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T
he electronic, optical, and catalytic
properties of nanocrystals (NCs) are
highly tunable through adjustment of

the NC size, shape, and composition1�3 and
are heavily influenced by the capping layer
of organic surfactant ligands. NCs with a
wide variety of shapes have been synthe-
sized;4�9 shape has normally been tuned
either by kinetically controlling the growth
of particular crystal facets5,7,8,10 or through
an oriented attachment mechanism.6,9,11

The capping ligands play an important role
in determining NC shape, which still re-
quires clarification.
A better understanding of NC surface

chemistry is increasingly recognized as an
important problem,12�16 being critical for a
broad range of issues, including charge
transport,17�21 functionalization (e.g., for
biological systems),22�26 optical properties
(e.g., quantum yield),27�29 and the assembly
of NCs into ordered structures.30�32 Analysis
of the effect of the ligands on the NC
is perfectly suited to atomistic computa-
tional methods, whereas it is difficult to
accomplish even with advanced synthesis
tools, which are generally designed for
the characterization of well-defined planar
interfaces.
NC shape is controlled by the thermody-

namics and growth kinetics of the dynamic
system composed of the inorganic core, the
ligands, and the solution containing chemi-
cal precursors and ligand species.10,13,33

Shape control of NCs during growth is
commonly understood as a kinetically con-
trolled process: at high growth rates, ligands
that selectively adhere to particular NC
facets decrease their energy and slow their
growth.10 High-energy facets grow more
quickly than low-energy facets in this kinetic
regime and vanish as the NC grows, leading
to NCs that are terminated by slow-growing
low-energy facets.

In thermodynamic equilibrium, the shape
of a NC is obtained by minimizing the sur-
face energy for a given volume according to
the Wulff construction.33�35 Considering
the NC surface�ligand problem, the surface
energy of the various NC facets depends
on both the ligand adsorption energy and
coverage as well as the surface energy
associated with the unpassivated surface.
The adsorption energy is dominated by the
chemistry of the ligand and NC. The equi-
librium coverage is determined by the ad-
sorption energy and external conditions
such as temperature and ligand concentra-
tion. Hence, controlling the ligand coverage
of the different facets through ligand con-
centration and temperature presents a po-
tential route to control the equilibrium NC
shape and could eliminate the need for a
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ABSTRACT

Density functional calculations for the binding energy of oleic acid-based ligands on Pb-rich

{100} and {111} facets of PbSe nanocrystals determine the surface energies as a function of

ligand coverage. Oleic acid is expected to bind to the nanocrystal surface in the form of lead

oleate. The Wulff construction predicts the thermodynamic equilibrium shape of the PbSe

nanocrystals. The equilibrium shape is a function of the ligand surface coverage, which can be

controlled by changing the concentration of oleic acid during synthesis. The different binding

energy of the ligand on the {100} and {111} facets results in different equilibrium ligand

coverages on the facets, and a transition in the equilibrium shape from octahedral to cubic is

predicted when increasing the ligand concentration during synthesis.
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ligand that selectively adheres to a particular facet.
This is important since the range of ligands known to
exhibit such facet specificity is limited, and their iden-
tification is not straightforward.36

A NC system that has generated particular interest
is that of the lead salts, for which the large exciton
Bohr radius37 and tunable interparticle spacing18 and
morphology32 mean that assemblies of Pb-salt NCs are
good candidates for photovoltaic and optoelectronic
applications.38�45

The self-assembly of NCs into ordered macroscopic
arrays or superlattices presents a route to novel func-
tional materials. The self-assembly is controlled by the
ligand-mediated interaction between neighboring
NCs. Different ligand coverages on different NC facets
can lead to anisotropic interactions between NCs by
changing their effective shape. PbS NCs have been
observed to pack into superlattices of different sym-
metry, depending on their degree of aging in solution,
due to selective detachment of OA ligands from the
{100} facets of the rocksalt (RS) core.32 The need for
rational control of NC shape and facet-specific ligand
coverage calls for a broad theoretical understanding
and computational study of the complex NC�ligand
system.
Here we analyze how the NC surface coverage

relates to the equilibrium shape of the inorganic core
and the effective shape of the NC�ligand complex.
Density functional calculations for oleic acid (OA), a
common surfactant, on PbSe surfaces show that the
ligand adsorption energy strongly depends on ligand
coverage and facet type.
OA binds to the NC at surface Pb ions,13 although

the molecular form in which the ligand binds at
the surface is not obvious, being either the neutral
form or the deprotonated form, as oleate (OA�) anions
(C17H33COO

�). Calculations using density functional
theory (DFT) for PbSe surfaces show that carboxylate-
based ligands bind far more strongly to surface Pb ions
than their carboxylic acid-based analogues and bind
significantly more strongly to the PbSe {111} surface
than to the {100} surface, reducing the gap between
the bare surface energies.46 This result is consistent
with the fact that Pb-salt NCs, grown in the presence of
OA, often exhibit {111} and {100} facets that are
comparable in size.47,48 It also opens up the possibility
that the equilibrium NC core shape can be controlled
by changing the concentration of OA during synthesis.
The difference in binding energies of the ligand on the
{100} and {111} facets results in different equilibrium
ligand coverages and a transition in the equilibrium
shape of the NC core from octahedral to cubic with
increased ligand concentration during synthesis. The
relative coverage of the different NC facets is predicted
to be highly sensitive to the ligand concentration,
suggesting that it is also possible to alter the

core�ligand effective shape and, hence, the interac-
tions between neighboring NCs.
Dispersed PbSe NCs exhibit only small net charges

ranging from �1e to þ2e.49 This near-zero charge on
the NCs requires that the negative charge of the
anionic ligands is compensated by surplus cations,
most likely provided by an excess of Pb ions. Indeed,
PbSeNC surfaces have been observed to be Pb-rich.50�52

One excess surface Pb2þ cation for every twoOA� anions
would yield NCs with zero net charge; a slight deviation
from this proposed ionic environment on the NC surface
would result in NCs with a small number of noncompen-
sated charges, consistent with experiments in which
OA� anions have been observed to detach from the
surface of PbSe NCs together with Pb cations, in the form
of lead-oleate (Pb(OA�)2).

13 In light of these results, our
study is concerned with OA� and Pb2þ ions at PbSe
surfaces, as opposed to OA or OA� ligands interacting
with stoichiometric PbSe surfaces.

RESULTS AND DISCUSSION

We build a thermodynamic model based on the
Wulff construction and calculations of the ligands'
adsorption energy. We argue that if the ligands occur
as deprotonated OA� anions on the Pb-rich NC
surface,13,46,49 they must be bound to excess Pb2þ

cations, as illustrated by Figure 1. We predict that
altering the ratio of Pb to OA during growth of Pb-salt
NCs will enable the control of the relative coverage of
the {100} and {111} facets such that theNC core shape
may be tuned from a cube to a cuboctahedron
to an octahedron, in agreement with an experimental
study.53 Isotherms reveal that the coverage of the
{100} facets is predicted to be particularly sensitive

Figure 1. Pb(OA�)2 ligands attached to PbSe (a) {100} and
(b) R {111} surfaces. Model NC cores are shown with a
corresponding facet indicated in each case. Pb atoms are
shown in blue, Se atoms in yellow, C in gray, O in red, and H
in white.
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to the amount of surfactant present, suggesting
that the effective shape of the NC core�ligand system
can be altered by tuning the ligand density on these
facets.
We determine the energy of the interaction of the

ligandswith the PbSe NC facets using DFT. Slabmodels
of the PbSe {100} and {111} surfaces are used, each
containing four Pb�Se layers, and are terminated by
{100} and {111} surfaces, respectively. While {110}
facets have sometimes been observed in Pb-salt
NCs,9,18,48 in this study the {110} facets are neglected.
The lattice constant of bulk PbSe is calculated to be
6.204 Å.We use the bulk geometry to fix the position of
the Pb and Se ions except for those in the topmost
layer of the slab during relaxations, to reduce elastic
interactions between the two slab surfaces. For the
{111} surface, we consider the reconstructed Pb-ter-
minated surface structure, here denoted R {111}.48

This reconstruction significantly lowers the surface
energy by moving half the Pb ions of the Pb-termi-
nated {111} surface layer of the slab to the opposing
Se-terminated surface, such that both terminating
layers of the reconstructed slab are Pb-terminated,
and each contains 50% of the Pb ions relative to the
bulk layers. While the exact structure of the PbSe
surface has yet to be determined experimentally,
Rutherford-backscattering data suggest that the re-
construction employed here is similar to the real sur-
face structure; epitaxially grown PbSe {111} layers
were observed to be Pb-terminating, with the density
of Pb in the terminating layer equal to 40% of a
monolayer.54 Our calculated surface energies for the
uncapped PbSe {100} and R {111} surfaces are γ100

0 =
11.4 and γ111

0 = 20.4 meV/Å2, similar to results by Fang
et al.48 of 11.4 and 20.5meV/Å2.We also considered the
alternative “octupolar” reconstruction of the {111}
surface,55,56 which gave a comparable surface energy
of 20.7 meV/Å2.
In our study we consider both acetate (AA�) and

oleate (OA�) ligands to determine the effect of the alkyl
tail length on the adsorption energy. We treat an
excess Pb2þ cation and two AA� or OA� anions
together as the ligand group, resulting in lead acetate,
Pb(CH3COO)2, and lead oleate, Pb(CH3(CH2)7CHd
CH(CH2)7COO)2, ligands. Substituting the smaller AA�

forOA� allows for efficient calculationof favorable ligand
geometries and adsorption energies, by first relaxing the
structures for AA� and then substituting the long alkyl
tail of OA� for the methyl group. For a particular PbSe
slab, the ligands were positioned above the surface, and
the top Pb and Se layers and ligands were relaxed while
keeping the remaining PbSe layers fixed.
The binding energies Eb,hkl for the Pb(AA�)2 and

Pb(OA�)2 ligands on the {hkl} surface of PbSe, neglect-
ing solvent effects, are given as

Eb, hkl ¼ (Eligand þ EPbSefhklg ) � Eligand=PbSefhklg (1)

where Eligand/PbSe{hkl} denotes the relaxed energy of the
composite system, and Eligand and EPbSe{hkl} refer to the
relaxed energies of the isolated ligand and PbSe{hkl}
slab, respectively. For the {100} surface, the Pb ion of
each Pb(AA�)2 ligand was initially positioned above a
surface Se ion. For the {111} surface, the Pb ion was
placed in the “trench” resulting from the surface
reconstruction, i.e., in the position corresponding to
one of the “missing” surface Pb ions. A number of
geometries were attempted for the AA� molecules in
the Pb(AA�)2 ligand for a particular coverage. Here we
show the binding energies for the lowest energy
geometries found in each case.
Table 1 presents the calculated binding energies for

the Pb(AA�)2 and Pb(OA�)2 ligands above the {100}
and R {111} surfaces, for a range of surface coverages.
We define the ligand coverage Θ as the number of
carboxylate groups (i.e., the number of AA� orOA�) per
surface area. The coverage ranges from 0.87 to 5.20
OA�/nm2 for the {100} surface and from 0.75 to 6.00
OA�/nm2 for the {111} surface. The maximum cov-
erages considered here correspond to one AA� or OA�

species per surface unit of PbSe, which is somewhat
higher than the experimentally determined ligand
density for PbSe and PbS NCs, which ranges between
3.0 and 4.5 OA�/nm213,32,57 (see the Supporting Infor-
mation for more information about the particular slab/
ligand structures).
The Pb(AA�)2 ligands bind significantly more

strongly to the R{111} surface than to the {100} sur-
face. The binding energies of the Pb(AA�)2 ligands are
nearly independent of coverage for both surfaces,
which is similar to results from calculations for other
short ligands (NH2, PH2, and SH) on CdSe surfaces.58

TABLE 1. Binding Energies per Ligand for Pb(AA�)2 and

Pb(OA�)2 Binding to the PbSe {100} and R {111} Surfaces

surface coverage of AA� [AA�/nm2] binding energy [eV/Pb(AA�)2]

0.87 0.512
1.3 0.523

{100} 2.6 0.577
3.9 0.569
5.2 0.549
0.75 0.884
1.5 0.887

R {111} 3.0 0.948
4.5 0.965
6.0 0.955

surface coverage of OA� [OA�/nm2] binding energy [eV/Pb(OA�)2]

1.3 0.560
{100} 2.6 0.343

3.9 0.222
5.2 �0.177
1.5 0.936

R {111} 3.0 0.911
4.5 0.559
6.0 �0.221
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For the Pb(OA�)2 ligands the binding strength de-
creases with increasing coverage, for both surfaces, in
contrast to the Pb(AA�)2 ligands. This decrease is due
to steric interactions between the long tails of the
Pb(OA�)2 ligands that result in bending of the OA�

tails such that they arrange perpendicular to the sur-
face. Near the NC edges, the steric interactions are
expected to be less pronounced. This is neglected in
the current study.
In the limit of low coverage, it is not too surprising

that the OA� and AA� species exhibit similar binding
energies, since theOA� andAA� species bind to the Pb
ion through identical carboxylate groups. For the high-
est coverages of 5.20 OA�/nm2 on the {100} surface
and 6.00 OA�/nm2 on the R {111} surface, the binding
energy changes sign, indicating that it is energetically
unfavorable for the ligands to bind to the surface at
such high densities, which is consistent with the
experimental measurements. To model the change in
binding and surface energies with coverage, we fit a a
hyperbolic cosine function (which fits the data points
well) to the binding energies Eb,hkl of the Pb(OA�)2
ligands for the surface {hkl}:

Eb, hkl ¼ Aþ B cosh(CΘhkl) (2)

where Θhkl is the coverage on surface {hkl} and A, B,
and C are fitting parameters. The data and the fitted
functions are shown for both surfaces in Figure 2a, and
the values of the fitting parameters are given in the

Supporting Information. The mean binding energy of
the Pb(AA�)2 ligands was used in the fit as the binding
energy at zero coverage.
For surfaces cappedwith ligands, the surface energy

γhkl becomes a function of coverage Θhkl:

γhkl ¼ γ0hkl þΘhklEb, hkl (3)

Figure 2b shows the surface energies as a function of
coverage for Pb(OA�)2 ligands on both surfaces. At low
coverages, the binding energy of the ligands is
approximately constant, resulting in an initial linear
decrease of the surface energy γhkl with coverage.
At higher coverages, the steric repulsion between the
Pb(OA)2 ligands leads to an increase in the surface
energy. At intermediate coverages, the surface energy
has a minimum corresponding to coverages of
2.9 OA�/nm2 for the {100} surface and 3.9 OA�/nm2

for the R {111} surface. This agrees well with experimen-
tally determined ligand densities for Pb-salt NCs.13,32,57

Importantly, the variation of the {100} and {111}
surface energies with ligand coverage determines the
range of equilibrium core shapes available for a PbSe
NC. The equilibrium shape of a crystal is given by the
surface energies of the facets and is obtained through
the Wulff construction

hhkl
h100

¼ γhkl
γ100

(4)

where hhkl is the distance from the center of the crystal to
the {hkl} surface, along the direction normal to the
surface. Figure 3a shows the theoretically predicted
equilibrium shapes that are obtained from the cover-
age-dependent surface energies given in eq 3. Particular
values for the ratio of surface energies γ111/γ100 corre-
spond to particular equilibrium NC shapes. For cubocta-
hedra γ111/γ100 = h111/h100 = 2/

√
3, for uniform (i.e.,

Archimedean) truncated cubes γ111/γ100 = (1þ√
2)/

√
3,

and for uniform truncated octahedra γ111/γ100 =
√
3/2.

For values of the ratios γ111/γ100 >
√
3 and γ111/γ100 <

1/
√
3 cubic and octahedral NCs, respectively, are stable.

Further details relating ratios h111/h100 to particular
crystal shapes ranging between cubes and octahedra
can be found in the Supporting Information. The ligand
coverages on the {100} and {111} facets of a Pb-salt NC
control its equilibrium shape. Changes in external con-
ditions during or after NC synthesis can affect the ligand
density and, hence, alter the NC shape; we assume an
equilibrium coverage that is controlled by the concen-
tration of the ligands in the solvent and the reaction
temperature. The dependence of the equilibrium ligand
coverageΘhkl

equ of the {hkl} facet at ligand concentration
c and temperature T follows an isotherm:

Θequ
hkl ¼

c

c0
exp( �ΔG=kBT)

1þ c

c0
exp( �ΔG=kBT)

(5)

Figure 2. Binding energy (a) and surface energy (b) plotted
against coverage for the PbSe {100} and R {111} surfaces.
The binding energies were fit to a hyperbolic cosine func-
tion, as described in the main text.
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where kB is Boltzmann's constant and c0 is a reference
concentration.59 ΔG represents the free energy of inter-
action between the ligands and the surface, which we
approximate by thebinding energy Eb,hklof eq 2with the
fitted parameters given in the Supporting Information. In
the ideal case in which Eb,hkl is constant, eq 5 reduces to
Langmuir's isotherm. For Pb(OA�)2, the binding energy
Eb,hkl given by eq 2 depends on the coverage Θhkl and
the isotherm equation, eq 5, must be solved numerically
to obtainΘhkl

equ.
We note that ΔG should also include a contribution

due to the dispersion interactions between the ligands,
which are not taken into account by semilocal DFT
functionals, and a contribution due to interactions
between the ligands and the solvent in which the
NCs are dispersed, which is neglected in this work.
We believe this is a reasonable approximation, since
the ligand�ligand dispersion interaction at high
coverages is expected to be offset by ligand�solvent
dispersion interaction at low coverages for interdigitated
solventmolecules. For a solvent such ashexane, both the

OA� ligand and the C6H14 solvent molecule consist of
hydrocarbon chains, so that interactions between them
will vary similarly with separation. Molecular dynamics
(MD) simulations that illustrate this point are provided in
the Supporting Information.
Figure 4 shows the isotherms for the Pb(OA�)2

coverage of the {100} and R {111} surfaces, as a
function of ligand concentration, at T = 450 K. The
stronger binding energy of the Pb(OA�)2 to the R {111}
surface results in a considerably higher coverage of the
R {111} surface than of the {100} surface for all ligand
concentrations. The concentration must be increased
through several orders of magnitude to significantly
increase the coverage on either surface. However, far
lower concentrations are required in order to achieve
significant coverages on the R {111} surface than on
the {100} surface.
Figure 3b shows the coverages for the {100} and R

{111} surfaces for T = 300 and 450 K that are accessible
by varying the ligand concentrations in the isotherms.
Importantly, the accessible coverages traverse the full
range of NC core shapes, fromoctahedral to cubic, with
increasing ligand concentration. At low concentrations
only the R {111} surface is passivated, so that γ111 is
much smaller than γ100, leading to an octahedral
equilibrium core shape. At high concentrations, on
the other hand, the {100} surface is well-passivated
and has a low surface energy, while excessive coverage
of the R {111} surface increases γ111, resulting in a
cubic equilibrium shape. Changing the temperature
from 300 to 450 K does not significantly alter the range
of equilibrium NC core shapes predicted by the model.
The fact that the accessible surface coverages shown

in Figure 3b traverse the range of equilibrium shapes
from octahedra to cubes suggests that this entire
range of shapes should be available through control

Figure 3. Surface energies and equilibrium shape of PbSe NC as a function of surface coverage. (a) Ratio of the surface
energies γ111/γ100 as a function of the coverages of the {100} and {111} surfaces. The ratios γ111/γ100 =

√
3, (1 þ

√
2)/

√
3,

2/
√
3,
√
3/2, and1/

√
3 areplotted as contours on the surface and correspond toNC coreswith the equilibriumshapeof a cube,

uniform truncated cube, cuboctahedron, uniform truncated octahedron, and octahedron, respectively. (b) Isotherms for the
coverage of the {100} and {111} surfaces for temperatures T = 300 K (red line) and 450 K (yellow line) indicatingwhich shapes
are accessible for varying ligand concentrations. The contour lines (white) indicate the various equilibriumNC shapes as in (a).

Figure 4. Isotherms for equilibrium coverage of {100} (red
line) and R {111} (green line) surfaces at T = 450 K.
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of the Pb(OA�)2 ligand concentration. Our model
predicts that low concentrations of Pb(OA�)2 will lead
to octahedral PbSe NCs, whereas high concentrations
will lead to cubic NCs. Experimental validation of this
theoretical prediction is obscured by a number of
factors such as time-dependent concentrations of
ligands, monomers, and reaction byproduct, as well
as time-dependent temperature commonly encoun-
tered in colloidal NC synthesis. The reaction tempera-
ture, reaction time, and the Pb:OA ratio are tightly
coupled in the injection synthesis and are typically
adjusted together in order to tune the size and shape
of the resulting NCs,47 making it difficult to delineate
their separate effects. Moreels et al. observed that
excess OA present during synthesis resulted in smaller
PbSe NCs.13 Pietryga et al. observed that lowering the
reaction temperature decreased the size at which the
NCs change from a quasi-spherical to a cubic shape.60

Li et al. found that through an increase in the OA:Pb
ratio it was possible to tune the NC shape from quasi-
spherical, through cuboctahdral, to cubic,53 in agree-
ment with the predictions of our model.
In an effort to obtain further experimental support

for the predicted shape control of NCs, we developed
an alternative synthesis approach that encouraged the
growth of particles into their equilibrium morphology.
The details of this synthesis procedure are given in the

Supporting Information.We performed these reactions
at different OA concentrations and analyzed the prod-
ucts using transmission electron microscopy (TEM).
While a fully systematic parameter exploration is be-
yond the scope of this work, a greater amount of {100}
faceting in the particles synthesized with a higher OA
concentration suggests that these NCs have a more
cubic-like shape. TEM micrographs showing samples
grown at OA:Pb ratios of 1:4, 1:1, 2:1, and 10:1 are given
in Figure 6, along with the normalized integrated ratio
of the intensities of the {111} and {200} peaks ob-
tained from X-ray diffraction (XRD) of the drop-cast
PbSe NC films, for each concentration. The increased
{100} faceting is consistent with a transition to a more
cubic shape of NC as the ratio is increased. For the NCs
synthesized at the OA:Pb ratio of 1:4, the NCs appear to
have assembled into chain-like aggregates, while the
assemblies are more isotropic when more OA was
included in the reaction. It is possible that a transition
toward octahedral-shaped particles for lower OA:Pb
ratios is related to the increased tendency of these NCs
to form linear aggregates.
The composition of PbSe NCs has been previously

determined using inductively coupled plasma mass
spectrometry (ICP-MS); a Pb:Se ratio of approximately
1.24�1.36:1 was observed for 5.7 nmNCs.50 Ourmodel
predicts that one excess Pb2þ cation will be present for

Figure 5. Oleic acid ligands (gray) are shown capping a cuboctahedral PbSeNC, illustrating the change in effective shapeas the
ligand coverage on the {100} facets decreases. The {100} coverage is reduced from (a)∼2.6OA�/nm2, to (b)∼1.3 OA�/nm2, to
(c)∼0.7 OA�/nm2. The {111} coverage is constant at∼4.5 OA�/nm2 for all three cases. The upper panel shows the NC viewed
along the [001] direction, while the lower panel shows a central NC slice (the interior core atoms are not shown), perpendicular
to the [110] direction.

A
RTIC

LE



BEALING ET AL . VOL. 6 ’ NO. 3 ’ 2118–2127 ’ 2012

www.acsnano.org

2124

every two OA� anions, which does not agree with a
report from the literature, in which a ratio of 1:1 was
observed.13 Furthermore, considering a 5.7 nm NC
within our model, the ratio of Pb:Se is expected to be
somewhat lower than the values obtained using ICP-
MS, varying between 1.09 and 1.17:1 (see Supporting
Information for further details of this calculation).
Stoichiometries close to those determined by ICP-MS
are obtained if all NC surfaces site are terminated by Pb.
We speculate that this observed additional excess Pb
may be due to the presence of neutral Pb0 atoms
physisorbed at the surface or Pb2þ cations bound to
some alternative counterion. For example, Pb(Cl�)2
was observed to be present at the surface of PbS NCs
synthesized using PbCl2 and elemental sulfur.57 In the
case that Cl� is not present in the reaction, other
possible candidate counterions are OH� and O2�.
X-ray photoelectron spectroscopy (XPS) studies have
found neither Pb(OH�)2 or PbO

2� to be present in any
appreciable amounts for freshly synthesized PbSe NCs,
however.38 Binding energies calculated using DFT for
PbO2� and Pb(OH�)2 on the {100} surface show only
weak binding (j 0.4 eV per PbO2� or Pb(OH�)2),
consistent with these measurements. Furthermore,
significant numbers of OH� groups are unlikely to be
present in the solution, since the synthesis reactions
we have carried out take place under mildly acidic
conditions. Given the weak binding of the PbO2� and
Pb(OH�)2 and their likely scarcity, as well as the XPS
results, we tentatively ascribe the deficit of excess Pb
predicted by our model to Pb0, but suggest that this
remains an important area for further study. In any
case, the additional excess Pb is not expected to be
attached to ligands with long, bulky chains, and since
short ligands interact with each other laterally very
little (as shown by the Pb(AA�)2 adsorption energy
results given in Table 1 or the binding energy calcula-
tions reported by Csik et al.58), the maximum possible

amount of Pb(OA�)2 at the surface need not be limited
as a result of their presence. Absent further information
about the nature of the additional excess Pb, we
consider the simplifying assumption that all surfaces
sites not passivated by Pb(OA�)2 are instead uniformly
capped by some Pb-containing group, such as Pb0 or
Pb2þX2�, where X is a short ligand. In this case the
{100} and {111} surface energy curves shown in
Figure 2 each could be shifted by a constant amount.
Such a shift would alter the particular values of the ratio
γ111/γ100 for each concentration along the isotherm,
but would not alter the general trend predicted by the
isotherms of Figure 3, that higher OA concentrations
should lead to increased {100} faceting. We also note
that the neglect of the NC edges in our model may
contribute slightly to the predicted Pb:Se ratio being
lower than that observed in the experiments.
The isotherms shown in Figure 4 and the accessible

coverages of the {100} and {111} surfaces shown in
Figure 3b suggest that varying the ligand concentra-
tions significantly changes the relative coverage of
the two facets. When NCs are aged at ambient tem-
perature in an environment with reduced ligand
concentration,32 the shape of the inorganic NC core
is not expected to change significantly. However, the
different detachment of ligands from the {100} and
{111} facets will change the effective shape of the NC/
ligand system. The ligand coverage of the {100} facets
decreases more quickly with reduced ligand concen-
tration than that of the {111} facets. Figure 5 illustrates
the change in effective shape for NCs for which the
ligand coverage decrease follows the curve in
Figure 3b. The structures shown are taken from low-
temperature MD simulations at each coverage, carried
out using the LAMMPS package61 and the Reax force
field62 for the ligands. Although MD simulations em-
ploying empirical potentials such as the Reax force
field could be useful for describing the strength of the

Figure 6. Normalized ratio of the integrated intensity peaks corresponding to {111} and {200}planes obtained usingXRD for
films of PbSe NCs, synthesized at different OA:Pb ratios. The decrease in the {111}/{200} ratio indicates a clear trend toward
larger {100} faceting for NCs produced at higher OA:Pb ratios.
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dispersion forces between ligands, a complete model
must also account for the interactions between the
ligands and the surrounding solvent, which are ex-
pected to largely offset the change in ligand�ligand
dispersion interactions with coverage (see Supporting
Information). The MD simulations described here,
which do not describe the solvent, are used only to
illustrate the effect of ligand coverage on the effective
NC shape. The rapid decrease in the coverage of the
{100} facets with reduced ligand concentration results
in a strongly anisotropic effective shape of the NC/
ligand system. This is consistentwith the preference for
bcc packing in aged PbSe NC superlattices32 and
suggests that the effective shape of the NCs in the
assembly is particularly sensitive to the coverage of the
{100} facets.

CONCLUSIONS

Through consideration of the surface�ligand in-
teractions in the PbSe NC system, we have con-
structed a model that predicts that the facet-
dependent interactions between core and ligand
capping layer can be exploited, through the ligand
concentration, to allow control over the morphology
both of individual NCs and of their assembly. Density
functional calculations determined surface and bind-
ing energies for PbSe {100} and reconstructed {111}
surfaces, capped with Pb(OA�)2 for a range of
coverages relevant to experiments. The change in

surface energies with ligand coverage of these two
surfaces is predicted to give rise to equilibrium NC
shapes ranging from octahedra to cuboctahedra to
cubes, in accordance with experimentally observed
shapes of Pb-salt NCs capped with OA�. Preliminary
experiments using an ad hoc synthesis procedure
support the general trend predicted by our model, as
do other reports from the literature.53 Further experi-
ments are required to assess whether the ligand
concentration is a viable method of shape control
for the Pb-salt NCs. We predict a more rapid decrease
in the ligand coverage of the {100} facets than the
{111} facets with reduced ligand concentration. This
results in a strongly anisotropic effective shape of the
NC/ligand system and helps explain experimentally
observed changes in the symmetry of NC assembly.
The ability to tune the morphology of individual NCs
and their assembly would present significant advan-
tages for the design of NC-based materials for
applications. Since facet-specific ligand data and
adsorption and surface energies are not easily acces-
sible by experiments, computer modeling and simu-
lation provide a useful approach to predict and assess
the differences in surface chemistry between facets
and the resulting NC core shape and effective
shape of the NC�ligand system. We expect that the
possibility to control NC morphology through facet-
specific surfactant interactions will remain an impor-
tant area for further study.

METHODS

Computational Approach. Surface energy and ligand binding
energy DFT calculations were carried out using the Vienna Ab
initio Simulation Package (VASP)63�66 with a plane wave basis
set and periodic boundary conditions. The projector augmen-
ted wave method was used to describe the interactions be-
tween ions and electrons, and the tetrahedron method
with Blöchl corrections67 was used to perform the Brillouin
zone integration. Special k-points were generated using the
Monkhorst�Pack method, with k-point meshes chosen such
that the k-point density along the reciprocal lattice vectors is
about 60 per Å�1. The generalized gradient PBE exchange�
correlation functional68was used. The cutoff energy for thewave
functions was varied between 211 and 360 eV for calculations of
the PbSe bare surface energies and was increased to 400 eV for
calculations of the ligand binding energies, owing to the harder
pseudopotentials of the C and O atoms in the ligand.
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