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dione 4 (40 mg, 0.1 mmol) and ceric ammonium nitrate
(5.6 g) was heated at reflux temperature in CH;CN for 6
days. After water was added to the reaction mixture,
CH,CN was removed in vacuo, and the residue was ex-
tracted with ether. The organic extract was washed with
water, dried over MgSO,, concentrated in vecuo, and
purified on S$i0O, (CH,Cl)) to give 25 mg of 5§ (61%
yield) as a crystalline solid: mp > 300 °C dec.; IR (KBr)
1660, 1640, 1580, 1280, 920 cm"i; 'H NMR (CDCl,,
200 MHz) & 7.35-7.51 (m, 16H, ArH); »C NMR
(CDCl, 50.29 MHz) 8 129.22, 131.71, 138.39, 194.06;
EIMS m/z (relative intensity) 416 (88, M*), 388 (8), 296
(100), 268 (30); HRMS (El) caled for CyxH,0, 416.
1046, found 416.1049.
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Recently nanoparticles of inorganic materials such as me-
tal and semiconductor have been paid great attention due to
the novel properties compared to their bulk materials.' Espe-
cially magnetic nanoparticles are of great interest for wide
practical applications in information storage systems, ca-
talysts, ferroftuids and medical diagnostics. Among the sev-
eral ultrafine magnetic particles many studies are devoted to
nanoparticies of magnetite (Fe,0,) and maghemite (y-Fe,0;).
These iron oxides which have a size less than 10 nm were
usually synthesized in various matrix materials such as pol-
ymers,’ micelles,* vesicles’ and bilayer lipid membrane.®
They were also produced in homogeneous aqueous sotution
with very narrow size-distribution although the synthesis in
an agueous solution had been known to give larger particles.”
In those studies the synthesized nanoparticle magnetites,
however, are not characterized well whether they are mag-
netite or maghemite or the mixture of two. Magnetite can
be oxidized to maghemite and the oxidation proceeds by a
topotatic reaction where the crystal structure is maintained
throughout. Therefore the distinction between magnetite and
maghemite is hardly possible from diffraction data in the
case of small particle where the peak broadening is serious.
At elevated temperature the transformation of magnetite to
haematite (0-Fe,0;) directly or via maghemite in air was
studied in some details.® At room temperature micrometer-
sized magpetite is usually known to be stable in air and its
oxidation to maghemite proceeds at surface over years.’ In
the case of the particle whose size is less than 10 nm the
surface components occupy significant parts of whole par-

ticle and diffusion pathway of oxygen is very short. The ox-
idation could be therefore significant. However, the ox-
idation of nanoparticle magnetite by air at room temperature
has not been studied systematically yet.

In this communication we report the synthesis and trans-
formation of nanoparticle Fe,O, which is prepared in an
aqueous homogeneous solution. Nanosized Fe,O, has been
prepared by dropping a solution mixture of FeCl, and FeCl,
(molar ratio of Fe(Ill)/Fe(ll)=1.97) in 0.4 M HCI slowly
into 1.5 M NaOH solution while the resulting solution is vi-
gorously stirred and the solution pH is kept to 11-12 by ad-
ding additional NaOH solution. After the iron mixture solu-
tion is all dropped the resulting suspension is kept stirred
for 30 minutes. The precipitates are isolated using a magnet
and transfesred to deionized water. The suspension is cen-
trifuged in 4000 rpm and washed again with deionized wat-
er. This procedure is repeated three times and finally wash-
ed with acetone. The resulting precipitates are dried in a va-
cuum for 5 hours at room temperature, All solutions are
thoroughly deoxygenated by purging high purity N, for at
least 30 minutes and the synthesis and all handling are done
in N,-filled globe box.

Figure 1 shows the transmission electron microscopy
(TEM) picture of the synthesized magnetite particles. The
particles look spherical and have pretty even sizes. The av-
erage particle size is estimated to about 7.0+1.2 nm from
measuring 100 particles in the picture. This size is slightly
smaller than that of magnetite nanoparticle previously pre-
pared with a similar method by one of authors.” Figure 2 (a)
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Figure 1. Transmission electron micrograph of synthesized mag-
nelite particles.

shows XRD pattern of the magnetite sample immediately
after synthesis. The data was corrected with background
and smoothed because the signal-to-noise ratio was low due
to small particle size and poor crystallinity. The discernible
peaks can be indexed to (220), (311), (400}, (511} and (440}
planes of a cubic unit cell, which cormresponds to that of
magnetite or maghemite structure.” The unit cell parameter
a, is estimated as 8.3967 A using Nelson-Riley extrapola-
tion," which is close to the known value of magnetite
(8.387 A).2 We have also estimated the particle size of the
synthesized ferrite from the linewidth as ca 8 nm using the
Debye-Scherrer equation.” The calculated size is slightly
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Figure 2. XRD patterns of nanoparticle magnetite right after
synthesis: (a) as is and (b) annealed one under vacuum at 500 °C.
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larger than that from TEM picture but this is not unac-
ceptable considering the reliability of Debye-Scherrer
equation.

The XRD data can not confirm the structure of syn-
thesized fernte as magnetite or maghemite because maghem-
ite also has a structure very similar to that of magnetite. In
order to confirm the crystal phase of the synthesized ferrite
we have sealed the sample immediately after synthesis in a
quartz tube under vacuum (below 10 mtorr) and annealed it
at 500 °C for an hour. If the sample is maghemite or it is a
mixture of magnetite and maghemite, the XRD pattern will
change to that of haematite {@-Fe,0,) or a mixture of mag-
netite and haematite because maghemite transforms to hae-
matite at this temperature.”® However, if the ferrite is pure
magnetite, the XRD pattern will simply become sharp and
intense because the crystallinity and particle size of the sam-
ple will increase without any phase transformation in this
condition. The XRD peaks of the annealed sample are con-
sisted of those of only magnetite and there is no discernible
peak corresponding to those of haematite as shown in Fig-
ure 2(b). Therefore the synthesized ferrite is confirmed to
be magnetite right after synthesis., However, we have found
that the synthesized magnetite was oxidized by air at room
temperature in the dry state and transformed to maghemite.
Figure 3 shows the change of the ratio of Fe(Il)/[Fe(Il)+Fe
(IIl}] in the magnetite exposed in air at room temperature
with time. This is analyzed photometrically by dissolving
the magnetite in acid solution and making phenanthroline
complex.’ The analysis was done very carefully in a N,-fill-
ed globe box and all solutions were thoroughly deox-
ygenated before use. The amount of Fe* in the femrite re-
latively quickly decreased in initial three days and then very
slowly decreased. Figures 4(a) and 5(a) show the XRD pat-
terns of aged magnetite nanopatrticles in air at room tem-
perature for 2 weeks and 3 months, respectively. In these
XRD data no difference can be observed between fresh sam-
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Figure 3. Change in degree of oxidation of magnetite namo-
particle with time.
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Figure 4, XRD patterns of nanoparticle magnetite exposed to
air for two weeks after synthesis: (a) as is and (b} annealed one
under vacuum at 500 °C,

ple (Figure 2(a)) and aged ones in air. Therefore we can not
tell transformation of magnetite shown in bulk analysis
from XRD patterns. This is because Fe,O, and yFe,0, is
structurally isotropic as mentioned above and the very small
changes in diffraction peaks can be within the range of ex-
perimental error especially in nanoparticles where peak
broadening is significant. In order to confirm the change of
crystal phase we have annealed the aged samples which
were exposed in air at room temperature for two weeks and
three months after synthesis, at 500 °C in a vacuum. The
results are shown in Figures 4(b) and 5(b). The XRD pat-
tern of 2 week-aged sample corresponds to that of a mix-
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Figure 5. XRD patterns of nanoparticle magnetite exposed to
air for three months after synthesis: (a) as is and (b) annealed
one under vacuum at 500 °C.
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ture of magnetite and haematite whereas the pattern of 3
months-aged one does to that of almost hacmatite. As dis-
cussed above, the result on the sample that was annealed
right after synthesis clearly indicates that maghemite phase
must be formed in the aged samples. Therefore the ox-
idation of nanoparticle magnetite to maghemite proceeds in
air at room temperature and the whole particle could be
changed to maghemite.

We have also measured Mossbauer spectrum that is
known to give a good criterion for quantitative analysis of
iron oxide mixtures.’”” Figure 6 show the Mossbauer spectra
of annealed samples immediately, 2 weeks and 3 months
after synthesis.'® The spectrum of fresh sample (A) was
deconvoluted to two sextets that correspond to iron ions in
tetrahedral (T,) and octahedral (O,) sites of magnetite. From
the peak arca ratio of two sextet peaks (Loy/Tr=1.97) the
sample was confirmed to be in pure magnetite phase. [n the
cases of 2 weck-aged (B) and 3 month-aged (C) samples
each spectrum was deconvoluted to three sets of sextet
where one corresponds to peaks of haematite and the others
to that of magnetite. From those relative peak area ratio we
have estimated the relative molar ratio of haematite vs mag-
netite in the sample as 1.05 and 2.28 for sample B and C,
respectively. This relative ratio for sample B is lower than
the vaule 1.9 obtained from the wet analysis shown in Fig-
ure 2. The difference could result partly from the fact that
the peak areca value in Méssbauer spectrum corresponding
to magnetite could include that of maghemite because the ra-
tio IoyTry (=1.66) is much lower than the ideal value 2 and
the spectrum of maghemite is identical with that of
tetrahedral sites in magnetite. This means that maghemite
phase in sample B did not transform to hematite completely
at this annealing condition. This can be applied to the case
of sample C where the ratio Lyy/Iy, is 1.55.

In summary we have prepared nanoparticle Fe,O, which
has an average diameter of 7 nm in homogeneous aqueous
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Figure 6, Mdossbauer specira of annealed magnetite nano-
particles. (a) right afier synthesis and exposed to air (b) for 2
weeks and (c) 3 months after synthesis.
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solution and clearly elucidated for the first time that the syn-
thetic nanometer-sized magnetite was transformed to y-Fe,O,
in air at room temperature by relatively fast oxidation.
Therefore the previous studies of nanoparticle magnetites
where the air oxidation was not considered have to be re-
considered in their characterization of the nanoparticles. In
forthcoming papers we will investigate the size effect on
the transformation and detailed studies of magnetic pro-
perties of namoparticle magnetite under transformation to
maghemite. :
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Enantiomeric recognition phenomena play an important
role in a variety of physical, chemical, and biological pro-
cess. Examples include sensing, determination of con-
centrations, separations of enantiomers, catalysis reactions,
and incorporation of single enantiomeric forms of amino
acids and sugars in biochemical pathways. It involves the
discrimination between enantiomers of the guest by a chiral
receptor or a chiral matrix. One area of recent interest is the
enantiomeric recognition through interaction of macrocyclic
ligands with chiral organic ammonium salts.!™

Several research groups have carried out works involving
these host-guest systems. Cram and his co-workers pub-
lished their pioneering studies on the use of chiral ma-
crocyclic ligands in enantiomeric recognition and a great
number of chiral macrocycles have been synthesized and
studied.® Izatt and his co-workers have reported chiral re-

cognition of primary aromatic ammonium salts.® Echavarren
and his co-workers have studied enantiomeric recognition of
zwitter ionic hydrogen bonding of carboxylate and guan-
idine.”

The careful characterization of such synthetic systems
could lead to a greatly improved understanding of natural
systems.

Our research in this field has been focused on the design
and synthesis of amidine and diaryl substituted chiral
bispyridino-18-crown-6 ligand. The chiral host molecule
should be designed in such a way that the interaction op-
tions available for the incoming chiral guest are limited.
Preferably, the options would be limited to either “match”
ot “not match” interactions (Figure 1).

Designed synthetic chiral ligands have two hydrogen
bonding donor which can interact with the carboxylate of



