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bstract

Effects of preliminary magnetization on Cu–O nanoparticles (CNPs) and their electronic structures were examined in conjunction with their
ear-surface reactivity. CNPs were exposed to the external magnetic field, H (≤4 kOe), in a glove box of Ar atmosphere at room temperature. The
bsorption intensity of UV/vis diffuse reflectance spectra of CNPs at the wavelength between 500 nm and 800 nm increased with magnetization. In
rder to elucidate the chemical consequences from magnetization, the reaction processes of CNPs at the boundary to the cyclohexane solution of
cetyl pyridine (Apy) were examined by monitoring the decrease in the UV absorption band intensity at 279.5 nm due to �–�* transition using a
ow cell. The decrease in the UV absorption intensity is correlated with the increase in the extent of the reaction. We observed the two-step reaction
rocess with a faster initial decay and a slower later one. We found the application of the magnetic field creates new active centers for the present

oordination reaction. These magnetically acquired active centers are associated with the latter, more sluggish step of the two-step reaction. All
hese magnetic effects are consistently explained by the delocalization of the 3d electrons of Cu due to the partial change from antiferromagnetic
o ferromagnetic states.

2006 Elsevier B.V. All rights reserved.

eywords: Oxide materials; Nano-structured materials; Gas–solid reaction; Liquid–solid reaction; Magnetization

s
w
a
t
c
(

2

g
i
t

. Introduction

Nano-structured materials with strong correlation among
pin, charge and lattice attract increasing interests in the materi-
ls community, represented by high-temperature superconduc-
ivity [1] in cupric system and colossal magnetoresistance [2,3]
n manganites. Yermakov et al. [4,5] have studied enhanced
ctivity of copper oxide nanoparticles (CNPs) by a weak sta-
ionary external magnetic field on the dehydrogenation of 2,3,5-
rimetyl-1,4-hydroquinone (TMHQ), adsorption of ammonia,
nd copper phthalocyanine formation where CNPs serve as a
atalyst and an adsorbent, simultaneously.

We have also demonstrated the effects of weak magnetic field

p to 4 kOe to which the reactant CNPs were exposed and sub-
ected to the reaction of Cu(II) ammonium complex formation
6]. CNPs were surrounded by aqueous solution in the previous
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tudy. This might change the surface oxidation state constantly
ith the progress of the reaction to make the reaction mech-

nisms significantly more complicated. We therefore chose, in
his study, a reaction with a non-aqueous solution, i.e. the surface
ompounding from a cyclohexane solution of acetyl pyridine
Apy) in contact with CNPs.

. Experimental

Nanoparticles, CNPs, comprising Cu, Cu2O and CuO were prepared by
as-condensation of copper metal vapor in controlled gaseous media contain-
ng argon and oxygen. The phase composition (Cu, Cu2O, and CuO) of the
hree kinds of nanoparticles, determined by X-ray diffraction (XRD; Rigaku,
int2000) is given in Table 1. The electronic states of CNPs were determined
y ultraviolet–visible diffuse reflectance spectroscopy (UV/vis DR; JASCO, V-
50). Sample nanoparticles were subjected to the static magnetic field up to
kOe and 23 h in a glove box of Ar atmosphere at room temperature. Magnetic

easurements were performed by a SQUID magnetometer (MPMS-5).

CNPs were subsequently packed into a filter cartridge (0.20 �m pore size)
n a circulating flow-cell system for in situ spectroscopy. The reaction kinetics
ere monitored continuously as a consumption of Apy by the decrease of the
V absorption band intensity of Apy, at 279.5 nm due to �–�* transition.

mailto:senna@applc.keio.ac.jp
dx.doi.org/10.1016/j.jallcom.2006.08.239
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Table 1
Phase composition (Cu, Cu2O, CuO) of CNPs determined by X-ray analysis

Sample Composition (wt.%)

Cu Cu2O CuO

CNPs-1 3.3 46.2 50.5
CNPs-2 0 65.6 34.4
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. Results and discussion

.1. Properties of CNPs

As shown in Fig. 1, CNPs are spherical with their particle size
anging between 20 nm and 50 nm. UV/vis diffuse reflectance
DR) spectra of CNPs-1 are shown in Fig. 2. The KM inten-
ity of spectra between 500 nm and 850 nm increased after the
xposure to about 4 kOe magnetic field at room temperature.
he intensity in the absorbance increased with increasing expo-
ure time to the magnetic field. This is also the case with other
NPs as shown in Fig. 3. For the CNPs with their metal-

ic Cu fraction exceeding 10% and no CuO, the increase in
he magnetization was not observed. By comparison with the
V/vis DR spectrum for bulk Cu2O, we attribute the spec-

rum of CNPs between 200 nm and 480 nm to the coexistence of
u2O. However, bulk Cu2O absorption band between 480 nm
nd 630 nm was not observed in CNPs. The difference may,
t least partly, be associated with the nano-size effect of band
ap [7–14], i.e. the blue shift of the absorption edge [15],
r the oxygen vacancies. At the same time, we have yet to
ccount for the possible contributions from other ingredients,

uO, Cu(OH)2, as well as those from unknown oxygen vacancy

15,16].

ig. 1. TEM image of CNPs-1. The particle size ranges between 20 nm and
0 nm.
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ig. 2. Changes in UV/vis DR spectra of CNPs-1 produced by a 4 kOe magnetic
eld.

.2. Chemical reaction processes at the surface of CNPs

The temporal change in the UV absorption band intensity at
79.5 nm due to �–�* transition exhibits pulsating absorbance
ntensity curves which are a typical feature of the flow-cell sys-
em where the solution was circulated. In the initial stage of the
eaction, a virgin solution passes through the filtration cartridge
here the predetermined amount of CNPs was packed, so that

he absorption sharply decreases. The diluted solution is quickly
ixed with a virgin, concentrated solution. The amplitude of

ulsation decreases as the reaction proceeds and the change in
he concentration before and after the encounter of the solution

ith CNPs decreases.
We then tried curve fitting for the locus of the crests of

ach pulsation by a nonlinear least-squares method. The kinetic

ig. 3. KM intensity of UV/vis DR spectra at 650 nm for different exposure
ime: CNPs-1 at H = 4 kOe, CNPs-2 at H = 4 kOe, CNPs-3 at H = 3 kOe.
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Fig. 4. Changes in the UV absorption band intensity of CNPs-1 at 279.5 nm
due to �–�* transition produced by a 4 kOe magnetic field. The points are the
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ocus of the crests of each pulsation. The solid lines are obtained by calcu-
ation.

urves made by this method fit the second order exponential with
ime, expressed as

= A1 e−k1t + A2 e−k2t + α (1)

here A is absorbance, A1 and A2 are amplitude constants, t
s reaction time, k1 and k2 are reaction rate constants, and α

s a constant representing the asymptotic value to the absorp-
ion equilibrium. Fig. 4 exhibits the results with and without
reliminary exposure to the magnetic field of 4 kOe for 21 h
t room temperature. Curve fitting seems satisfactory since the
olid lines by calculation coincide with the experimental points.
rom Eq. (1), we understand that the reaction comprises two
arallel first-order kinetics. We may reasonably assume that the
wo processes correspond to two different types of the active
pecies. The parameters obtained empirically from these kinetic
urves are shown in Table 2.

A remarkable feature is that the intensity further decreases
radually when the samples were preliminarily exposed to
he magnetic field. The result is well reproducible, and other
NPs yielded similar results. We further notice that value α

ecreases significantly by preliminary application of the mag-
etic field. By assuming that the difference in the constants
etween the sample with and without magnetization, α and α0,
espectively, correspond to the amount of the active site, Va,
cquired after the exposure to the magnetic field, Va is expressed
s

a = s�α = s(α0 − α) (2)

here s is a proportionality constant. In the case of the exposure
o 4 kOe field for 21 h, Va amounts to 3.84 × 10−6 mol/g, by

ssuming that an Apy molecule reacts to one active site. This
orresponds to 12.3% of the a priori existing active sites. It is
mportant to emphasize that the application of the magnetic field
reates new active centers for the present coordination reaction, Ta
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ig. 5. Hysteresis loops of CNPs-1: (a) 2 K and (b) 300 K. The inset is enlarged
gure around zero field.

hich are associated with the latter, more sluggish step of the
wo-step reaction.

.3. Effects of magnetization on the chemical states of
NPs

Magnetic properties of the present CNPs were examined by a
QUID magnetometer at different temperatures (2 K and 300 K)
ith the maximum applied field up to 3 T or 30 kOe, as shown in
ig. 5. The essential feature of the magnetic behavior of CNPs

s the appearance of ferromagnetic regions under the magnetic
eld as low as a few kOe, by observing the magnetic hystere-
is even at room temperature. Furthermore, the hysteresis loop
ecomes shifted to negative field at 2 K. The occurrence of this
hift can be explained by the presence of an exchange interac-
ion between the antiferromagnetic and ferromagnetic phases.

e suspect that oxygen vacancies in the off-stoichiometric oxide
tate, CuO1−x, are the main origin of ferromagnetic contribution
n antiferromagnetic matrix of CuO [5,16–18]. These ferromag-
etic regions were not observed in the bulk sample of the sto-
chiometric composition. From the analogy of well-established
heoretical background of colossal magnetoresistance [3,19],
ermakov et al. in their previous report [4] adopted the key

ole of the small ferromagnetic drop or ferron [19] in the anti-
erromagnetic matrix of CuO, and associated spin flip on the
ffect of magnetic field for the chemical reaction involving CuO.
s a consequence, Cu 3d-electrons would be delocalized by
pplied magnetic field. The increase of delocalized electrons
mplies the weakening of the electron shield or the ligand field
f Cu, and hence, allowing further coordination of the ligands,
py.

[

ompounds 434–435 (2007) 646–649 649

. Conclusion

Application of the external static magnetic field as low as
kOe on the nanoparticles prepared by a gas-condensation
ethod comprising Cu, Cu2O and CuO significantly increases

he intensity of UV/vis DR spectrum, and the extent of the chem-
cal reaction with acetyl pyridine in the solution of cyclohexane.
he kinetic curves for the present reaction were analyzed by the

wo-step first-order exponential equation. Active centers for the
resent coordination reaction were increased and intensified by
he magnetic field, to increase the rate of the latter, more slug-
ish step of the two-step reaction in particular. The mechanism
f the magnetic effect is consistently explained by the delocal-
zation of Cu 3d-electrons by applied magnetic field to weaken
he electron shield and hence, intensified the ligand field strength
f Cu.
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