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One-dimensional (1D) luminescent semiconductor nanorods and
nanowires are of significant interest owing to their potential
applications in optoelectronics, nanobiotechnology, and nanoelec-
tronics.1 Designing ultra narrow nanorods with well-defined shapes
and sizes in the strong confinement regime (rod radius,r << Bohr
radius,aB) remains a significant challenge in nanotechnology. The
necessity for such nanorods of different materials is increasingly
growing due to their possible use as nanoscale building blocks for
various applications. The interest is particularly true for the IV-
VI class of materials which can cover the technologically important
wide spectral range from mid-infrared to the visible region, yet
have been studied to a lesser extent compared to II-VI semicon-
ductors.2 Moreover, their spectral capabilities have not reached the
desired confinement level due to unavailability of proper dimension,
partially due to difficulties in synthesizing the nanoparticles with
well-controlled size and shape at very small scale. Additionally,
most of the II-VI and III-V semiconductors have a moderate
difference in electron and hole effective masses, leading to
significant asymmetry between individual charge carriers and weak
confinement for an individual charge carrier.3 In comparison, type
IV-VI materials such as lead sulfide (PbS) and lead selenide (PbSe)
have large Bohr radii, which allow one to achieve stronger
confinement even with relatively larger dimensions.3 From a
technological perspective, PbS is an extremely promising material
for a large number of applications in the mid- and near-infrared
emission and detection range,4a biological applications,4b and
optoelectronic devices owing to its wide range of size-dependent
properties.4c Recent progress in synthesis now allows fabrication
of PbS nanocrystals of a wide variety of shapes and dimensions.5

However, comparatively larger sizes of these PbS nanomaterials
have restricted the desired levels of quantum confinement. Here
we report on uniform,narrowest “free” quantum rods of 1.7 nm
in diameter, which allows us the opportunity to test the theories in
the strong confinement regime. The strong confinement is reflected
in absorption, photoluminescence (PL), and Raman spectroscopy.
These rods are strongly fluorescent and display discrete narrow
optical spectra with robust stability, which could be useful, for
example, in biological labeling, in fluorescence resonance energy
transfer (FRET), and in optoelectronics applications.

We have recently reported on the single-step synthesis of ultra
narrow nanorods and nanowires by decomposition of single
precursor metal xanthate in a suitable ligand.6,7 We have extended
the synthetic approach to produce ultra narrow PbS rods by
decomposition of single precursor lead hexadecylxanthate in a single
step in trioctylamine (TOA) as surfactant cum solvent at low

temperature (80°C, see Supporting Information). Figure 1a and b
shows the dark field (DF) transmission electron microscopy (TEM)
images of TOA-coated rods of 12-15 nm in length. The control
over the aspect ratio can be achieved using the same amount of
organometallic precursor injected by increasing temperature (Sup-
porting Information). The bright field high-resolution TEM (HR-
TEM) images of individual rods show that the rods are of 1.7(
0.2 nm in diameter (Figure 1c) with well-resolved lattice planes
corresponding to an interplanar distance of 0.29( 0.02 nm,
consistent with the (200)d-spacing of the PbS bulk rocksalt
structure, and EDS analysis (see Supporting Information) reveals
a nearly stoichiometric ratio of Pb to S. The selected area electron
diffraction (SAED) patterns of these ultra narrow PbS rods (Figure
1d) confirm the rocksalt cubic structure with predominant 200 and
220 diffraction rings, corresponding to the interplanar distances of
0.2969 and 0.2099 nm of PbS (JCPDS powder diffraction file #05-
0592), in line with the interplanar spacings observed in the HRTEM
(Figure 1c). The HRTEM image indicates an orientation in which
the<110> crystallographic axis is parallel to the long axis of the
rods. The strongest intensity of the 200 reflection is in line with
the expected 200/220 intensity ratio of 1:0.57 in the JCPDS powder
diffraction file.

The use of amines as capping ligands has been shown to play
an important role in determining the nanocrystal shapes and sizes
in addition to stabilizing the particles.6-8 It is expected that, due to
its higher nucleophilic nature, TOA should bind to the lead ions of
the inorganic core, at least as strongly as in the case of previously
used primary amine capping agents.6-8 Notably, the self-assembled
2D supercrystalline pattern similar to Zn-chalcogenide “ordered
rods” could not be obtained using TOA as a ligand within the
synthetic conditions tested so far.6b,8b The dissimilarity in self-
assembly probably originates from differences in the coordination
mechanism of the ligands on specific nanocrystal facets, in addition
to nucleophilicity of alkyl amines. The faster growth and kinetics
of ligand adsorption are markedly different owing to the initial PbS
rocksalt facets,5c which is crucial for developing these ultra narrow
“random free rods”.

The strong quantum confinement indeed is reflected in the room
temperature absorption and PL spectra of the nanorods. The
absorption onset (2.84 eV, Figure 2) of the nanorods is strongly
blue shifted from the bulk band gap (0.41 eV) and shows discrete
sharp excitonic bands at 278 nm (4.47 eV) with a narrow FWFM
of ∼20 nm, a shoulder at 315 nm (3.95 eV) and a weak band at
365 nm (3.41 eV). These bands are of excitonic origin correspond-
ing to 1Pcr1Ph, 1Scr1Ph, and 1Scr1Sh transitions, respectively.9

The PL spectrum shows strong and sharp band-edge emissions at
410 and 434 nm, a shoulder at 465 nm, and a weak band at 500
nm, respectively (Figure 2). Deconvolution of the spectrum reveals
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very narrow band widths of 112 and 148 meV for the higher energy
410 and 434 nm emissions, respectively. The discrete and sharp
optical spectra (characteristic of narrow size distribution) both in
UV and PL are blue shifted compared to all previous reports,3b,5

suggesting the strongest degree of confinement, as expected in view
of the ratio ofr to aB, 0.042( 0.005. Typical quantum yield of
the rods measured relative to anthracene dye is 45%. The sharp
PL transitions with high quantum yield could be useful in
applications such as laser emitters and fluorescence markers.
Interestingly, exciton-phonon coupling via Fro¨hlich interaction of
vibrational modes appears at 198 cm-1 (angular momentumlp )
0) and a reproducible shoulder at∼180 cm-1, corresponding to
fourth lowest eigenmode withlp ) 0, has been observed from the
narrow rods (inset of Figure 2).9b,cThe shoulder is absent for larger
structures (Supporting Information), suggesting lack of surface
component modes withlp g1 and thus confirming the prediction
that the coupled mode frequencies are particle size dependent.9c

Among the variety of methods that exist for spatial organization
of nanoparticles, spin casting probably offers the simplest route
for solid state assembly. The nanorods formed vortex patterns
consisting of micron-sized domains originating from a center of
declination on a variety of solid substrates (glass, quartz, mica)
upon spin casting (Figure 3a,b). Notably, such patterns cannot be

created on a charged surface (e.g., ITO-coated glass, silicon wafer)
or with particles of other shapes such as spheres and cubes. This
unique pattern formation probably is a result of a delicate balance
of the radially outward centrifugal force, frictional forces acting at
the interface of the surfactant-coated nanorods and the substrates,
and rod dipole2a-surface charge interaction.

One intriguing aspect of this pattern is that the domains which
define the pattern can be made discrete or continuous by lowering
or raising the suspension concentration. The details of this unique
assembly will be addressed separately. Interestingly, the pattern
generated fluorescent light (lasts as long as 15 min in air) along its
line from the rod domains (Figure 3c), which could be useful in
applications such as biological marking. The generality of such
assembly opens up new applications in macroscopic pattern forma-
tion and new strategies for advanced biological detection, in addition
to fundamental physics studies.
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Figure 1. (a, b) Dark field TEM images of ultra narrow PbS rods. (c)
HRTEM image of ultra narrow PbS rods showing a diameter of 1.7 nm
with well-resolved lattice planes. Inset: HRTEM showing the interplanar
distances of the lattice planes; the arrow indicates the growth direction. (d)
SAED pattern from the ultra narrow rods.

Figure 2. Absorption (red curve) and PL (blue curve; excitation wavelength
350 nm) spectra for 1.7 nm rods in dichloromethane. Deconvolution
(magenta doted curves) shows peaks with narrow widths in PL. Inset:
Raman spectra with 644 nm excitation for powder of rods.

Figure 3. (a, b) Confocal microscopic images of arms of PbS rod vortex
at different magnification. The inset of panel a shows a schematic of the
nanorod vortex assembly. (c) The ordered domains show fluorescence in
the solid state along the vortex arms.
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