 1

demonstrates that the solvent is vitrified because crystalliza-
tion would lead to strong scattering of the electron beam increasing number of particles in a cluster, as is depicted in

and, consequently, to loss of image resolution. While still Figure 3a. We define a cluster as having one end particle

I(? I|gu|((jj n|trcr)]g<|adn, tT]e grldfdvgere placeéjllntrc]) a ;pemally that serves as a starting point; all the nearest neighbors of
evised cryoholder that could be mounted in the MICroscope. ;e particle are assigned to be part of this cluster, including

The presented_CCD Images were taken ona Philips Tecna'their nearest neighbors, etc., until no new neighbors are
12 TEM operating at 120 kV. Particle positions were tracked detected. The average cluster size decreases from 4.5 in

in 2D snapshots using image analysis softwérgor aII' ._system C to 2 particles for system A, in line with a dynamic
systems, at least six images were analyzed Contalnlngequilibrium. We now apply a one-dimensional aggregation
altogether more than 600 particles. model that we previously introduced to describe dipolar chain
Pa_nels A_C. n F|gure 1 present cry_o-TEM _snapshots lengths in colloidal dispersions of magnetic nanopartiéles.
obtained for dispersions AC that contain spherical PbSe i 06l only takes into account the effective nearest

nanocrystals (see_TabIe 1). The images clearly dem.onstrat eighbor interactionV and gives the following relation
the presence of single nanocrystals as well as straight ang,eveen the concentrations of dipolar chains of different
branched chains of particles in the liquid film and manifest lengthsq;

the one-dimensional character of the structures. The snap-
shots in A-C correspond to different particle concentrations.
The sample in A was prepared by diluting the sample in Xq = X{ exp(=(q — 1)V) 2

clusters.
The cluster-size distribution of these systems decays with
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Figure 1. Typical in situ cryo-TEM images of vitrified colloidal dispersions of PbSe-@& and CdSe (F) NCs. The surface fractions and
chemical compositions are listed in Table 1. Anisotropic structures can be observed in all the images and clearly indicate the presence of
a dipole moment, irrespective of particle shape or chemical composition.

wherex; is the surface mole fraction of single particles and  The effect of the particle shape is demonstrated in panels
Vis scaled to the thermal energ#?3 A fit to the initial decay D and E in Figure 1. The particle shape is changed from
(see inset Figure 3a) yields a value férof —8 + 1 and spherical to cubic (panel D) upon increasing the nanocrystal
similar values for systems B and C. Beyond&particles size?* or to starlike by adding a small amount of acetic acid
in a cluster, a more detailed description is required that takesto the reaction mixture (panel E)interestingly, both the
into account chain curvature. We conclude that the PbSecubes and the stars exhibit similar linear structures as
nanoparticles have a dipolar attraction-e 4+ 1 kg T (room observed for the PbSe spheres. CdSe yields qualitatively
temperature) at minimal contact. similar pictures of particles that self-assemble into predomi-
Figure 3b shows the average coordination number pernantly one-dimensional structures, although the aggregates
cluster as a function of the cluster size for system A. The appear more flexible than with PbSe, as is revealed by
coordination number increases with increasing cluster size.wormlike structures (panel F).
Already at a cluster size of 4, the average coordination The directional interaction of NCs observed in cryo-TEM
number reaches 2. Because a coordination number of 2 isof colloidal dispersions directly affects the orientation of the
only expected in the limit of infinite chains, this suggests NCs in 2D hexagonal self-assembled layers. Figure 4A shows
deviations from linearity, for instance, the square or triangular a monolayer of spherical PbSe nanocrystals that form a nearly
structures of a few particles. defect-free and single-crystalline area over several The
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Figure 2. (a) Radial distribution functiom(r) obtained from the  Figure 3. (a) Cluster-size distribution of system A. The inset shows
cryogenic 2D images for system A. (b) Histograms of the a fit to the data according to eq 2. Note that the relevant
coordination numbeN. probability of a particle in system AN, thermodynamic measure for concentration in this model is surface
B (0), and C ©). Note that the coordination number probability mole fraction2223 (b) Average coordination number per cluster as
of C peaks alN; = 2, indicating predominantly linear structures. g function of the cluster size for system A. The line through the

Fourier transform of such a monolayer indicates the hex- data points is a guide to the eye.

agonal symmetry with an average distance of 9.0 nm (panelby the shape of the nanocrystals. For example, cubic
B), in good agreement with the position of the first maximum nanocrystals exhibit cubic packing if tWfd.0C; facets face

in the radial distribution function (at 9 nm for the same batch one another. However, the nanocrystals in Figure 4 are close
of NCs, see Figure 2a). Panel C is a wide-angle electronto spherical and therefore it is likely that the atomic alignment
diffraction (WAED) pattern of a 0.&m? subsection of the  is caused by dipolar interactions between the nanocrystals.
monolayer in panel A. In WAED, the diffraction is probed The presence of an electric dipole moment in nanocrystals
at angles corresponding to Bragg diffraction at atomic with a centrosymmetric crystal structure (e.g., zinc-blende,
distances. This implies that WAED is sensitive to the crystal rock-salt) can be partially explained by a theoretical model
structure within the PbSe NCs and that it probes the crystal that ascribes the origin of the dipoles to differently charged
planes perpendicular to the electron beam. The occurrencefacets®’ The largest effect is expected from polar facets,
of discrete peaks instead of rings in the WAED image such asth¢111l} facetsin PbSe. Assuming an equal number
demonstrates atomic alignment between the nanocrystals. Wef partially negatively charged (Se terminated) and positively
remark here that our observations differ from those of Talapin charged (Pb terminated)L11} facets with a random geo-

et al? in that we have exclusively observed atomic alignment metrical distribution. Cho et al. have calculated that 90% of
with the [1110crystal axis of the PbSe NCs toward the the NCs have a dipole momeh# dipole moment along
substrate (as six equidistant peaks are observed), whereathe [1000Jaxis is the most frequent and, in addition, the
they have observed atomic alignment with &0 axis strongest. Although this simple model neglects the influence
toward the substrate. The substrates were similar carbon-of capping molecules, surface reconstructions, and the free-
coated polymer TEM grids for their and our experiments. energy cost for the creation of a dipole, it has been used to
The atomic alignment of the spherical NCs is also illustrated explain various structures formed by oriented attachment of
in panel D of Figure 4. It shows a TEM image of a 3D PbSe nanocrystafs’. In the above model, the size of the
supercrystal of spherical nanocrystals with a 7.7 nm diameter,dipole moment is determined by the total surface of thiel}
which self-assembled in a slightly destabilized dispersion. facets. This should be the largest for the star-shaped
The inset is a WAED pattern of one of these supercrystals nanocrystals, the smallest for the cubic nanocrystals (zero
clearly showing a strong alignment of the atomic lattices of for perfect cubes) and intermediate for quasispherical nano-
the individual NCs. Such atomic alignment can be induced crystals. The cryo-TEM images indicate that both the cubes
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for nanocrystals as the length of the dipoles (i.e., the NC

diameterd) exceeds the interparticle distances. Instead, these
authors chose to describe the dipole by point charges that
are symmetrically placed on opposite sides of the NC. In

this case, the interaction is given by

2 2

—a =

deepA  Ameel(A + d)
4_2L (4)
Aec A(A? — dP)

2
- —q 2q
V= +
dreel(A — d)

For systems A-C, with a pair interaction o8 kgT, eq 3
yields a screened dipole momentiof= 514 D, while eq 4
givesu = 337 D (equivalent t@ ~ 1e)?® The point-dipole
approximation appears to overestimate the effective dipole
moment. However, eq 3 is in fact correct for a homogeneous
spherical surface-charge distribution with positive and nega-
tive hemispheres on opposite sides of the nanocrystal
because, from outside the NC, this potential is indistinguish-
able from a point dipole. The above-mentioned point-dipole
and point-charge approximations are limiting cases of the
possible charge distribution, with the charge completely
spread out over the surface or condensed into two points,
respectively. Any real surface-charge distribution will yield

. X ; a dipole moment that is intermediate between the values
of quasispherical PbSe nanocrystal of &8.3 nm. (B) Fourier

transform of image A showing the hexagonal symmetry and long- obtained by egs 3 and 4.
range order. The scale bar is 0.1 T#m(C) WAED image of a Irrespective of the approximation used, the dipole moments

0.8um? subsection of the monolayer in A. (D) Typical TEM image  that we obtain are significantly larger than quantum-dot
showing a three-dimensional supercrystal formed by quasisphericaldipo|e moments that have been reported previously. The
PbSe nanocrystals of 7.7 nm. (E) WAED pattern on one super- dipole moment we obtained for 5.9 nm CdSe nanoparticles
crystal, clearly illustrating atomic alignment. ) : -

(system F) is between 412 and 545 D (using egs 4 and 3,
respectively). In the past decade, several experiments have
been described in the literature in which the response of CdSe
dispersions was measured using electrical impedance spec-
troscopy-"*%or transient birefringence measuremetBth
techniques rely the rotation of the dipolar particles in an
external oscillating electric field. These measurements
indicated the presence of an permanent (screened) electric
dipole moment of 100 D for CdSe NCs with a 5.6 nm
diameter. Assuming a 3.1 nm interparticle separation (from
our own measurements on CdSe NCs), eq 4 yields an upper
estimate of~—0.6 kgT at room temperature for the inter-
particle interaction if the dipole moment is 100 D. This

dipole moment determined from the pair interaction dependsmter"’mtIon IS too S”f‘a” 'to account for the anisotropic
on the charge distribution that gives rise to this dipole nanoc.rystals grown via orlentgd attachmet. _
moment. The dipole moment is usually obtained using the ~AS iS demonstrated by Figure 1, for strong dipolar
point-dipole approximation. The pair interactivrbetween interactions, large aggregates are expected at high concentra-

two identical point dipoles in a head-to-tail configuration is ions with a highly one-dimensional character. With magnetic
given by? colloids that form magnetic equilibrium structures according

to cryo-TEM, it has been demonstrated that the response to
2 an alternating field occurs at frequencies corresponding to
v=_—au 5 (3) the (slow) rotation of the dipolar structur&s’ This implies

e that measuring the dielectric response from rotation of

individual particles is largely impeded because chains of

where the distanc& between the dipoles is equal to the different sizes have different relaxation times that are much
mean center-to-center distance. It was noted recently bylonger than for single particles. Moreover, because particle
Talapin et aP that this approximation should not be valid concentrations have to be high enough to measure significant

Figure 4. (A) Typical TEM image showing hexagonal monolayers

and the stars exhibit chain formation with a pronounced linear
character. The extent to which these different systems form
anisotropic structures is similar, including topological features
as curvature etc. In light of the model by Cho et al., this
means that the cubes still have a significant amoufii.afl}
facets.

The analysis of the particle distributions in cryo-TEM
yields the pair interactions that are listed in Table 1. Although
this is the most important parameter to describe the interac-
tion between the NCs, we will try to estimate the corre-
sponding dipole moment in order to compare this value to
other values from the literatufe’ The magnitude of the
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signals, the number of single dipolar colloids present in the
dispersion is limited, as the cluster size strongly depends on
the concentration (see eq 2). It is, therefore, questionable
whether methods based on the dielectric response from
rotation of single particles are suitable to determine the dipole
moment of colloidal hanocrystals when dipolar structures are
involved. In contrast, the cryo-TEM analysis we presented

here provides direct quantitative information on the pair

interaction and equilibrium structures of nanocrystals in

dispersion.

The presence of significant amounts of surface charge has
a strong effect on the electronic properties of the nanocrys-
tals. The pair interactions we determined correspond to a
potential drop of several tens of a volt over the nanocrystals.
Such a potential drop will distort the electronic wave
functions and is likely to lift the degeneracy of all levels
that are not spherically symmetric, leading to, e.g., broaden-
ing of excitonic transitions.

In conclusion, we have shown with in situ cryo-TEM that,
in dispersions of PbSe and CdSe quantum dots, dipolar
equilibrium structures form whose size mainly depends on
concentration. Analyzing the cluster-size distribution with a
one-dimensional aggregation model (eq 2) yields a pair
attraction on the order of-810 kg T. Two-dimensional and
3D self-assembled structures of these NCs clearly indicate
local crystallographic alignment between the colloids as a
result of the dipolar coupling. These results are important
for all measurements on relatively concentrated dispersions
of nanocrystals because the distribution of chain lengths can
influence the response of the system to optical and electrical
signals. For example, efficient energy-transfer may occur
within clusters. Understanding the chain formation and the
distribution of chain lengths is also important for the

synthesis of anisotropic nanocrystals such as wires, stars,

and rings. This information may help in the design of novel
functional nanomaterials.
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