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Abstract: Blue-emitting, cubic phase CdSe nanorods with an approximate diameter of 2.5 nm and lengths
up to 12 nm have been synthesized at low temperature (100 °C) in a single surfactant using a single-
source molecular precursor. Transmission electron microscopy and dynamic light scattering measurements
indicate that the nanorods are formed from self-assembly of isotropic nanoclusters. Anisotropic growth in
a single surfactant appears to be favored when growth occurs below the thermal decomposition temperature
of the single-source precursor.

Introduction properties of the resulting material are measured and presented.
We discuss the anisotropic growth mechanism with respect to

It is generally accepted that anisotropic growth occurs these properties and the synthesis environment,

primarily because the different faces of a growing nanocrystal
have varied surface energies which enable different binding Synthesis
strengths with a surfactant. Following adsorption of the surfac-

tant, the crystal “faces” with lower binding energies will grow _ cadmium, Se- selenium, SPh- phenyl thiolate), was synthesized

faster than those with h'g_her b'r_]d'ng energ’m&y _usmg two following the method of Dance et &land synthesis of the CdSe
or more surfactants to facilitate this process, a variety of different anociusters via that of Strouse ef &onversion of the single-source

shape and size nanoclusters have been gféWWime conditions precursor to inorganic nanoclusters can be described briefly as follows.
necessary for this type of growth are generally stated as (a) an A 36 g amount of hexadecylamine (HDA; Aldrich, 98%) was heated
organometallic precursor that decomposes rapidly to monomersunder vacuum to 126C and then purged and reevacuated three times
at the reaction temperature, (b) two (or more) surfactants thatwith dry nitrogen and allowed to cool t&60 °C. While stirring, 0.8

adsorb differentially, and (c) high monomer concentrations and g of single-source precursor was added via airless technigues and the
high growth rateg: solution temperature raised at a rate ofQ/min to 100°C, where it

An alternative growth mechanism has also been proposed byWas held for 72 h. After allowing the solution tq cool to 80, 80 mL
of toluene was added, followed by an equivalent volume of dry

Kotov et al§’7. In thls. scheme anisotropic growth proceeds via methanol, causing the HDA-stabilized nanoclusters to precipitate. The
aslsembly of |§0tr0plc nanpclusters and Car? be used to assemblBrecipitate was concentrated via centrifugation, the supernatant de-
micrometer-sized nanowires. The mechanism of self-assemblycanted, and the precipitate redispersed in toluene.

is attributed to dipole-dipole interactions between the highly

charged surfaces of-HVI semiconductor nanoclusters. It was Characterization

found that partial removal of the ;tqbilizing organic facilitates Analysis of [Cd] and [Se] concentrations was obtained using
the §elf-as§embly process a§.th|s Increases the ngt charge 05 Spectrace (now Thermoelectron) QuantX X-ray fluorescence
the inorganic nanoclustestabilizing organic composite. (XRF) spectrometer. Measurements of the purified samples in

In this study, blue-emitting CdSe nanorods were synthesized gjjyte solution were compared to NBS Cd in xylene standards
using single-source molecular precursors at low temperature, 3 diphenyl selenide in toluene standards prepared in our
in a single surfactant. The physical, chemical, and optical laboratory at comparable concentrations.

Bright-field transmission electron microscopy (TEM) images

The single-source precursor o[€d;cSe(SPhe)] (Li = lithium, Cd

(1) Manna, L.; Scher, E. C.; Alivisatos, A. B. Cluster Sci2002 13, 521—

530, were obtained using a JEOL EX at 120 keV with a point-to-
(2) Manna, L.; Scher, E. C.; Alivisatos, A. B. Am. Chem. So@00Q 122, point resolution of~9 A. High-resolution TEM (HRTEM) was
12700-12706. . . . i
(3) Mokari, T.; Banin, U.Chem. Mater2003 15, 3955-3960. obtained using a JEOL model 2010 microscope operating at

(4) Peng, X.; Manna, L.; Yang, W.; Wickham, J.; Scher, E.; Kadavanich, A.; 200 keV and typical magnfications of 400 66800 000,
Alivisatos, A. P.Nature 200Q 404, 59—61.
(5) Puntes, V. F.; Krishnan, K. M.; Alivisatos, A. Bcience2001, 291, 2115~

2117. (8) Dance, I. G.; Choy, A.; Scudder, M. 1. Am. Chem. S04984 106, 6285~

(6) Tang, Z.; Kotov, N. A.; Giersig, MScience2002 297, 237-240. 6295.

(7) Tang, Z.; Ozturk, B.; Wang, Y.; Kotov, N. Al. Phys. Chem. B004 108, (9) Cumberland, S. L.; Hanif, K. M.; Javier, A.; Khitrov, G. A.; Strouse, G.
6297-6931. F.; Woessner, S. M.; Yun, C. £hem. Mater2002 14, 1576-1584.
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Figure 1. PL (—), PLE (- - —), and absorption (--) of CdSe nanorods.

which allows determination of the atomic lattice fringe spacing.
The TEM samples were prepared by evaporating a small amount
of dilute nanocluster solutionr3 uL of ~0.01 M CdSe) onto : :
a holey carbon grid, wicking away the excess, and allowing to Figure 2. TEM micrograph of CdSe nanorods.
dry. The samples were analyzed by TEM, HRTEM, and selected
area diffraction (SAD). Absorption spectra were obtained in
either 2 or 10 mm path length quartz cuvettes (Spectacell) on
a double-beam Cary 2300 UWwis—near-IR absorption spec- ZEINED
trometer interfaced to an Apple lIfx computer. Photolumines-
cence (PL) and photoluminescence excitation (PLE) measure-|
ments were obtained using a SPEX Flourolog Il dotsleuble ~
grating spectrometer with Xe arc lamp illumination and using
a cooled S20-type photomultiplier tube (PMT). All samples were
diluted in toluene.

Dynamic light scattering (DLS) measurements were per-
formed using a custom-designed system that measures the
autocorrelation function of the scattered light using a Brookhaven
instruments BI9000 model logarithmic autocorreldtbiThe
ensemble average translational diffusion constant of the particle
obtained from the relaxation of this autocorrelation function was
used to compute the effective hydrodynamic diamé@&grSince
our system exhibited relaxation behavior that is well-described
by a double-exponential function, a more detailed analysis was
necessary to extract the information and is described below.
The data presented here were obtained from a sample of]
approximately 0.001 M CdSe in toluene, and the data were
collected and averaged over a 24 h period.

D=111==34nm

Figure 3. Selected area electron diffraction from a field of 2 nm CdSe
clusters and nanorods, showing a cubic, zinc-blende symmetry with the

Results and Discussion indicatedd spacing.

XRF analysis of our HDA-stabilized CdSe nanorods gave a e grig shows three continuous rings with spacings of
Cd:Se ratio of_ 1.2:1, and indicated product ylglds of close .to 3.43, 2.11, and 1.79 A. Again, these spacings correspond most
100%, assuming that only fully reacted species were carried closely to the bulk cubic symmetry, which has spacings of
through the precipitationredispersion process. The PL, PLE, y1117=3.51 d220 = 2.15 andd311 = 1.83 A (see Figure
and Aabsorbance data are presenteql in Figur(_a 1, where it can) |n previous work, (Figure 11 of ref 11), it was noted that
b? seen that the band edge_ onset IS approximately 500 nm.q smallest, blue-emitting CdSe clusters, identified as being
Figure 2 shows a low-resolution TEM image of the nanorods. 1 5 nm in size, showed a qualitative difference in diffrac-
The nanorods appear fairly uniform with approximate dimen- ion pattern from that of the larger clusters. The first diffrac-
slons °f2'5_ nmx< 12 nm (diametex length), which is an aspect  tjon peak of the larger clusters closely matched that of the
ratio of ~1:5. . . . o ) hexagonal, Wurzite phase, while the first reflection from the

From HRTEM images in which the individual lattice planes 1 5 nm clusters occurred at a larger diffraction afgiEhough
are visible, we measure a spacing of 3.4 A. This is similar to jt \as concluded that shape and/or disorder could account for
that observed in spherical CdSe grown by the same prdcess ihe ghserved shift, one could also argue that the observed

and is close to that expected for tieL11lreflection of bulk  yecrease inl spacing for the smallest clusters is attributable to
cubic CdSe (3.51 A). By contrast tr#1000reflection from cubic symmetry.

the bulk Wurtzite structure is 3.72 A. SAD from a large area of

(11) Murray, C. B.; Norris, D. J.; Bawendi, M. Gl. Am. Chem. Sod 993
(10) Wilcoxon, J. PPhys. Re. A 1991, 43, 1857-1860. 115 8706-8715.
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Figure 4. Dynamic light scattering raw data (circles) and double-

exponential fit (solid line).

Indeed, other previous work also suggest that 1.7 nm CdSe

clusters exist in the cubic pha¥eand studies on larger CdSe

indicate that a disordered cubic or hexagonal structure could
occur depending on whether the clusters were annealed att

elevated temperatufé.This work appears to be the first to
clearly show using SAD that the cubic symmetry is favored
for small sizes.

The approximate diameter of 2.5 nm estimated from the TEM
micrographs is consistent with that reported by Strouse %t al.
of 2.5 nm diameter HDACdSe spheres with a band edge onset
of ~500 nm. Furthermore, co-plotting our material with that of
Buhro et all* CdSeAEy vs 14?2 data yields a diameter of
approximately 2 nm for nanorods of similar length. However,

sizes determined by TEM are subject to overestimation because

the stabilizing organic can “blur” the cluster edges. Hence, we

"/

micrograph of CdSe nanorod aggregates.

Figure 5. TEM

cm?/s andDy, = 1.47 x 1076 cn¥/s, respectively. If this system
does consist of spherical and rodlike particles, the hydrodynamic
radius R,) of the spherical particles may be calculated from
he relationshipR, = (kT)/(62yD;), where n = viscosity.
Substituting D, we obtain a value forR, of 2.5 nm. A
hydrodynamic diameter of 5 nm is reasonably close to what
we would expect for a roughly 2 nm diameter spherical
inorganic particle surrounded by a1.5 nm layer of stabilizing
hexadecylamine.

D for Brownian rods may be calculated 4

D, = [(kT)/(3znL)][In(L/d) + 0.312+
0.565¢/L) + 0.100¢/L)?]

suggest that the nanorod diameter is determined by the Wherek is Boltzmann’s constant, is temperature) is refractive

thermodynamically favored particle size of 1.9 nm (approxi-
mately 90 formula units) and that this dimension is responsible
for the blue emission.

DLS measurements exhibited a biexponential relaxation.
Fitting the autocorrelation function allows the determination of
two distinct relaxation times and calculation of the associated
translational diffusion coefficients. These data were fit using
the equation:

Y =M, exp(—My/M,) + Mzexp(—MyM,) + Mg

where M, and M, are the relaxation times. The determined
values ofM; = 0.1501,M; = 43.4910,M3 = 0.7343,M4 =
7.6687, andMls = 0.0084 yield arR of 0.9999. The raw data
and fit are presented in Figure 4.

The translational diffusion coefficientDf) is related to
relaxation time viaD; = 1/(2t?), whereq = (4zn/1) sin(/2).
In this case the solvent is toluene and the refractive imdex
1.496, the wavelength = 633 nm, and? = 90°, which yield
avalue ofg = 2.1 x 1P cm™L.

Using the values for; and 7, obtained from the double-
exponential fit and solving fob;, we obtainDy = 2.61 x 107

(12) Ptatschek, C.; Scmidt, T.; Lerch, M.;"Mer, G.; Spanhel, L.; Emmerling,
A.; Fricke, J.; Foitzik, A. H.; Langer, BBer. Bunsen-Ge4.998 102 85—
95

(13) Bawendi, M. G.; Kortan, A. R.; Steigerwald, M. L.; Brus, L. E.Chem.
Phys.1989 91 (11), 7282-7290.

(14) Yu, H.; Li, J.; Loomis, R. A.; Gibbons, P. C.; Wang, L.-W.; Buhro, W. E.
J. Am. Chem. So2003 125 16168-16169.

index, andL andd are rod length and diameter, respectively.
SubstitutingD; = 2.61 x 1077(Dy), d = 5 nm, and solving for

L, we obtainL; = 92.5 nm. This value is substantially larger
than the~10—15 nm rod size we observed in Figure 2, but
other images (see Figure 5) show much larger structures that
appear to be-100 nm aggregates of individual Q5 nm rods.
Initially it was assumed that these aggregates were formed via
self-assembly during the evaporative TEM sample preparation
process, but the DLS-derived length of 92.5 nm suggests that
these structures exist in solution.

Further HRTEM analysis of individual rods shows that many
of the individual nanorods contain necks (see Figure 6). Else-
where on the same grid it appears that there are also individual,
isotropic particles (see Figure 7). Agglomeration and necking
of spherical particles is well-established in colloidal gold sys-
tems!’” These observations in conjunction with the DLS-deter-
mined primary particle size of 5 nm (orgasimorganic com-
posite) suggests that the rods are assembled from individual
isotropic clusters via a self-assembly mechanism as suggested
by Kotov et al., rather than the multiple surfactant-mediated
route. It is conceivable that the 2% impurities in the HDA may
act as a second surfactant, yet this is far below the weight frac-
tions typically associated with surfactant-mediated anisotropic
growth. One might also suggest that the reaction byproduct,

(15) Wilcoxon, J. P.; Schurr, J. MBiopolymers1983 22, 891-896.

(16) Garcia de la Torre, J.; Bloomfield, V. R. Re. Biophys.1981 14, 81.

(17) Wilcoxon, J. P.; Martin, J. E.; Schaefer, D. ®Rhys. Re. A: At., Mol.,
Opt. Phys.1989 39, 2675-88.
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lower temperatures (15C), while, at higher temperatures (240
°C), spherical particles are formed. Because the decomposition
temperature of the precursor lies between the two reaction
temperatures, it was suggested that at temperatures below the
precursor decomposition temperature nucleation and growth
occur as competing processes, which perhaps contribute to the
anisotropy. Note that they used the hot-injection method (as
opposed to adding the precursor prior to heating as was done
here) and also used a different single-source precursor and
surfactant, a dithiobiureacadmium complex and TOPO, re-
spectively. It was shown using both XRD and SAD that their
CdS materials crystallized in the hexagonal phase.

The concentration of single-source precursor used in this study
was intermediate to that used by Strouse étald O’Brien et
al..'** meaning that concentration differences alone are not likely
the source of anisotropic growth. Taken as a whole, these
: observations suggest that growth of anisotropic nanoclusters in
Figure 6. HRTEM micrograph of CdSe nanorods showing necking. a single surfactant is most strongly dependent on the choice of
precursor as well as the synthetic procedure. Although the
surfactant must surely play a critical role in the growth process,
in this system the presence of 10 wt % of a second stabilizing
organic does not alter the reaction product.

Synthesis temperatures below the precursor decomposition
temperature seem to favor anisotropy, perhaps merely by
enabling thermodynamically stable configurations not possible
at higher energies. For instance, although the cubic phase is
likely favored for smaller cluster sizes, it is possible that the
lower synthesis temperature allows maintenance of the cubic
phase directly from the single-source precursor. Growth occurs
along thec-axis presumably because cojoining along th&ll]
plane maximizes the number of bonds formed, which is
thermodynamically favorable. The same lattice spacing®#

A is observed in both the spherical and rodlike clusters, further
supporting that the growth mechanism is via assembly of
originally isotropic particles.

Figure 7. HRTEM micrograph of CdSe nanorod solution containing Conclusions

isotropic nanoclusters. Two such clusters are circled. Blue-emitting, cubic phase CdSe nanorods can be synthesized
at low temperature in a single surfactant via decomposition of
thiophenol, might act as a second surfactant. Although it has single-source precursors. Anisotropic growth appears to occur
recently been shown that thiophenol does indeed coadsorb withvia the assembly of originally isotropic clusters. The presence
HDA, it does not however do so in a face-selective fashfon.  of both isotropic and anisotropic particles was verified by DLS
Further, we have also performed this synthesis using a 90/10and TEM. In this system, cluster growth is influenced more by
wt % HDA/TOPSe mixture and obtained very similar results. the choice of precursor and reaction conditions than the choice
If the anisotropic growth mechanism is via assembly of of surfactant. Anisotropic growth seems favored by lower
isotropic nanoclusters, then the question remains, how does thisreaction temperatures that enable stabilization of structures not
occur insingle surfactant? Strouse et @uggest that growth  possible at higher temperatures.

from these single-source precursors in HDA proceeds via Acknowledgment. Sandia National Laboratories is a multi-

formation of Cabo and Cd; clusters (from the original Ge) h program laboratory operated by Sandia Corporation, a Lockheed
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