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A coordinatively induced length control of W130,49 nanorods has been developed using thermal decomposition of
W(CO)s in octyl ether solutions of single or mixed capping agents, oleic acid (OA), oleic acid/hexadecylamine
(HDA), and oleic acid/trioctylphosphine oxide (TOPO). The order of length for nanorods synthesized with different
capping agents was OA > OA/HDA > OA/TOPO, which was the opposite of order of their coordinating power. The
order of crystalline size (diameter x length) from the TEM image was OA/HDA > OA > OA/TOPO and matched
exactly with the order of crystallinity from the XRD pattern. The order of photoluminescence intensity was OA/HDA
< OA < OA/TOPO and was the opposite of the order for the crystalline size or crystallinity. The strong coordinating
power and steric bulkiness of TOPO is thought to interrupt the growth of the nanorods, the rearrangement of the
end face atoms, and the fusion of the lateral faces and, thereby, increase the oxygen defects and the

photoluminescence intensity.

Introduction

Oxygen-deficient nonstoichiometric tungsten oxides QAD

have attracted much attention because their optochromic
electrochromic, and gaschromic properties are utilized in the

fields of catalystd,electrochemistry,gas sensorsetc. Also,
they have been used as precursors for tungsten catlaidés
WS, nanotubes.

Among the various W@ ,, monoclinic W{gOag is one of

columns interspersed with hexagonal chanf&lBhis phase
is not only highly anisotropic but also possesses the me-
chanical strength necessary to hold the brittle oxide nano-

'‘whiskers together during their growctually, the WgOso

nanoparticles have been reported to be rods or whiskers in
most of the literatur& ! In a recent solution-based synthe-
sis® the longer WsO49 Nanorods were synthesized at higher

temperatures and exhibited the higher luminescence intensity.
They suggested that the longer nanorods have more oxygen

the most investigated because of its unusual defect structurgyefects and therefore show higher luminescence intensity.

and promising properties in the nanometer regirm&he

monoclinic WigO4g consists of an ordered 2-D lattice of edge-
sharing WQ octahedra forming a network of pentagonal
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Figure 1. XRD patterns of tungsten oxide nanoparticles with various
capping agents: (a) HDA, (b) TOPO, (c) OA, (d) OA/HDA, and (e) OA/
TOPO.

20

thermal decomposition of W(C®@in a series of hot capping
agent solutions and the resultant optical properties.

Experimental Section

For a typical synthesis of WO,49 nanoparticles, 10 mL of octyl
ether (Aldrich, 99%) was added to a mixture of W(G(@).528 g
(2.50 mmol), Acros, 99%] and oleic acid [1.43 mL (4.51 mmol),
Aldrich, 90%)], and this suspension was heated to 40Qo yield
a colorless solution. To this, 0.451 g (6.00 mmol) of trimethylamine
N-oxide (Aldrich, 98%) was added and the solution was refluxed
for 24 h. While the mixture was heated, the solution turned yellow,
green, and then dark blue. After the solution was cooled, the

nanoparticles were washed and separated with excess ethanol an
centrifugation, and then, they were dried in the air. For a series of
length-controlled syntheses, oleic acid was substituted by the same

moles of another capping agent [HDA (Aldrich, 90%) or TOPO
(Aldrich, 99%)] or a mixed capping agent (1:1 molar ratio of OA/
HDA or OA/TOPO).

The X-ray diffraction (XRD) patterns were taken on Rigaku
RINT/DMAX-2500 using Cu Kux radiation. Transmission electron
microscopy/high-resolution transmission electron microscopy (TEM/
HRTEM) images were acquired from Philips CM 200. For TEM/
HRTEM analysis, 10 mg of nanoparticles was dispersed in 10 mL
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Figure 2. TEM and HRTEM images of \WO.g nanoparticles with various
capping agents: (a) and (b) OA, (c) and (d) OA/HDA, and (e) and (f) OA/
OPO.

HDA or OA/TOPO were highly crystalline. With no capping
agent, the particles were totally amorphous. Therefore, the
gapping agent OA seems to be a requirement for the
crystallization of tungsten oxide nanoparticles in this par-
ticular system. Also, the XRD patterns suggest that the order
of crystallinity for the nanorods with the various capping
agents is OA/HDA> OA > OA/TOPO. All of the crystalline
nanoparticles were monoclinic D,s, and the diffraction
intensity from (010) plane was dramatically higher than that
from the bulk samplé? This XRD pattern implicates that
the crystalline Ws0,9 nanoparticles are rod-shaped or
whiskers with a growth direction dfd10C]

Figure 2 shows the TEM and HRTEM images of the

of hexanes. A drop of this solution was put onto a carbon-coated W04 Nanoparticles. The TEM image of nanoparticles with

copper grid at room temperature and dried naturally. The FT-IR

spectra were recorded using a Mattson IR 300 spectrometer with a

KBr pellet. The thermal gravimetric analysis (TGA) was performed
with Netzsch TG 209 F1. The heating rate was°@min under

HDA was vague with a major part of quasi-spheres and a
minor part of nanorods (Supporting Information). The image
of nanoparticles with TOPO showed rudimentary quasi-

argon gas flow. The photoluminescence spectra were obtained usinggPheres (Supporting Information). The sizes of the nanorods

a ISS K2 fluorometer with excitation at 275 nm from a solution
made from 0.04 g nanorod/L GBI,.

Results and Discussion

Figure 1 shows the XRD patterns of tungsten oxide

nanoparticles. The particles prepared with OA as a cappin
b P prep bp ﬁis generally known as OA HDA < TOPO. Itis suggested

agent were highly crystalline, whereas those prepared wit
HDA or TOPO were amorphous to very weakly crystalline.
However, the particles synthesized with 1:1 mixture of OA/

7172 Inorganic Chemistry, Vol. 44, No. 20, 2005

in panels a, c, and e of Figure 2, synthesized with OA, OA/
HDA, and OA/TOPO, were 6.2 0.9 x 52.24+ 10.9, 16.3

+ 3.7 x 36.4+ 8.7, and 3.8+ 1.0 x 18.0 + 4.2 nm,
respectively. The order of length for the nanorods shown in
the figure was & c¢ > e and was the opposite of the order
of the ligand (capping agent) coordinating powewhich

(12) Powder diffraction File 05-0392 for monoclinici¥Dag (1995 JCPDS-
International Center for Diffraction Data).
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Figure 3. Suggested model for the interaction of the nanorod end face -
with different capping agents (HDA and TOPO). OA, which is capping 100 200 300 400 500 600

the lateral face, is omitted for clarity. Temperature (C)

that the end faces of the nanorods differentiate the threeFigure 4. TGA results for WgO4s9 nanorods with various capping agents:
ligands and show higher selectivity for a strongly coordinat- (8) OA, (b) OAMHDA, and (c) OATTOPO.
ing ligand. The strongly coordinating ligand protects the end
face from growing more effectively than the weakly coor-
dinating ligand. Therefore, the length of the nanorods with
various coordinating ligands is considered to be the opposite
of the order of the ligand coordinating power. The right
column of Figure 2 shows the HRTEM image corresponding
to each TEM image on the same row. As we expected from
the dramatically higher (010) intensity in the XRD patterns,
the direction of the growth of the nanorods w&4 0Jand
the lattice spacing alon@10Jwas 0.378 nm in all cases.
Interestingly, TEM image c, with OA/HDA, shows a
rectangle-plate shape. On the other hand, TEM images a and
e show no rectangle shape. It seems that the lateral faces of
the nanorods with OA/HDA are parallel aligned and fused @
into a single rectangle plate once the individual nanorod has
grown (Supporting Information Figure S2). The HDA ligand
is likely to coordinate to the (010) plane with coordinating
power appropriate for similarly controlling the length, and Wavenumbers (cm'™)
the linear structure of the HDA ligand facilitates its self- Figure 5. FT-IR spectra of WgOs nanorods with various capping
assembly on the end face of both the individual nanorod and 296"s: (2) OA, (b) OAHDA, and (c) OAITOPO.

the resultant rectangle platg, as suggested in Figure Sa'and OA. In case of the nanorods with OA/TOPO. the
However, the nanorods with only OA were scattered

. . cfoordinating power of TOPO on the (010) plane is strong
randomly because the interaction between the end face an L ouah to keep the lenath short. However. the bulky structure
the OA ligand was very weak. Still, their lateral faces can 9 P 9 X ' Y

be fused partially as shown in HRTEM image b. It has been of TOPQ is likely to prohibit the lateral facgs fr_om making
known that the lateral fusion of W04 nanorods leadstoa 2 C'Pse contact each other as suggested in Figure 3?'
parallel-aligned platelike nanoneedles or microbundles during Figure 4 shows the TGA results of MDss nanorods with

the CVD proces¢ and to a nanosheet in the solvothermal Various capping agents. The weight decreases around 195
synthesis with no capping agefitThe monoclinic WgOuo °C and 33CC corresponds to the evaporation of OA (boiling
networking property of pentagonal columns interspersed with Point 195°C) and HDA (boiling point 330C), respectively.
hexagonal channél8is not only highly anisotropic but also There seems to be a continuous decomposition of the capping
possesses a mechanical strength necessary for holding thégand around 206480°C. The OA-capped nanorod shows
brittle oxide nanowhiskers together during their grofth. @ much larger weight decrease (about 20%) than that of the
our system, the lateral faces seem to fuse together becaus@ther nanorods (about 13%). This, together with the XRD
the networking property of the monoclinic MDao is strong ~ analysis suggesting that OA is required for the nanorod

and overcomes the weak interaction between the lateral facecrystallization, implicates that the lateral faces are capped
with OA in all nanorods. When the lateral faces are in

(13) Douglas, B.; McDaniel, D. H.; Alexander, J.Concepts and Models  contact, they seem to fuse and grow to a single crystallite as

of Inorganic Chemistry2nd ed.; John Wiley & Sons: Mississauga, ; ; ;
Canada, 1983. shown in the HRT_EM images (Figure 2b and d and
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(15) Choi, H. G.; Jung, Y. H.; Kim, D. KJ. Am. Cer. So2005 88, 1684. various capping agents. All spectra display a strong broad
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W—0 band® around 800 cm* and metal carboxylate barifls
around 1450 and 1550 crh This is considered to be a
manifestation of OA coordination to Y4049 nanorods. The
relative intensity of the metalcarboxylate bands has been
decreased in b and ¢ compared to that in a because of the
decreased amount amount of OA. Instead, the spectra (b and
¢) with respective OA/HDA and OA/TOPO capping agents
show the coordinated NH band at 3310 cmt and the
coordinated PO band” at 1120 cm™.

Figure 6 shows the photoluminescence spectra of the
W15049 Nanorods with various capping agents. The broad (0)
emission band at 37600 nm seems to correspond to the
photoluminescence from oxygen defetiBhe order of the
intensity of the photoluminescence for the nanorods with
various capping agents was OA/HDA OA < OA/TOPO F_igure 6. Phot'oluminescence spectra ofl_w4g nanorods with various _

. . . sizes and capping agents: (a) medium size and OA, (b) the largest size
and was opposite of the order of the crystalline size or 54 oa/HDA. and (c) the smallest size and OA/TOPO.
crystallinity. It has been well-known that the size and shape
of nanomaterials affect the physicochemical properties. The series of capping-agent solutions. The photoluminescence
nanorods with OA/TOPO give the smallest crystal diameter intensity of the smallest WO nanorods with OA/TOPO
and length and, therefore, possess the highest population ofvas the highest. The strong coordinating power and steric
oxygen defects. On the other hand, the size of the crystalhindrance of TOPO was attributed to the smallest crystalline
with OA/HDA is much larger, and the fewest oxygen defects size and the highest population of oxygen defects and,
can be expected. thereby, the highest photoluminescence intensity.

In summary, a novel route for coordinatively induced  Acknowledgment. We thank the financial support from
length control of WsOss nanorods has been successfully the Korean Ministry of Science and Technology through the
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