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Copper oxide or cuprous oxide is a well kno wn catalyst 
for oxidation of CO1 and partial oxidation of propene.2'6 It 
is expected that copper oxide transforms oxygen molecule 
to more reactive species and the oxygen species hav은 impor­
tant roles in the catalytic processes. EPR is one of the best 
tools to understand the roles of oxygen species in catalytic 
oxidations7 but the EPR signal of oxygen species adsorbed 
on copper oxide is not observed yet because of the spin-spin 
interaction of Cu" and oxygen secies (0厂，O~). Another 
method to identify the oxygen species is capturing the spe­
cies from copper oxide with a suitable surface which does 
not react with oxygen molecule, stabilizes oxygen，species 
and does not interfere the observation of the EPR signals. 
In this study, we chose y-alumina as a surface stabilizing 
oxygen species,8 and monitored EPR spectrum of copper 
oxide supported on y-alumina in oxygen adsorption process.

16O2 was Matheson's ultra high purity (99.999%) and CO 
was high purity grade (9999%). O2 enriched with 20% 17O 
was obtained from Merck Sharp and Dohme Canada, Ltd.. 
A Mass spectrometric analysis of O2 enriched with 20% 17O 
showed a composition of 16.7% 16O16O, 20.7% 17O16O, 31.2% 
l6O18O, 0.5% ”0*0, 18.6% l7O18O and 12.8% 18O18O. Cylindri­
cal particles of y-alumina (specific surface area : 90 m2/g) 
were impregnated with an aqueous solution of copper nitrate 
(99.9995%, Johnson Matthey Chemicals, Ltd.). They were 
dried and calcined in air at 873 K for 5 hr. Cuprous oxide 
or copper-rich cuprous oxide sample was obtained by heating 
the calcined sample in CO at 973 K for 2 hr. The copper 
concentration of the sample was about 5 wt%. The EPR mea­

surement was carried out using an X band spectrometer at 
77 K. The g-values and relative intensities were calculated 
by comparing the g-value and integrated area of the DPPH 
signal. The EPR sample tube (diameter : 3 mm) was connect­
ed by a Teflon union to a conventional high vacuum appara­
tus which was maintained at 1.3X 10^6 Pa. The tube with 
stopcock could be easily detached or connected to the vac­
uum system.

y-Alumina after treatment with O2 or CO at 298-773 K 
showed no EPR signal in the range g=2A-1.7. Copper oxide 
supported on alumina treated with CO at 973 K for 2 hr 
showed no EPR spectra in the range g=2.4-L7 indicating 
the sample was reduced to cuprous oxide or copper-rich 
cuprous oxide.

When the reduced sample was oxidized in 3.3 X104 Pa 
16O2 for 2 hr 가 773 K, the EPR spectrum of Cu2+ with g= 
2.05, 2.33 appeared. The g values of Cu2+ were consistent 
with that of Cu2+ observed by Berger and Roth.9 The observ­
ed spin concentration was 1.3X IO20 spin/g which corresponds 
to 30% of the total copper present.

When the cuprous oxide or copper-rich cuprous oxide sup­
ported on alumina was treated with 6.7 X103 Pa 16O2 for 20 
min. at 298 K, an asymmetric signal (Signal A) was produced 
together with the signal due to Cu2+ as shown in Figure
1. The concentrations of Cu2+ and Signal A was 8X1017 
spin/g and 8X1017 spin/g, respectively. When l6O2 was ad­
mitted at 373 K, the intensity of Signal A decreased while 
that of Cu2+ increased (Signal A : 6X1017 spin/g, Cu" : 2X 
1018 spin/g). When the sample was treated with 16O2 at 473 
K, the decrease in Signal A and increase in the intensity 
of Cu2+ signal were larger compared with the treatment at 
373 K (Signal A : 3X1017 spin/g, Cu2+ : 6X1018 spin/g). Signal 
A was not observed however, when 頂O2 was admitted to 
the sample at 573 K. Heating the sample at 473 K treated 
previously with 項O? at 298 K resulted in a decrease in Signal 
A and an increase in Cu2+ signal. Signal A was characterized 
by 幻드 2035, g2=2.010, 幻 = 2.004 with a super hyperfine 
structure as shown in Figure 2. The superhyperfine splittings 
for g2 and g3 were 3.8士 0.2 G in both, while that of 幻 was 
not clear.

Figure 3 shows the EPR spectrum of the sample when 
O2 enriched with 20% 17O was admitted at 298 K. Signal
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Figure 1. EPR spectra of 16O2 adsorbed on reduced copper 
oxide-y-alumina at 77 K. Sample was exposed to 6.7 X103 Pa 
16O2 for 20 min at 298 K: A; 373 K: B; 473 K: C.

Figure 2. Expanded EPR spectrum of 16O2 adsorbed on reduced 
copper oxide-y-alumina at 77 K. Sample was exposed to 6.7 X103 
Pa 16O2 for 20 min at 298 K.

A showed two sets of hyperfine structure with 6 lines (I=5/ 
2) separated by 117± 1 G and 28士 0.5 G respectively. Both 
sets were centered about g& Hyperfine due to 17O17O was 
not observed because of its low concentration.

Signal A appeared when O2 was admitted to the cuprous 
oxide or copper-rich cuprous oxide at low temperature. The 
development of two sets of hyperfine splitting centered on

I 0 0 G

Figure 3. EPR spectrum of 17O2 adsorbed on reduced copper 
oxide-y-alumina at 77 K. Sample was exposed to 6.7 X103 Pa 
O2 enriched with 20% 17O for 20 min at 298 K.

g3 component when treated with O2 enriched with 20% 17O 
implies that two or more oxygen atoms lie along a principle 
axis. The total spin density of two different oxygen atoms 
was O.97.10 Signal A, therefore, may originate from Sig­
nal A showed a super hyperfine splitting indicating an inter­
action of the radical with a nucleus with 1=5/2. The fact 
and the value of g1, 2.035, suggest that (須 is adsorbed on 
Al3+ of the surface.7 The g values of signal A are close to 
that of O2一 on Al" of AlSb,11 y-irradiated alumina,12 zeolite 
Y,13 and alumina supported molybdenum.14 The unequivalent 
hyperfine splitting of 17O16O or 17O18O in the case of signal 
A suggests that the molecular axis of O2 - is not parallel 
to the surface, i.e.f a peroxy type O2-.15

When O2 was admitted to the reduced copper oxide, there 
was always an increase in Cu2+ signal together with an in­
crease in O2 - signal. It indicates that an electron moves from 
Cu+ to molecular oxygen. Studies reported that O2- was 
formed on y-irradiated alumina but the radical was not form­
ed on thermally activated alumina.12 So we can suggest that 
Cu"・C)2 — is formed in the adsorption of O2 on cuprous oxide 
and a part of - moves to Al3+ showing Cu2+ and Al” 
-0厂 signals. The situation is similar to the case of m이yb・ 
denum8 or ruthenium16 supported on y-alumina. Lumpov and 
coworkers suggested that the experimentally observed EPR 
constants in the adsorption of O2 on Cu2+/SiO2 originated 
from the hypothetical weak complex (Cu.Q)"." In our ob­
servation, Signal A grows with Cu2+ signal and the formation 
of (Cu..O2)2+ can be excluded.

The fact that an increase in Cu小 signal was observed 
with a decrease in O2 一 signal when O2 preadsorbed sample 
was heated under O2 ambient as well as under vacuum, sug­
gests the transformation of O2 — to O2~ by taking electrons 
from Cu* ions.
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It is well known that vibration-rotation interaction becomes 
an important factor for understanding the spectra and dy­
namical behavior in polyatomic molecules as the total angular 
momentum of the system increases.1~4 For the states with 
zero total angular momentum, it is generally assumed that 
vibration-rotation coupling is very negligible and most treat­
ments on vibration-rotation interaction usually ignore the ef­
fect of coupling terms in the kinetic energy operator.5,6 How­

ever, there has been no systematic investigation on the ef­
fects of these coupling terms on the dynamics of polyatomic 
molecules as the molecular vibrational energy goes into 
higher regime. Since the angular momentum of the system 
can also be induced by the simultaneous vibrations, there 
could exist a coupling between vibration and rotation even 
for so called **rotationlessw states (J=0) and the coupling 
effect may not be negligible in some highly excited levels. 
In this report, we present the case for which vibration-rota­
tion coupling for J=0 (which will be called vibration-pseudo- 
rotation coupling) plays a nonnegligible role in destroying 
regular mode structure of the vibrational wavefunction in 
triatomic molecules.

The theoretical method and technique employed in this 
study were presented in detail in previous paper.7 In short, 
the vibration-rotation Hamiltonian for a symmetric triatomic 
molecule derived in arbitrary mode coordinate8 was used 
with the model potential function which can represent the 
real molecular potential surfaces reasonably. The Hamil­
tonian then was divided by pure vibrational (unperturbed) 
part and vibration-rotation coupling (perturbation) part. 
Therefore, the Hamiltonian operator was written as

where Ho is pure vibrational Hamiltonian including potential 
and TV-r represents the coupling between vibration and rota­
tion in the kinetic energy operator. The model potential func­
tion for a symmetric triatomic molecule with slight barrier 
to linearity was devised in Ref. 9 and developed further to 
include important coupling terms between vibrational modes 
in the expansion. In our case, the model potential function 
was expanded as

V(r\s,爪，x\b)=csf^+cafa2+Xi/fr2++ x3f/b 2+e^/r2

The 아!etching coefficients, cs and ca, are given initially wi比

Table 1. Expansion coefficients for the model potential function 
of an ABA triatomic molecule
V(r\s, +cJa +X1/,2-FxaAA2 +

tanhg) . i=a, b 
ai

户-exp(-菠； 

di

atomic mass mA — mass of LH, m=mass of 12C
potential parameter 必=0.8 ab=6.0 aa=lA
reference configuration41 /= 1.065 A0 9o=18O°
equilibrium configuration* re= 1.070 A0 Q=136°
barrier height to linearity 1000 cm-1

expansion coefficients'

cs 0.3484798
ca 65.17453
Xx -2.965045
X2 1364.669
X3 35.06913
£ 一 52.19362

十 is the bond length between atom B and atom A in the linear 
saddle point geometry defined in Ref. 5. bre is the equilibrium 
bond length between atom B and atom A. cIn units of hartree/ 
(A0)*1, where n = 2 for cs, caf X\\ m = 4 for x2; and m = 3 for x3, £.


