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R
esearch on colloidal semiconductor
nanocrystals has garnered much at-
tention due to thematerial's excellent

photostability, size dependent optical and
electronic properties, and their promising
use in biological imaging and sensing
applications.1�3 Several physical attributes
are tunable by controlling both the size and
shape of the nanomaterials;4,5 for example,
polarized emission in quantum confined
systems has been observed in nanorods
with aspect ratios greater than 2.6 Electrical
and magnetic properties may also be ma-
nipulated with shape control. This can lead
to exciting new areas for the implementa-
tion of these anisotropic systems. The
unique electronic and optical properties of
rod-shaped nanocrystals (NCs)7�9 have
made it possible to create NC semiconduc-
tor lasers which have much lower gain
thresholds.10,11 Furthermore, “nanobar-
bells” composed of a semiconductor rod
bound bymetal “bells” create the possibility
of wiring the structures for conductivity
measurements; these materials also show
great potential as photocatalysts.12�14 Rod-
shaped NCs also have utility as the active
element in solar cells.15�17 A very recent,
transformative result has demonstrated
that a semiconductor dot-core coated by a
rod-shaped shell, with a metal deposited18

selectively at one end, is a very promising
material for the photocatalytic generation
of hydrogen.19 The sum of these results de-
monstrate that shape control of semiconduc-
tor NCs has generated a wealth of scientific
breakthroughs in thenanoscience community.
Semiconducting lead chalcogenides are

ideal materials to study because of their
large Bohr exciton radii which allow easy
access to the strongly confined regime. In
the case of lead selenide, the bulk band gap
(0.27 eV) can be tailored to overlap in the
telecommunication broadband range20 by

size tuning particles using established col-
loidal nanocrystal synthesis schemes.21 The
observation of anisotropic shapes of lead
selenide nanomaterials is especially of inter-
est as its highly symmetrical rock salt crystal
lattice would ostensibly make the existence
of an anisotropic growth mechanism im-
possible. Previous studies circumvented this
issue to create shape-controlled lead chal-
cogenide nanostructures by heterogeneous
seeding,22�24 ion exchange of templates,25

chelation of precursors,26 and directed NC
monomer assembly.27�30 Each of these me-
chanisms has their advantages and disad-
vantages; in a seeded growth system, for
example, the heterogeneous catalyst used
to unidirectionally grow nanorods may also
alter the innate electronic and optical prop-
erties of the material.31,32 Cation exchange
affords great control overmorphology but it
is overall a complex process. Furthermore,
unidirectional growth through multiden-
tate ligands or monomer stacking does not
afford morphological control over small
length scales.
We report several low-temperature, one

step syntheses of lead selenide NCs that
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ABSTRACT Developing simple synthetic methods to control the size and morphology of

nanocrystals is an active area of research as these parameters control the material's electronic

and optical properties. For a semiconductor with a symmetrical crystal structure such as lead

selenide, anisotropic colloidal growth has been previously accomplished via the use of templates,

seeds, or by block assembly of smaller, symmetrical subunits. Here, we present a simple method to

create monodisperse lead selenide nanorods and multipods at low temperatures. The size

distribution and the observed morphologies are consistent with a continuous, anisotropic growth

of material. The syntheses of these anisotropic shapes are due to the nature of the nuclei that form

upon injection of precursors into partially oxidized alkene solvents that may contain lactone and

carbonate-functional derivatives.

KEYWORDS: nanocrystals . lead selenide . shape-controlled nanocrystals . quantum
confinement . nanorods
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directly form rods and multipods (dipods, tripods,
tetrapods, and pentapods). The method was discov-
ered due to the inadvertent oxidation of the polyunsa-
turated solvent (squalene) that affords theproductionof
anisotropic PbSe NCs. While the absolute identity of
this species has remained elusive, we demonstrate how
the functional moieties identified (lactone and/or cyclic
carbonate) afford asymmetric morphologies.

RESULTS AND DISCUSSION

Our initial studies on PbSe NC synthesis were fo-
cused on the effects of surface chemistry on the nano-
crystals' nonlinear optical properties.33 During this
work, anisotropic nanorods and “T”-shaped nanocryst-
als were occasionally formed (∼1/4 of the preparations)
using a procedure with an unsaturated squalene sol-
vent and a lead acetate trihydrate precursor (method
A). Figure 1 shows representative distributions of
nanorods and branched structures we have synthe-
sized from this method. As can be seen, the dominant
rod morphology produced appears at a 3:2 ratio with
“T”-shaped tripodal PbSe NCs. Analysis of 200 of the
rod-shaped PbSe NCs reveals a 4.7( 0.5 nmwidth and
an average length of 13.4 ( 1.9 nm yielding an aspect
ratio of 2.8 ( 0.5. The minority tripodal NCs have a
width of 4.4 ( 0.5 nm with long and short rod lengths
of 14.3 ( 1.8 and 9.3 ( 1.0 nm, respectively. High
resolution transmission electron microscopy (HRTEM)
analysis confirms that the synthesized rods are high
quality single crystals as shown in Figure 1B. Varying
the reaction conditions, discussed below, yields several
types of other anisotropic nanocrystals.
We noted that in these preparations (method A), the

squalene solvent became slightly discolored during
the initial degassing step. No discoloration was ob-
served when using a fully saturated squalane solvent
(method B); furthermore, the use of squalane does not
afford the formation of anisotropic NCs. We reasoned
that the chemical species that imparts the discolora-
tion was responsible for the formation of short PbSe
rods and “T”-shaped nanocrystals in the squalene
solvent. This byproduct likely forms via the oxidation
of the solventby thewater andacetic acid (via substitution

on a double bond) that is present due to the use of a
lead acetate trihydrate precursor. To address this issue
in amore controlled fashion, squalenewas treatedwith
acetic acid and water directly to identify the source of
the solvent discoloration and to determine its role in
PbSe NC synthesis.
Figure 2 illustrates the effect of treating squalene

with water and acetic acid on the morphology of the
PbSe NC products that form usingmethods A and C. As
discussed previously, the use of squalene that was only
exposed to the lead acetate trihydrate precursor did
not reproducibly produce nanorods; more often, ca.
3�4 nm spherical particles were observed. Anisotropic
PbSe NCs were consistently created when squalene
was intentionally oxidized with water and acetic acid
(method C); furthermore, greater solvent treatment
resulted in nanomaterials with increasing aspect ratios.
This effect appears to saturate after three treatments of
the solvent with water and acetic acid resulting in
nanorods with aspect ratios of 7 ( 2. Prolonged
heating of the squalene mixture, in excess of 3 h, did
not affect the morphologies of the synthesized nano-
particles. Furthermore, the use of a squalene solvent
treated with extra water and acetic acid affords the
formation of a wide variety of multipods as shown in
Figure 3. Treatment with trifluoroacetic acid and water
affords only dot and rod-shaped nanomaterials as
shown in Figure S1 of the Supporting Information
(SI); this result shows that control over the multiple
morphologies is possible.

Analysis of Oxidized Squalene. Previous reports have
shown that squalene and similar unsaturated hydro-
carbons can undergo a wide variety of oxidation reac-
tions including polyepoxidation and hydroxylation,34

and lactone cyclization.35 GC�MS analysis of the acetic
acid-treated squalene was inconclusive and revealed
multiple products as trace impurities (∼0.3% by mass,
SI, Figure S2). Of all these products, only one was
identified as an oxidized derivative of squalene (SI,

Figure 1. (A) Low-resolution transmission electron micro-
graph of PbSe nanorods and branched rods prepared by
method B; (B) HRTEMmicrograph of left. Inset: selected area
diffraction pattern shows agreement with PbSe lattice
planes (A, 111; B, 200; C, 220; D, 222; E, 322). Figure 2. (A) PbSe NCs synthesized in squalene. (B) HRTEM

of micrograph of sample A, aspect ratio = 2.8. (C) Squalene
treated once with 2 mmol acetic acid and 3 mmol water,
aspect ratio = 4. (D) Squalene treated thrice with 2 mmol
acetic acid and 3 mmol water, aspect ratio = 7.
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Figure S2, inset); however, we were not able to char-
acterize any of these byproducts further. To aid in the
analysis, the solvent was treated with a much stronger
acid. As discussed in method D, squalene was mixed
with trifluoroacetic acid and water in a sealed round-
bottom flask under N2; this resulted in the formation of
a dark yellow-orange colored solution at room tem-
perature. A mass spectral analysis confirms multiple
products (SI, Figure S3); as such, we did not perform
further GC�MS analysis. Fortunately, an FTIR study of
the sample (SI, Figure S4) revealed a characteristic
carbonyl peak at 1779 cm�1 and two additional fea-
tures at 1219 and 1167 cm�1. After careful review of a
database of IR spectra of organic compounds,36 this
spectrum is consistent with either lactone or cyclic
carbonate functional organic materials. 13C and 1H
NMR revealed a 13C peak at 156 ppm that is consistent
with cyclic carbonates and is supported with 1H NMR
resonances at ∼4.7 ppm (SI, Figure S4).36 These data
suggest that there may be multiple-substituted pro-
ducts formed that contain the same functionality; this
accounts for well-defined FTIR and NMR spectra.

To investigate if lactones and cyclic carbonates can
affect the morphologies of PbSe nanocrystals, γ-non-
anoic lactone or propylene carbonate was used in lieu
of TFA treated squalene in the synthesis of PbSe NCs
(method E). The system was extremely sensitive to the
concentration of γ-nonanoic lactone; as such, the
reaction conditions had to be adjusted to observe
some of the morphologies produced by methods B
and C. At low loading ratios of γ-nonanoic lactone
(0.1% bymass) the reaction did afford the formation of
multipods and spherically symmetric particles; how-
ever, these results were poorly reproducible. We attrib-
uted this to the lactone boiling off (bp ≈ 125 �C) prior
to TOPSe injection. At higher loading ratios (1%f 5%
by solvent mass), the as-prepared materials frequently

precipitated within minutes after precursor injection.
Samples that did not were analyzed to reveal the
formation of mostly dot- and rod-shaped PbSe NCs
(SI, Figure S8). Electron microscopy analysis of the
spherically symmetric particles reveal the presence of
both (100) and (111) crystallographic facets that may
allow for the anisotropy to form as discussed below.
When γ-nonanoic lactone was introduced after TOPSe
injection, as detailed inmethod F, the reaction failed to
produce multipodal species as shown in Figure S9 of
the SI. This indicates that γ-nonanoic lactone alters the
PbSe nuclei in such a way as to allow the formation of
anisotropic NCs. The addition of propylene carbonate,
20% by volume, also afforded asymmetric PbSe NC
morphologies (SI, Figure S8,D).

Mechanism of Formation. Previous studies on wurtzite
cadmium chalcogenide semiconductor NCs demon-
strated that anisotropic growth is a consequence of the
existence of a unique crystal axis; as such, similar
growth mechanisms cannot be employed to create
novel morphologies in rock-salt structured PbSe NCs
due to the equivalencies of all (100) crystal facets.
While we have elucidated the chemical origins of
forming PbSe anisotropic nanoparticles, the physical
mechanism for creating these structures were also
investigated. Anisotropic PbSe shapes can arise from
discrete directed monomer assembly (i.e., oriented
attachment), the formation of multifacted nuclei, or
may arise from the continuous growth via a catalytic
nanoparticle “seed” produced in situ.22�24 If a fortui-
tous “seed” nanoparticle is present, it wouldmost likely
be composed of metallic lead or lead oxide formed
during oxidation of squalene. We have ruled out a
seeded growth mechanism for the anisotropy based
on selected area electron diffraction (SAED) patterns
and X-ray photoelectron spectroscopy (XPS) results. It
has been shown previously that metal seeded sub-
strates or otherwise alloyed substrates emerge as
diffraction rings in SAED data.24 Even after thorough
washing of the template particle, SAED often resolves
one or more atomic plane through Bragg diffraction of
a crystal face (Figure 1B inset). Only PbSe lattice planes
are visible, without evidence for metallic Pb or PbO
lattices, indicative of a nodule where the onset of
growthwould occur. Although the (222) plane for PbSe
and (220) plane for metallic Pb overlap, and these rings
are seen in the diffraction pattern, this is not conclusive
evidence for the presence of Pb0 as the simple cubic
face of metallic lead is not observed. XPS data (SI,
Figure S10) demonstrate minimal oxidation of the
PbSe particles and confirm that the lead is present in
the þ2 oxidation state; as such, there is little evidence
to suggest elemental lead or lead oxide is present and
directing the growth of anisotropic PbSe nanocrystals.

Additionally, it is possible for mixed faceted magic-
sized clusters (MSC) to be produced in situ, and growth
couldbeaffordedbyelongationon (100) crystallographic

Figure 3. HRTEM micrograph of a variety of multipods
synthesized by method C in a single reaction.
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planes while suppressed on (111) planes. However, we
have performed experiments in which MSC were
injected with the TOPSe into the reaction solution
and only minimal asymmetry is observed (bullet
shaped) and mostly spherically symmetric particles
are present (SI, Figure S11). This suggests that forma-
tion of magic sized clusters is not sufficient in itself to
produce the asymmetry we observe in our reactions.

Oriented attachment is a mechanism that is often
employed to explain the formation of rod and wire
shaped semiconductor nanostructures from dipolar
NC building-blocks. Electrostatically polarized PbSe
NCs can be created by the presence of high energy
Pb or Se terminated (111) facets on the corners of the
underlying cubic structure.29 In such cases, two classes
of surface structures emerge: six (100) nonpolar facets,
and eight (111) Pb or Se polar terminated facets.
Through this mechanism, PbSe NC monomers may
become polarized with the right combination of
“edge” (111) facets that facilitates monomer unidirec-
tional oligomerization to form extended rod and wire
structures.29 Initially, we believed that our observations
of short rod and “T”-shaped crystalline NCs were due to
the samemechanism; the formation of small, polarized
PbSe NCs that conjoin together over a small length
scale. However, close examination of low and high
resolution transmission electron microscopy images of
these samples began to cast doubt on this assumption.
Given that ∼11% of monomer PbSe NCs with (111)
facets should lack polarity, these species should be
observable in electron microscopy studies. No such
PbSe NC monomers were observed in any growth
solution or precipitated sample. We also examined
aliquots of the solution (method C) over time to
investigate the preformation of nanorods and possibly
to isolate nuclei prior to anisotropic growth. As shown
in Figure S12 of the SI, rod andmultipodal PbSeNCs are
formed 90 s after TOPSe injection; at no point are small
spherical or cubic monomers resolved. As no such
species are observed, it is unlikely that anisotropic
PbSe NCs are formed via oriented attachment.

The observations of a ∼15% monodispersity in the
length of the PbSe rods prepared by ourmethod is also
inconsistentwith the lack of size control of the oriented
attachment mechanism as the polarity is maintained
throughout growth and would have no preferential
bias to terminate. Additionally, we would expect in-
teger aspect ratios for the as-synthesizedmaterials due
to the overall cubic symmetry of the monomers.28

While our measurements are very close to whole
number ratios (and in fact are within error), a closer
examination of the statistical distribution of widths and
lengths for the rod samples demonstrate that the
length of the rod PbSe nanocrystals is decoupled from
their widths.

A statistical analysis of the morphology of the nano-
rods shown in Figure 2D was performed to determine

whether our observations are due to oriented attach-
ment of polarized monomers. A sample of 288 rods
was analyzed to calculate the statistical distribution of
their lengths and widths. The first interesting observa-
tion concerns the sharpness of the width distribution
as shown in Figure 4; these data are best fit to a
Gaussian line shape. We next assessed the possibility
that the distributions of the widths and length are
related which would be the case of rods formed by
oriented attachment.28 As the aspect ratio of the rods is
very close to 7, we calculated a large set of rod lengths
by adding seven random numbers that conform to the
width distribution; this Monte Carlo set of rod lengths
was analyzed using the same statistical methods as the
experimental data. As shown in Figure 4, our Monte
Carlo analysis relating the width to the length distribu-
tions does not mimic the observed data (R2 = �1.6 vs

0.98 for a best Gaussian fit); further, inclusion of other
whole number aspect ratios does not improve the
result suggesting the electrostatic assembly of multi-
ple particles is not producing the PbSe nanorods.
These data show that there are two separate growth
mechanisms present because the two nanorod profiles
(width and length) do not correlate to each other. A
similar statistical analysis of the smaller aspect ratio
rods synthesized by method A also leads to the same
conclusion as shown in Figure S13 of the SI. Different
mechanisms are therefore responsible for the initial
particle nucleation and a subsequent growth into
nanorod and branched rods on the (100) axis.

Nucleation-Controlled Morphology. Aswe have ruled out
the formation of anisotropic PbSe NCs via previously
observed processes and have demonstrated that our
observations are chemical in origin, we believe that
these rod and multipod shaped PbSe nanocrystals are
created via a nucleation-controlled mechanism similar
to that reported by the Cheon group for PbS NCs.37 At
the low temperature regime, nuclei can form contain-
ing both (100) and (111) facets; the (111) facets persist
during growth as the low temperature does not allow
for the NC to anneal into a fully cubic structure. Further,
electron microscopy examinations of small particles
that form in the presence of γ-nonanoic lactone show
that they have mixed (100) and (111) faceting. The
presence of organic ligands with a preferential associa-
tion for one facet over the other allows for competitive
growth from two different crystallographic axes form-
ing rods and multipods. Because our samples con-
tained many cubically arranged multipodal structures,
the proposed squalene-derived lactone and/or cyclic
carbonate functional species must preferentially inter-
act with the nominally higher-energy (111) facets to
lower its chemical potential such that growth in this
direction is stunted. Elongation on the (100) planes
would then afford the creation of the multipodal
species present in the syntheses; this also is confirmed
by TEM analysis which shows that the long axis is
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always in the (100) direction. Some phenomenological
models ofmultipodal seeds are shown in SI, Figure S14.

Optical Properties. The anisotropic PbSe NCs we have
developed have several interesting optical properties.
As shown in Figure 5, multiple emissive species are
produced by method C as shown in the photolumines-
cence scan from 1000f3000 nm. We attribute this to
the formation of a large number of multipodal struc-
tures; as shown in Figure S15 of the SI, only two
features are observed with the rod and “T”-shaped
NCs produced by method A. The fairly extreme range
of the emission profile may be due to the low effective
masses of the charge carriers (<0.1 me) and the large
excitonic Bohr radius (46 nm) in PbSe.38 If themost red-
shifted feature originates frompentapodal NCs and the
higher energy ∼1300 nm emitters are rods, this de-
monstrates that quantum confinement in PbSe is
significantly sensitive to the shape of the NCs. Essen-
tially, the wavefuctions of the light charge carriers are

diffuse enough to “bend” around the corners of the
multipods to lower the kinetic confinement energy; we
are investigating these properties further to make defi-
nitive assignments. It is also interesting to note that our
samples have retained their emissive properties for
months despite storage under “bench-top” conditions;
this is a significant find as lead selenide nanoparticles are
known to be prone to oxidation and quenching.39 Over-
all, these results demonstrate that theemissiveproperties
of anisotropic lead selenide NCs are greatly enhanced.

CONCLUSION

Wehave developed a novelmethod for synthesizing
high quality nanorods and multipods of lead selenide.
Control of the aspect ratios and dominant morphology
has been demonstrated to be a function of solvent
oxidation. These anisotropic shaped NCs were not
produced via oriented attachment or by a catalytic
nanoparticle seed formed in situ; furthermore, statis-
tical analyses of rod-shaped structures indicate that
nucleation and anisotropic growth are decoupled. Our
results have shown that oxidation of the squalene
solvent creates a lactone or cyclic carbonate functional
species that directs the nucleation of PbSe NCs into
structures with mixed (111) and (100) faceting. The
(111) facets are likely passivated by these organic
ligands such that growth only occurs in the (100)
direction as previously observed in anisotropic PbS
NCs. This conclusion is confirmed by the fact that the
intentional addition of a lactone or carbonate also
affords the formation of anisotropic PbSe NCs. We hope
these results facilitate investigation into more complex
nanostructures and nanodevices for lead selenide, espe-
cially as the emissive properties of anisotropic PbSe NCs
are significantly more robust than dot-shaped materials.

MATERIALS AND METHODS
Lead acetate trihydrate (Pb(ac)2, 99.98%), oleic acid (>99%),

acetic acid (glacial, 99.8%), trifluoroacetic acid (TFA, 99%),
γ-nonanoic lactone (97%), were purchased from Sigma-Aldrich.

Squalane and squalene were purchased from Acros. Selenium
shot (99.999%) and trioctylphosphine (TOP, 97%) were pur-
chased from Strem. Propylene carbonate (99%), anhydrous
hexane, and ethanol were purchased from Alfa-Aesar. All

Figure 4. (Left) Distribution (blue bar) and fit (red) for PbSe nanorod widths. (Right) Distribution (blue bar) and Gaussian fit
(red) for PbSe nanorod lengths. Dotted green: distribution predicted via oriented attachment mechanism.

Figure 5. Photoluminescence spectra representative of a
typical sample produced with method C. The multiple
emission features are attributed to the presence of several
multipods synthesized simultaneously in the oxidized
squalene solvent.
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chemicals were used without further purification unless noted.
A 1 M trioctylphosphine selenide (TOPSe) solution was synthe-
sized by mixing TOP and Se shot overnight; the solution was
stored in an inert-atmosphere glovebox. Holey carbon TEM
grids were purchased from SPI.
TEM measurements were performed on a JEOL JEM-3010F

electron microscope. Emission data was taken on a custom-
made Horiba Jobin Yvon fluorolog-3 spectrofluorometer with a
short-arc xenon lamp at an excitation of 500 nm. FTIR was taken
on a Genesis Matson FTIR. Gas chromatography mass spectro-
metry (GC�MS) analysis was performed on a JEOL GCMate II.
X-ray photoelectron spectroscopy (XPS) analysis was carried out
on all samples using a VSW HA-150 hemispherical analyzer with
monochromatic X-radiation from an Al KR source. The spectra
were all calibrated to the C 1s in the hydrocarbon surfactant
(oleic acid) at 285 eV; charge neutralization was not needed for
this analysis. NMR spectra weremeasuredwith a Bruker Avance-
400 spectrometer. All data were analyzed with Matlab.

Method A. Synthesis of PbSe Multipods in Squalene. A solution of
4 mL of squalene, 1 mL of TOP, 3 mmol oleic acid, and 1 mmol
Pb(ac)2 was dried under vacuum at 110 �C for 1 h in a 3-neck
round-bottom flask. The resultant solution acquired a slight
yellow discoloration. This solution was quickly heated to
125�135 �C under moderate N2 flow, and 2 mL of a 1:1 mixture
of 1MTOPSe/TOPwas rapidly injected. The temperature remained
constant, and the particles were grown for 5min. The product was
precipitated in hexane with the addition of ethanol.

Method B. Synthesis of PbSe Nanoparticles in Squalane. A solution
of 4mL of squalane, 1mL of TOP, 3mmol oleic acid, and 1mmol
Pb(ac)2 was dried under vacuum at 110 �C for 1 h in a 3-neck
round-bottom flask. The resultant solution contained no dis-
coloration. This solution was quickly heated to 125�135 �C
under moderate N2 flow, and 2 mL of a 1:1 mixture of 1 M
TOPSe/TOP was rapidly injected. The temperature remained
constant, and the particles were grown for 5 min. This proce-
dure only forms radially symmetric 3�4 nm particles.

Method C. Synthesis of PbSe Multipods in Acetic Acid Treated Squalene.
A solution of 4 mL of squalene, 2 mmol acetic acid, and 3 mmol
water was heated to 110 �C under N2 for 3 h in a round-bottom
flask. The resultant viscous yellow solution was dried under
vacuum at 110 �C for 3 h to remove excess acetic acid; multiple
iterations of this process were performed for some experiments
as discussed below. For multiple reactions between squalene
and acetic acid, the squalene was dried thoroughly and ana-
lyzed by FTIR for purity. This treated squalenewas then added to
1 mL of TOP, 3 mmol oleic acid, and 1 mmol Pb(ac)2 in a 3-neck
round-bottom flask. The mixture was dried at 110 �C under
vacuum for 1 h to remove water. The resultant mixture had a
deep yellow discoloration. The temperature was raised quickly
to 125�135 �C under N2 and 2 mL of a solution of 1:1 1 M
TOPSe/TOPwas rapidly injected into the solution. Aliquots were
taken out at 30, 60, and 120 s after initial injection andquenched
in hexane. These aliquots were precipitated in hexane with the
addition of ethanol and investigated via TEM microscopy to
elucidate growth mechanics.
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