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5 was prepared from benzoyl chloride and purified by column chromatography (SiO2, 10:1 hexane/ethyl acetate) to afford 78 mg (40 %)
of 5 as a yellow solid. Mp = 70±73 C; 1H NMR (CDCl3): d 2.29 (s, 3H,
CH3), 7.11 (s, 1H, thienyl-CH), 7.29 (m, 1H, ar CH), 7.36 (m, 4H, ar
CH), 7.42 (m, 2H, ar CH), 7.53 (m, 1H, ar CH), 7.73 (m, 2H, arCH);
MS (CI): 453 (M+).
6 was prepared from 4-methoxybenzoyl chloride and purified by
column chromatography (SiO2, hexane/ethyl acetate 5:1) and recrystallization from hexane to afford 87 mg (82 %) of 6 as a yellow solid.
Mp = 87±89 C; 1H NMR (CDCl3): d 2.31 (s, 3H, CH3), 3.81 (s, 3H,
OCH3), 6.84 (m, 2H, ar CH), 7.13 (s, 1H, thienyl-CH), 7.28 (m, 1H, ar
CH), 7.35 (m, 2H, ar CH), 7.44 (m, 2H, ar CH), 7.73 (m, 2H, ar CH);
13
C NMR (CDCl3): d 14.8, 55.8, 114.4, 122.6, 124.4, 125.8, 128.1, 128.2,
129.2, 132.0, 133.3, 142.8, 143.0, 165.2, 186.9; MS (CI): 483 (M+).
Synthesis of DCTE Compounds 7a±10a: A solution of aldehyde 3
or the appropriate ketone 4±6 (0.1 mmol) and malonodinitrile
(16.5 mg, 0.25 mmol) in anhydrous dichloroethane (5 mL) was cooled
in an ice bath to 0 C under nitrogen atmosphere and treated with
TiCl4 (0.1 mL, 0.91 mmol) dropwise. After stirring for 5 min, pyridine
(0.2 mL) was carefully added over 20 min. The purple reaction mixture was allowed to warm to room temperature and subsequently
heated at reflux for 5±10 min during which time a white precipitate
formed and the color changed to pale brown. After cooling to room
temperature, the solvents were evaporated under reduced pressure.
The solid residue was dissolved in 15 % aqueous HCl (10 mL), the
solution was extracted with chloroform (3  20 mL) and the combined
organic layers were dried over MgSO4, filtered and concentrated in
vacuum. Purification of the crude product affords DCTE 7a±10a.
7a was prepared from aldehyde 3 in 93 % yield (40 mg) as an orange solid. 1H NMR spectroscopy indicated the product was pure
enough to use without further purification. Mp = 102±104 C; 1H NMR
(CDCl3): d 2.40 (s, 3H, CH3), 7.18, 7.21 (2s, 2  1H, thienyl-CH,
CCH), 7.36 (m, 1H, ar CH), 7.42 (m, 2H, ar CH), 7.55 (m, 2H, ar
CH); 13C NMR (CDCl3): d 15.3, 92.6, 109.9, 112.6, 122.3, 124.4, 126.2,
129.0, 129.4, 132.5, 144.8, 145.3; 19F NMR (CDCl3): d = ±108.55,
±113.49, ±133.51; MS (CI): 425 (M+); Anal Calcd. C 56.61, H 2.38,
N 6.60; Found: C 56.32, H 2.50, N 6.77.
8a was prepared from ketone 4 and purified by column chromatography (SiO2, hexane/ethyl acetate 10:1) on a short silica plug
(2.5 cm Æ  4 cm) as an orange±yellow oil in 83 % yield (39 mg).
1
H NMR (CDCl3): d 1.03 (t, J = 7.0 Hz, 3H, CH3), 1.66 (tq, J = 7.0,
7.0 Hz, 2H, CH2), 2.45 (s, 3H, CH3), 2.70 (m, 2H, C(O)CH2), 7.03
(s, 1H, thienyl-CH), 7.34 (m, 1H, ar CH), 7.41 (m, 2H, ar CH), 7.52
(m, 2H, ar CH); 13C NMR (CDCl3): d 14.2, 15.2, 21.7, 38.3, 93.0, 110.7,
123.2, 122.8, 126.0, 128.6, 129.4, 132.9, 142.6, 143.8, 167.4; 19F NMR
(CDCl3): d ±110.02, ±113.37, ±134.36; MS (CI): 467 (M+); Anal Calcd.
C 59.22, H 3.46, N 6.01; Found: C 59.08, H 3.63, N 6.20.
9a was prepared from ketone 5 and purified by column chromatography (SiO2, hexane/ethyl acetate 10:1) as an yellow solid in 74 %
(39 mg). Mp = 110±111 C; 1H NMR (CDCl3): d 2.43 (s, 3H, CH3),
6.88 (s, 1H, thienyl-CH), 7.32 (m, 1H, ar CH), 7.37 (m, 2H, ar CH),
7.41 (m, 2H, ar CH), 7.55 (m, 2H, ar CH), 7.63 (m, 3H, ar CH);
13
C NMR (CDCl3): d 15.1, 88.8, 111.9, 112.1, 122.5, 123.3, 125.9, 128.5,
129.3, 129.4, 129.8, 132.1, 132.9, 134. 2, 143.2, 143.5, 161.2; 19F NMR
(CDCl3): d <m->109.53, ±113.52, ±134.72; MS (CI): 501 (M+); Anal
Calcd. C 62.40, H 2.82, N 5.60; Found: C 62.16, H 3.01, N 5.30.
10a was prepared from ketone 6 and purified by column chromatography (SiO2, hexane/ethyl acetate 10:1) as an orange oil in 36 %
yield (19 mg). 1H NMR (CDCl3): d 2.45 (s, 3H, CH3), 3.89 (s, 3H,
OCH3), 6.87 (s, 1H, thienyl-CH), 7.02 (m, 2H, ar CH), 7.29 (m, 1H, ar
CH), 7.36 (m, 4H, ar CH), 7.70 (m, 2H, ar CH); 13C NMR (CDCl3):
d 15.3, 56.1, 84.5, 112.6, 113.0, 114.8, 115.3, 122.7, 123.2, 124.0, 125.9,
128.4, 129.3, 129.9, 132.2, 133.0, 143.1, 143.2, 159.5, 164.9; 19F NMR
(CDCl3): d ±110.13, ±113.37, ±134.79; MS (CI): 531 (M+); Anal Calcd.
C 61.13, H 3.04, N 5.28; Found: C 61.34, H 3.02, N 5.10.
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A Method for the Rapid Synthesis
of Large Quantities of Metal Oxide
Nanowires at Low Temperatures**
By Miran MozeticÏ, Uro Cvelbar,
Mahendra K. Sunkara,* and Sreeram Vaddiraju
The utilization of metal oxide nanoparticles for refractiveindex engineering in optical applications has recently been
demonstrated.[1] To realize similar applications using nanowires, gram quantities are required. Hence, the large-scale
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synthesis of nanowires in bulk quantities is essential not only
to study the properties of these materials on the nanoscale,[2,3]
but also for their use in various applications, such as composites, dispersions, catalysis, and biomedical engineering. Predominantly, nanowires are synthesized using catalyst clusters
in either the vapor phase,[4,5] in a supercritical-fluid phase,[6]
or by using an oxide-assisted growth technique without catalyst clusters.[7] Another prominent method employed is the
bulk nucleation and growth of nanowires from the melts of
low-melting-point metals.[8] The major drawback of these
techniques is a slow growth rateÐoften on the order of a
milligram per day. There have been some attempts to synthesize metal oxide nanowires by directly heating metal foils[9] or
filaments[10] in an oxygen atmosphere, or by the chemical vapor transport of metal oxide species,[11,12] but the synthesis of
nanowires using those methods requires relatively high temperatures. In order to overcome these limitations, we invented
a method for the rapid synthesis of metal oxide nanowires directly from the solid phase at low temperatures (~ 50±300 C).
Our approach is based upon the control of growth parameters
by exposing metal foils to low-pressure, weakly ionized, fully
dissociated, and cold oxygen plasma. A plasma is an excited
gas state often obtained by passing electrical current through
a gas. The gaseous molecules are rapidly ionized, dissociated,
and excited by inelastic collisions with electrons, and the
properties of the gas are changed dramatically. At room temperature, the internal energy of gaseous particles (i.e., the
average energy of the excited state) easily reaches several
electron volts (eV). The internal energy may be high enough
to completely dissociate oxygen molecules. Materials facing
such plasmas are therefore exposed to an extremely large flux
of neutral oxygen atoms, often exceeding 1024 m±2 s±1.[13] Oxygen atoms are extremely reactive and oxidize practically all
materials. Since there is often no potential energy barrier, the
oxidation mechanism in plasmas is completely different from
classical oxidation.
A niobium (Nb) foil, 0.015 mm thick, was exposed to an
oxygen plasma for 90 s. Plasma parameters were measured
with Langmuir and catalytic probes[14] and were as follows:
the electron temperature was about 60 000 K, the ion density
about 2  1016 m±3, and the neutral oxygen atom density
6  1021 m±3. The electron temperature was about 5 eV, as estimated from double electrical probe measurements. The surface of the sample after plasma treatment was observed using
scanning electron microscopy (SEM). The SEM images reveal
interesting structures. The entire surface of the niobium foil
is covered with bundles of nanowires with submillimeter
lengths, as shown in Figure 1a. The bundles consist of hundreds of well-oriented nanowires with cylindrical structures
and similar, if not equal, diameters (Fig. 1b). The typical diameter of the nanowires is about 50 nm (Figs. 1b,c). The composition and phase of the nanowires were determined using
Raman spectroscopy and transmission electron microscopy
(TEM).
Chemical analysis of the bulk of the synthesized nanowires
using Raman spectroscopy (Fig. 2) shows all peaks core-

sponding to Nb2O5, indicating that the nanowires are, in fact,
composed of Nb2O5. A low-magnification TEM image of an
as-synthesized Nb2O5 nanowire is presented in Figure 3a. The
high-magnification TEM image in Figure 3b shows that no
amorphous sheath surrounds the nanowire. The selected-area
diffraction (SAD) pattern of the nanowires presented in the
inset of Figure 3b clearly shows that the nanowire is monocrystalline Nb2O5 with a growth direction of [210].
Experiments were also performed in which Nb foils were
exposed to oxygen plasmas with varying densities of neutral
oxygen atoms, while all other plasma parameters (such as the
electron temperature, the ion density, and treatment time)
remained the same. A couple of samples were exposed to
plasma with an O density of 1.5  1021 m±3. In this case, the O
density was four times lower than that used in the previous experiments shown in Figures 1±3. The surface of such foils ap-
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Figure 1. SEM images of Nb2O5 nanowires grown on Nb foil during plasma treatment at a high neutral O atom density. a) Low-magnification image of the nanowires and nanowire bundles. b) High-magnification image of a bundle of nanowires. c) High-magnification image of individual
nanowires, with diameters of ~ 50 nm.
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floating potential of about 20 V). Assuming collisionless sheath approximation, ions are accelerated
626.5 674
up to 20 eV just before reaching the surface. Ions
993.1
are neutralized on the surface and transfer the major part of their kinetic and potential energies to
the substrate. Since the energy is low, the sputtering of metal is negligible. However, the ions cause
local distortion of the surface, as the excess energy
displaces atoms around the collision spot. Yet, the
flux of ions under our experimental conditions is
low. The measured value of ion density in the plasma is about 2  1016 m±3 (measured with a double
electrical probe). In inductively coupled plasmas at
100
300
500
700
900
1100
27 MHz, the ions are perfectly thermalized, and
Raman Shift, 1/cm
their kinetic energy of random motion is below
0.1 eV. Therefore, the flux of ions onto the surface
Figure 2. Raman spectrum of the synthesized Nb2O5 nanowires on bulk Nb foil using
is approximately 4  1018 m±2 s±1. Hence, if ions are
an oxygen plasma. The spectrum is identical to that obtained from commercially availprimarily
responsible for Nb oxidation, it would
able Nb2O5 powder (also shown, Alfa Aesar, USA).
take several seconds just to form one monolayer
(note that in the solid material there are approximately 1019 atoms m±2). Since, the plasma treatment time in our experiment is about 90 s, ions
(211)
(210)
would cause the formation of about a 10 nm thick
(-120) (-2-10)
layer only. This is far less than the measured
(-3-1-1)
lengths of the metal oxide nanowires. Positively
charged oxygen ions are therefore not responsible
for the growth of nanowires. In addition, negatively
charged ions cannot reach the surface due to the
sheath potential and are not believed to be responsible for the formation of nanowires.
The vibrational population of oxygen molecules
in inductively coupled radio frequency (RF) plasmas
Figure 3. TEM analysis of a Nb2O5 nanowire synthesized by exposing Nb foil to a plasis poor. This is due to very good coupling between
ma composed of a high density of neutral oxygen (O) atoms. a) Low-magnification
vibrational and translational states in oxygen (the
image. b) High-magnification TEM image of a Nb2O5 nanowire, showing no amorsituation is completely different in nitrogen). The
phous sheath on the surface. The selected-area diffraction pattern in the inset shows
interaction of vibrationally excited molecules with
the growth direction to be [210].
solid materials is therefore always neglected.
Even though metastable oxygen molecules are
likely to be produced in oxygen plasmas and to be stable in vacpears rather free of nanowires; a detailed view of the surface,
uum (de-excitation time by photon emission is of the order of a
however, reveals some interesting features. The formation of
second), they have excitation energies around 1±2 eV, approxithick Nb2O5 crystal nuclei along with the initial stages of
mately. They are, however, likely to be relaxed on the surfaces
growth of nanowires was observed (see Supporting Informaof the discharge chamber. So, a typical density of O2* in induction). More samples were exposed to oxygen plasmas with O
21
±3
tively coupled plasmas is only of the order of 1017±1018 m±3. It
concentrations below 1  10 m . Under these conditions, no
is much lower than the density of neutral oxygen atoms.
traces of any nanowires were observed, and the surface reHence, the dominating O density should be responsible for
mained flat even after prolonged plasma treatment (see Suprapid Nb oxidation. Most of the neutral oxygen atoms are in the
porting Information).
ground state since the excited states are rapidly relaxed by
When a metal surface is exposed to a weakly ionized, fully
photon emission. They are extensively produced by electron-imdissociated oxygen plasma, it is exposed to a flux of plasma
pact dissociation and are stable and reactive in vacuum. The
radicals, positive ions, and atoms. The electrons generated
neutral oxygen (O) atom density in an oxygen plasma is largely
generally cause few surface effects. But, the electron±molecudependent on the materials facing the plasma and is less likely
lar collisions produce a certain amount of plasma radicals,
to be dependent on electron density and electron temperasuch as O2+, O2±, O2*, O2m, O, O+, O±, O*, O3, etc.
ture. (The recombination coefficient for the surface reaction
Plasma radicals interact with solid surfaces both physically
O + O ® O2 depends largely on the type of material as well as
and chemically. Positive ions are accelerated in the sheath beits roughness.) The electron temperature and/or density are imtween the plasma and the substrate (in our case the foil is at a
128.8
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steps to explain the observed metal oxide nanowire growth.
The steps involved in the formation of Nb2O5 nanowires from
Nb foils at low temperatures are as follows:
1) Diffusion and dissolution of atomic oxygen from the gas
phase into the niobium metal (Fig. 4a).
2) Nucleation of niobium oxide on the surface, due to the
supersaturation of the surface with oxygen (Fig. 4b).
3) Growth of niobium oxide nanowires from the bottom (basal growth) because of the constant supply of oxygen into the niobium metal. (Fig. 4c). Here, niobium is supplied only from the
metal at the bottom, (since this process occurs at low temperature, there is no metal in the vapor phase) and oxygen is supplied
from the vapor phase. This allows for the growth of niobium oxide only in the form of nanowires since niobium has a limited
mobility at low temperature (~ 50±300 C), and the niobium
oxide formed has to attach at the base of the nuclei formed.
Previously, we reported the synthesis of low-melting-point
metal oxide nanowires by the direct dissolution of oxygen into
molten-metal pools.[15] Since the solubility of oxygen in these
metals is extremely low, supersaturation of the metal with oxygen led to the multiple nucleation and growth of nanowires
from molten-metal droplets. The exposure to O2/H2 plasma at
modest temperatures (400±500 C) typically led to bulk saturation of molten metals and the nucleated crystals grew vertically,
with basal attachment, into one-dimensional (1D) structures.
However, in this work, the dissolution of oxygen into niobium
should lead to supersaturation of only the subsurface and not
the entire bulk of the metal foil due to the low temperatures,
short duration of exposure, and high flux of O atoms. The supersaturation of the Nb subsurface layers due to the influx of atomic oxygen leads to spontaneous nucleation of nanometer-scale
Nb2O5 crystals. The limited mobility of
Nb at low temperatures makes the nuclei
grow vertically by means of the basal atb
Oxygen plasma
tachment of Nb and O, similar to our earlier experiments with molten metals.
Spontaneous
Flux of O atoms
In addition, plasma-oxidation experiNucleation of
Nb2O5 Crystals
ments using vanadium foils also resulted
in the growth of vanadium pentoxide
nanowires directly from the vanadium
Near Surface
Saturation
foils (see Supporting Information). These
Niobium Foil
results with vanadium foils suggest that
this technique should work for other meta
c
als as well, such as tantalum and iron.
Oxygen plasma
Oxygen plasma
However, the oxygen-atom-density winNb2O5 Nanowires
dow is expected to differ from one
Flux of O atoms
Flux of O atoms
material to the next. It is possible to use
Surface Diffusion
thin metal films attached onto foreign
Bulk Diffusion
substrates instead of foils. In addition to
Growth by
oxides, we believe that this nanowire synBasal
Niobium Foil
thesis method has widespread applicabilAttachment
Niobium Foil
ity to the synthesis of other compound
Figure 4. Schematic representation of the growth mechanism involved in the formation of metal oxsystems, such as nitrides, sulfides, phoside nanowires from bulk material when exposed to a highly dissociated oxygen plasma. a) Diffusion
phides, and arsenides. Much of this work
and dissolution of oxygen from the gas phase into the bulk Nb metal. b) Nucleation of Nb2O5 on
is an on-going study, and the results will
the surface of Nb due to the supersaturation of the metal surface with oxygen. c) Growth of Nb2O5
be published in the future.
nuclei into nanowires due to the basal attachment of Nb and O to the nuclei (basal growth).

portant only because the O density depends on these two parameters. Generally, the degree of dissociation in oxygen plasmas can be anywhere between 10±6 and 1. In our case, we used
smooth borosilicate glass with a recombination coefficient as
low as about 10±4. This allows for extremely high dissociation
fractions. Under our experimental conditions, the O density is
extremely high and is about 6  1021 m±3. Hence, the O flux onto
the Nb foil is of the order of 1024 m±2 s±1. If all O atoms react, the
oxide growth rate would be 105 monolayers per second. A foil of
15 lm thick consists of approximately 105 monolayers. So, if all
atoms react, the foil should be fully oxidized in one second. In
our experiential setup, the majority of the foil is oxidized within
90 seconds, which leads to the conclusion that the probability
that an atom oxidizes the foil is of the order of 10±2.
Experiments performed under various plasma conditions
also indicated that the most important parameter was the density of neutral oxygen atoms in the plasma for oxide nanowire
growth from Nb metal foil. We found that the Nb2O5 nanowires grew only when the neutral oxygen atom concentration
exceeded about 2  1021 m±3. Therefore, the nanowire production rate is limited by only two factors, namely, O density (or
O flux onto the surface) and the size of the sample.
However, the observed growth of oxide crystals in one dimension directly from foils to form nanowires under high O
radical flux conditions still requires an explanation. To this
aim, we hypothesize a mechanism for the nucleation and
growth of nanowires (see the schematic in Fig. 4). The supersaturation of subsurface depths of the Nb foil with oxygen
(due to the interaction of the metal foil with the high flux of
neutral oxygen atoms), the absence of Nb sputtering, and the
limited Nb mobility at low temperatures are used as critical
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Nb2O5 nanowires by themselves may find interest in future
field-emission displays[16] as well as in microelectronics. Unlike other synthesis methods where nanomaterials take a long
time to grow, Nb2O5 and other metal oxide nanowires produced via the cold plasma treatment using a high neutral O
flux described here grew rather rapidly. Under our experimental conditions, the entire foil (20 mm  4 mm) was covered
with nanowires in just 90 s. The fast growth rates obtained for
nanowire growth combined with low-temperature operation
allows us to visualize a possible semibatch- and batch-type
manufacturing technique for large quantities of nanowires.

Experimental
Nanowires were synthesized directly from the solid state by the exposure of Nb foil to oxygen plasma. High purity Nb foil 0.15 mm thick
was cut into rectangular pieces approximately 20 mm  4 mm and exposed to a highly dissociated, weakly ionized oxygen plasma created in
an inductively coupled high RF discharge. The experiments were performed in a vacuum system pumped with a two-stage oil rotary pump
with an ultimate pressure of about 0.1 Pa. A schematic of the setup
used for the synthesis of the nanowires is shown in Figure 5. After
evacuating the chamber to the base pressure, commercially available
oxygen was continuously leaked into the system. The chamber was
maintained at a pressure of 100 Pa during the experiments. The plasma
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Figure 5. Schematic representation of the experimental setup used for
the synthesis of metal oxide nanowires.

was created by an inductively coupled RF generator with a maximum
power of 5 kW. The power used during the experiments was about
1.5 kW. Plasma characteristics were measured using Langmuir and
catalytic probes. The typical plasma discharge characteristics during
the experiments were as follows: the electron temperature was about
5 eV, the ion density was about 2  1016 m±3, and the neutral oxygen
atom density was in the range of 1  1021±6  1021 m±3. The foil samples
were left in the plasma for 90 s. After the plasma treatment, the
samples were characterized using scanning electron microscopy
(SEM), Raman spectroscopy, and transmission electron microscopy
(TEM).
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In recent years, the synthesis of energetic heterocyclic compounds has attracted considerable interest.[1±5] Modern energetic materials derive most of their energy either from oxidation of the carbon backbone, as traditionally found for
energetic materials, or from their high, positive heats of
formation.[6,7] Recently, the syntheses of new members of heterocyclic-based energetic, low-melting salts have been described.[8,9] Energetic materials that are salts often possess advantages over non-ionic molecules since these moieties tend
to exhibit lower vapor pressure and higher densities than their
atomically similar non-ionic analogues. In these ionic species,
the cation is generally a bulky organic ion with low symmetry.
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