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ARTICLE INFO ABSTRACT

Keywords: This paper reports the synthesis of iron oxide nanostructures with well-defined shapes, including rod,
Nanorod cube, and sphere, in 1-butyl-3-methylimidazolium bis(triflylmethyl-sulfonyl) imide ([BMIM][Tf;N]) ionic
Nanocube liquid (IL). Surfactants including oleic acid and oleylamine, which are commonly used as surface capping
:?rﬁ:jcalzlgﬁfm agents for size and shape control in molecular solvents, can be employed for making morphologically well-
[BMIM][TE,N] defined nanostructures in this IL. Iron pentacarbonyl thermally decomposes at elevated temperatures in
Iron oxide [BMIM][Tf;N] ionic liquid and subsequently form nanoparticles. Nanorods, nanocubes, and spherical par-

ticles were synthesized depending mainly on the reaction temperatures and surfactants. X-ray diffraction
and transmission electron microscopy data indicated these nanostructures were largely cubic iron oxide,
maghemite. Our results show that imidazolium-based ionic liquids can be used as solvent for achieving
very high level control over the size and shape of nanostructures. The approach developed in this work
can potentially be used as a viable method for making various other uniform nanostructures in ionic

Iron carbonyl

liquids.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

This paper presents the synthesis of cubic and rod-shaped
nanostructures of iron oxide in 1-butyl-3-methylimidazolium
bis(triflylmethyl-sulfonyl) imide ([BMIM][Tf;N]) ionic liquid (IL).
Oleic acid and oleyamine, which are commonly used capping agents
for the shape control of nanomaterials made in molecular solvents,
are found to be very effective in making nanorods and nanocubes
of iron oxide from iron pentacarbonyl precursor in this IL.

The application of ionic liquid as solvent for making nanoparti-
cleshas attracted alot of attentions in the past several years [1-5].In
comparison to molecular solvents, ionic liquids can have quite dif-
ferent solvation properties in that they can have extended hydrogen
bonds and large ionic strength [6-8]. Such property suggests that
cage-like nanostructures are possible for ionic liquids and used as
confined reaction environments in the synthesis [3,9,10]. There are
two major approaches for making nanostructured materials in ionic
liquids depending on the use of capping agents. Most of research
work in this area has been focused on the direct application of ionic
liquid without addition of capping agents[3,4,11-16], although such
reagents are commonly used for making nanomaterials in molecu-
lar solvents [2,17-25]. Recently reported nanomaterials made in IL
media have expanded rapidly from noble metals to oxides, fluorides
and other more complex compositions [1,4,13,26-29], and some
levels of shape control have also been achieved [1,4,5,16,30-32].
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Among the various ILs, imidazolium-based compounds are the
most commonly used solvents [4,5,12,13,33-37]. While the forma-
tion mechanism of nanoparticles is largely unclear and required
further study, a few latest reports suggest that the cage-like assem-
blies of ionic liquid components, which are hydrogen-bonded and
analogous to the micellular structures in conventional solvent sys-
tems [9,10,38]. This ordered structure might also relate to the
observation that nanoparticles generated directly in ionic liquids
are typically quite small and below 5nm in diameter. So far,
however, the size and shape of nanostructures cannot be readily
controlled well in such reaction systems except spherical particles.
It would greatly increase the impact of ionic liquids as solvents
in processing nanomaterials if those strategies used for control-
ling monodispersity and morphology in molecular solvents can be
developed for ionic liquid systems.

In this work, we present the use of surface capping agents in
controlling the morphology of nanoparticles, as these chemicals
play essential roles in making nanostructures of various shapes in
different molecular solvents [17-20]. Among the large pool of can-
didates for capping agents, oleic acid and oleylamine have been
selected, because they both are widely used in making nanowires
and several other shapes [2,39,40]. Furthermore, our previous stud-
ies show that these surfactants can be good capping agents for the
synthesis of monodispersed nanoparticles of silver, platinum and
iron oxides in the [BMIM][Tf,;N] ionic liquid [5,33,34]. Finally, iron
oxides have been chosen as our targeted materials, because they
have been widely used in biological applications as magnetic con-
trastagents [2] and a commonly used precursor, iron pentacarbonyl,
can dissolve very well in [BMIM][Tf,N] IL [33].
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Fig. 1. Photographs of reaction process in [BMIM][Tf,N] IL: (A) IL containing oleic acid at 110°C, the reaction mixture (B) at 110 °C after the injection of Fe(CO)s, at (C) 200°C
and (D) ~204°C showing the color change, (E) the nanomaterials deposited on the wall of flask after the reaction and removal of IL, and (F) the IL after reaction (the vial on

the left) and the final product dispersed in hexane (the vial on the right).

2. Experimental
2.1. Materials

Iron pentacarbonyl (99.999%), oleic acid (99.99%), oleylamine
(70%, tech. grade), 1,2-hexadecanediol (90%, tech. grade), hexane
(anhydrous, 95+%), and lithium bistrifluoromethanesulfonimi-
date (>99.95%) were provided by Aldrich. Acetone (HPLC grade),
chlorobutane (99.5+%), and 1-methylimidazole (99%) were pur-
chased from VWR. All reagents and chemicals were used as received
without further purifications. [BMIM][Tf,N] ionic liquid was made
in-house following a procedure reported elsewhere [5,6]. Its struc-
ture was confirmed by nuclear magnetic resonance (NMR). The
water content in [BMIM][Tf,N] was about 0.03%, as determined by
Karl Fisher coulommetry. The chlorine contents were not detectable
(<0.3 wt%) using potentiometric titration with silver nitrate.

2.2. General synthesis and separation procedures

In a typical synthesis of iron oxide nanoparticles, freshly dried
[BMIM][Tf,N] was mixed with predetermined amount of oleic acid,
oleylamine and 1,2-hexandecandiol in a 15-mL three-neck flask.
This mixture was heated with a heating mantle under argon and
stirred vigorously by a magnetic stirrer. The mixture turned into a
colorless transparent solution at 75 °C after 1,2-hexandecandiol was
dissolved. Iron pentacarbonyl was then added into the flask at 110°C
using a micro-syringe (Caution: iron pentacarbonyl is flammable
and toxic. It should be handled with care in a fume hood or glove
box). This reaction mixture was heated to and kept at a predeter-
mined temperature for a given period of time before the reaction
was terminated by removing the heating source. After the mixture
cooled down, the ionic liquid in the reaction vessel was then col-
lected using a pipette. The product, a black solid, was extracted
by washing with hexane which contained small amount of oleic
acid and oleylamine. The nanorods were collected by centrifuga-
tion. The suspension of such nanomaterials in hexane was diluted
with additional hexane and then centrifuged for 10 min. The black
precipitation was discarded and the supernatant was centrifugated
again. The resultant black precipitate was collected as the final
product.

2.3. Synthesis of nanorods

The mixture for the synthesis of iron oxide nanorods contained
5 mL of freshly dried [BMIM][Tf,N], 40 iL (0.13 mmol) of oleic acid,
43 L (0.09 mmol) of oleylamine and 98 mg of 1,2-hexandecandiol
(or 0.34 mmol). The amount of iron pentacarbonyl used was 100 pL
(0.75 mmol). The reaction mixture turned into dark red rapidly and
became dark black when temperature reached 140°C. This reac-
tion mixture was heated to ~310°Cin 2 h after injection of Fe(CO)s,
and Kkept at this temperature for another 1h before the reaction
was terminated. The product was extracted by washing with 6 mL
of hexane which contained 40 pL of oleic acid and 40 L of oley-
lamine. After centrifugation, the suspension of such nanomaterials
in hexane (0.5mL) was diluted with additional 20 mL of hexane
and then centrifuged at 1000 rpm for 10 min. The black precipita-
tion was discarded and the supernatant was centrifugated again at
6000 rpm for 30 min.

2.4. Synthesis of 9 nm nanocubes

The typical synthetic mixture contained 5 mL of [BMIM][Tf;N]
and 80 p.L of oleic acid (~0.25 mmol). The amount of iron pentacar-
bonyl used was 33 pL (0.25 mmol). The reaction mixture turned
to light yellow after the injection. The color of the reaction mix-
ture became completely black at ~230°C. This reaction mixture
was heated to 280°C in 2 h from the time of adding Fe(CO)s, and
kept at this temperature for another 1h before the reaction was
terminated. The resulting materials deposited on the wall of the
flask, and a transparent ionic liquid could be readily separated out
by decantation. The solid products were easily collected by wash-
ing with 6 mL of hexane. A suspension of such nanomaterials in
hexane (0.1 mL) was further diluted with 2 mL of hexane and then
centrifuged at 8000 rpm for 10 min.

2.5. Synthesis of 13 nm nanocubes

The typical synthetic mixture contained 3 mL of [BMIM][Tf;N]
and 48 pL (0.15 mmol) of oleic acid. The amount of iron pentacar-
bonyl used was 60 pL (0.45 mmol). The reaction mixture turned
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Fig. 2. (A and B) TEM images, (C) SAED, and (D) PXRD patterns of iron oxide nanorods made at Fe(CO)s concentration of 0.15M and Fe(CO)s:1,2-hexadecanediol:oleic
acid:oleylamine molar ratio of 6:2.7:1:0.7. The reaction temperature was 310 °C. The SAED pattern was mostly from a single nanorod. The lines in Panel D indicate the position

and relative intensity of the peaks for y-Fe,03 (ICDD PDF database).

to light yellow after the injection and became completely black at
~210°C. The rest of synthesis and reaction steps were similar to
those for making 9 nm nanocubes.

2.6. Characterizations

Transmission electron microscopy (TEM) images and elec-
tron diffraction (ED) patterns were recorded on a JEOL JEM
2000EX microscope at an accelerating voltage of 200kV. High
resolution TEM (HR-TEM) images were recorded on a Hitachi
HD-2000 scanning transmission electron microscope (STEM)

operating in ultra-high resolution mode at an accelerating volt-
age of 200kV and an imaging current of 30 mA. Power X-ray
diffraction (PXRD) spectra were record on a Philips MPD diffrac-
tometer with a Cu Ko X-ray source (A=1.54056A). The Fourier
transform infrared (FT-IR) spectra were collected on a Nico-
let 20 SXC spectrometer. The specimen was made by dropping
the appropriate samples between two pieces of KBr crystals
to form a thin film. The proton NMR spectra were recorded
on an Avance-400 spectrometer (400 MHz). The NMR speci-
mens were made by mixing 1.5mg of samples with 2mL of
d-chloroform.
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3. Results and discussion

The synthesis of iron oxide nanostructures was conducted in
[BMIM][Tf;N] ionic liquids using Fe(CO)s as precursor. Previously
we showed that spherical iron oxide nanoparticles can be made in
this IL and settled out when oleic acid was used as capping agent
[33]. The ILs could be recovered subsequently and reused again,
while the nanomaterials made were readily collected using con-
ventional organic solvents. There were distinct stages that could be
followed through the color changes of the reaction mixtures dur-
ing the formation of nanostructures, as shown in Fig. 1. Typically,
upon the addition of Fe(CO)s at 110°C, the transparent colorless IL
mixtures turned into light yellowish color, Fig. 1A and B. The color
of this mixture turned into brown with the increase of temperature
and into black quickly in the temperature range between 200 and
230°C, indicating the early stage decomposition of Fe(CO)s, Fig. 1C
and D. The accumulation of solid on the reaction flask wall could be
observed when the temperature reached 220 °C. The final reaction
was kept at between 280 and 310 °C for 1 h depending on the final
shapes. After the reaction was complete, the IL phase was almost
colorless or light yellowish depending on the precursor amount
and surfactants used. This IL phase could be collected by simple
decantation. The used ionic liquid shown in Fig. 1F has been passed
through a PTFE filter (average pore diameter: 0.2 wm). The nano-
materials deposited on the flask walls, could be readily washed out
and dispersed in hexane or some other organic solvents, such as
toluene and chloroform, Fig. 1F.

Nanorods were made at Fe(CO)s concentration of 0.15M and
Fe(CO)s5:1,2-hexadecanediol:oleic acid:oleylamine molar ratio of

Fig. 3. Representative TEM image of nanoparticles made at Fe(CO)s concentration
of 50 mM and Fe(CO)s:oleic acid molar ratio of 1:1 in 5 mL of [BMIM][Tf,N] IL. The
reaction temperature was 310°C.

6:2.7:1:0.7. The final reaction temperature was kept at 310 °C. These
nanorods had an average diameter of 124+2nm and an aspect
ratio of about 10+ 1, Fig. 2A. The uniformity in both the diameter
and aspect ratio could be accomplished. Some liquid crystal-like
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Fig. 4. (A-C) TEM images and (D) PXRD pattern of iron oxide nanocubes: (A and B) 9 nm nanocubes made from a reaction solution at Fe(CO)s concentration of 50 mM and
Fe(CO)s:oleic acid molar ratio of 1:1, and (C) 13 nm nanocubes from a solution at Fe(CO)s concentration of 150 mM and Fe(CO)s:oleic acid molar ratio of 3:1 (C). The reaction

temperature was 280 °C for both reactions.
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Fig. 5. TEM images showing the evolution of nanoparticles produced from a mixture of 50 mM of Fe(CO)s in 5 mL of [BMIM][Tf,N] IL and Fe(CO)s:1,2-hexadecanediol:oleic
acid:oleylamine molar ratio of 2:2.7:1.6:0.3. The products were collected at (A) 270 °C after reaction for 100 min, (B) 280 °C after reaction for 110 min, (C) 288 °C after reaction

for 120 min, and (D) 292 °C after reaction for 160 min.

alignment of nanorods could be observed in the self-assembled
structures of nanorods in the absence of external field. HR-TEM
study indicated that the nanorod was crystalline. The lattice spac-
ing for the crystalline planes shown in Fig. 2B was 3.4A, which
could be assigned to (21 1) plane of cubic y-Fe,0s3. This observa-
tion was supported by the observation that selected area electron
diffraction (SAED) pattern on a single rod showed the diffraction
from (21 1) planes, Fig. 2C. The PXRD data of these nanorods show
that all major diffractions could be assigned to mainly y-Fe,03
(maghemite, space group: P4,32, ICDD PDF No. 39-1346) [41,42].
The less-oxidized form of iron oxide magnetite, which has similar
XRD patterns to the cubic maghemite, could be the minor crystal
phase. The formation of final maghemite could be a combination of
oxidation events occurred due to the exposure of nanorods to oxy-
gen or air. This observation on the crystalline form agreed well with
other iron oxide nanoparticles previously reported [43]. The result
also agreed with the reported stable phase of iron oxide in the tem-
perature range of 200-400°C [44]. These nanorods responded to
external field in the form of suspension in hexane and could be col-
lected using a permanent magnet with field strength of about 2 kOe.
The estimated yield of nanorods was about 40% in weight based on
the content of iron. The highly concentrated Fe; O3 nanorods with
very small amount of spherical particles could be obtained through
either centrifuge or magnetic separation.

Oleylamine and 1,2-hexadecanediol appeared to be important
for the synthesis of Fe, O3 nanorods in this IL system. In the absence
of oleylamine and 1,2-hexadecanediol, only low-yielded rod-like,
spherical and faceted particles were obtained, Fig. 3. This obser-
vation suggests that oleic acid, while was critical in the shape

control, was not enough if used alone to interact effectively with
the selective low-index planes under this set of reaction condi-
tion. Previously, spherical iron oxide nanoparticles were made in
the presence of oleic acid at 280°C [33]. Addition of oleylamine to
oleic acid-IL mixture could affect the size, but not shape, of the
particles under similar reaction conditions. Thus, it appeared that
temperature also played a critical role in controlling the kinetics of
relative growth rates along different directions. The combination of
changing the concentrations of capping agents and subtle variation
in temperature between about 280 and 310 °C could results in the
formation of iron oxide nanorods and possibly other shapes.

The observation of facets in nanoparticles suggested that pre-
ferred binding between oleic acid and selective iron oxide existed.
As temperature was found to be crucial in controlling the morphol-
ogy of nanocrystals, we lowered the final reaction temperature from
310 to 280°C while maintaining all other reaction conditions and
reactant ratios the same in order to increase the difference in reac-
tion rates along various directions. Using 50 mM of Fe(CO)s5 in 5 mL
of [BMIM][Tf;N] IL, and Fe(CO)s:oleic acid molar ratio of 1:1, we
obtained nanocubes from the reactions conducted at 280 °C, Fig. 4A.
The average edge length of these nanocubes was about 941 nm.
The formation of nanocubes should be due to the preferred stabi-
lization of iron oxide {100} surfaces by oleic acid. High resolution
TEM image shows the nanocubes were highly crystalline, Fig. 4B.
Lattice fringe of 2.95 A was observed along the diagonal direction
of nanocubes, which could be indexed to (22 0) plane of y-Fe,0s.
These nanocubes grew in size if the Fe(CO)s oleic acid molar ratio
increased from 1:1 to 3:1 while maintaining the reaction temper-
ature at 280°C, Fig. 4C. The PXRD pattern shows these iron oxide
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nanostructures were dominated by the maghemite phase, Fig. 4D.
The nanocubes made at the Fe(CO)s oleic acid molar ratio of 3:1 had
an average edge length of 13 4+ 2 nm, which was about 40% larger
than those made with Fe(CO)s5 oleic acid molar ratio of 1:1. As the
Fe(CO)s5 oleic acid ratio increased by three times, the volume change
of individual nanocube grew proportionally. This observation sug-
gested that the particle growth was mostly likely a mass transport
controlled process at this condition. The estimated relative popula-
tion of nanocubes was >70% in the as-made products for both cases
even without the separation procedure. The other shape was found
to be mostly spherical particles with diameters typically less than
4nm.

To understand the formation of iron oxide nanostructures, we
studied the reaction systems used for the synthesis of nanorods
nanoparticles at early stages of the reactions. To be specific, we
examined the particle formation for the mixture of Fe(CO)s5:1,2-
hexadecanediol:oleic acid:oleylamine molar ratio of 2:2.7:1:0.7 in
5 mL of [BMIM][Tf;N] IL and Fe(CO)s5 concentration of 50 mM. Sim-
ilarly, black precipitation formed on the wall of reaction flask at
about 220°C. This precipitation was collected by dispersing in
hexane to form a transparent brownish suspension. TEM study
shows that the first set of readily observable tiny clusters formed at
around 270°C, Fig. 5A. These clusters grew in size with increase
of reaction temperature and time, Fig. 5B. The well-separated
nanoparticles formed when reaction temperature was about 280 °C,
Fig. 5C. Nanorods began to emerge when reaction temperature
was increased to above 290 °C, Fig. 5D. It seems that the nanorods
formed through the growth of primary particles at the rela-
tively low temperature. While the tiny clusters could be stable in
[BMIM][Tf,N], the large nanoparticles always settled out from the
IL mixtures and grew continuously.

Fourier transform infrared and proton NMR were used to exam-
ine [BMIM][Tf;N] and its mixtures with oleic acid and Fe(CO)s.
The concentrations of oleic acid and Fe(CO)s used in these tests
were the same as those for the synthesis of 9nm cubes. Fig. 6
shows the FT-IR spectra of pure [BMIM][Tf, N], its mixture with oleic
acid and Fe(CO)s, and [BMIM][Tf;N] IL recovered after the com-
pletion of reaction. Upon the addition of Fe(CO)s to [BMIM][Tf,N]
IL, the asymmetric and symmetric carbonyl stretching vibration of
Fe(CO)s, which were centered at 2019 and 1996 cm~! in the typical
hydrocarbon solvents [45], moved to 2021 and 2000 cm™!, respec-
tively. These shifts were due to the interaction between the [BMIM]
cation and the carbonyl groups of Fe(CO)s5 [46]. The IR spectrum of
the mixture after the reaction shows almost identical pattern with
that of pure [BMIM][Tf,;N]. The weak and broad bands in 1780-1650
and 1540-1490 cm~! could come from oleic acid residues. These IR
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Fig. 6. FT-IR spectra of (A) pure [BMIM][Tf,N] IL, (B) the mixture of IL and oleic acid
after the addition of Fe(CO)s, and (C) [BMIM][Tf, N] IL recovered after the completion
of reaction, respectively. The bands centered at 2021 and 2000 cm~! were from the
asymmetric and symmetric carbonyl stretching vibrations of Fe(CO)s, respectively.

(A) 1 1
H N‘@‘N 4567
MO R CHCHCHCH, 2
3

i I

6 5 4 3 2 1 ppm

~ \J UL
9 8 7 6 5 4 3 2 1 ppm
< 1'
m:c’"\/lG)\""‘-‘s" "
3
1
7
¥ 4 1 11
[ {1
9 8 7 6 5 4 3 2 1 ppm

Fig. 7. Proton NMR spectra of (A) pure [BMIM][Tf,N] IL, (B) the mixture of Fe(CO)s
and oleic acid in [BMIM][Tf,N] IL made at 110°C, and (C) [BMIM][Tf,N] IL after the
reaction. The line-broadening and the disappearance of fine features can clearly been
observed in (B).

data were in line with our NMR study. Fig. 7 shows the proton NMR
spectra of the three specimens. The peaks for [BMIM][Tf,N] became
substantially broaden after the addition of Fe(CO)s, Fig. 7B. A light
yellowish precipitation in d-chloroform was observed in the NMR
tube. All these observations suggested that there was a favorable
interaction between [BMIM][Tf,N] IL and Fe(CO)s. The NMR spec-
trum of the mixture after the reaction showed an identical pattern
with that of pure [BMIM][Tf,N], Fig. 7C. The addition of oleic acid
did not cause noticeable changes in either FT-IR or NMR spectra.
Phase separation was also observed between [BMIM][Tf,N] IL and
oleic acid.

Based on the above observation, it appeared that the forma-
tion of nanocubes and nanorods could be related to the biphasic
nature of this IL-based process and favorable solubility of Fe(CO)s
in [BMIM][Tf,N] ionic liquid [46,47]. The biphasic behavior might
facilitate the separation nanoparticles formed from the IL mixtures
and the delivery of reactant nutrients for growth. These nutrients
could be the thermally decomposed iron-containing species from
Fe(CO)s complexed with carboxylate group of oleic acid [48]. The
surface capping agents did work well in this IL in helping create
the large difference in reactivity among the low-index surfaces of
nanocrystals and in facilitating the formation of nanocubes and
nanorods. While the secondary growth of small particles in an
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oriented fashion, similar to some of the rods generated through
the oriented attachment [49,50], could be a possibility for the for-
mation of nanorods, the above studies indicated that protection
of (100) plane of Fe;03 by oleic acid should the dominant factor
in this shape-controlled reaction, particularly at reaction tempera-
tures around 280°C.

4. Conclusion

In conclusion, nanorods, nanocubes and nanospheres of iron
oxide have been synthesized in [BMIM][Tf;N] ionic liquid. Oleic
acid plays an important role in the shape control of nanostructures.
Oleylamine and 1,2-hexadecanediol are required co-surfactants
in controlling the formation of nanorods of iron oxide. The
different solubility of precursors, reactive intermediates and
nanoparticles in ionic liquid helps to regulate the delivery of
agents in different phases. This work shows that high level
morphological control of nanomaterials is feasible using ionic
liquids by selecting proper capping agents and reaction condi-
tions, which is an important step forward in using ionic liquids
as solvents for controlling the size and shape of nanomateri-
als.
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