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manganese which iodide approaches so as to form (MeCp)Mn
(CO)s.

Once (MeCp)Mn{CO)L~ is formed, it may readily pick up
one CO to have (MeCp)Mn(CO).I", if only the dissolved CO
is available. The methy! cyclopropane from the reaction invo-
lving cyclopropylcarbinyl bromide may be assumed to sup-
port, in part, this concerted mechanism.

In conclusion, the last two reaction pathways, SET and
the concerted pathways may operate in competition in this
reaction.
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Vanadium oxide-zirconia catalysts were prepared by dry impregnation of powdered Zr{OH), with aqueous solution
of NH,VO,. The characterization of prepared catalysts was performed using *V solid state NMR, XRD, and DSC.
The addition of vanadium oxide up to 9 mol% to zirconia shifted the phase transitions of ZrO, from amorphous
to tetragonal toward higher temperatures due to the interaction between vanadium oxide and zirconia. On the basis
of results of XRD and DSC, it is concluded that the content of V;0Os monolayer covering most of the available zirconia
was 9 mol%. The crystalline V.05 was observed only with the samples containing V;0 content exceeding the formation

of complete monolayer (9 mol%) on the surface of ZrO,.

Introduction

Catalysts based on vanadia supported on various oxides
are used in a variety of industrial chemical process. Vana-
dium oxide catalysts in combination with various promoters
are widely used for several reactions including oxidation of
hydrocarbons,? ammoxidation of aromatics and methylaro-
matics,® and selective catalytic reduction of NOx by NH,!
These systems have also been found to be effective catalysts

*To whom all correspondence should be addressed.

for the oxidation of methanol to methylformate®® Much re-
search has been done to understand the nature of active
sites, the surface structure of catalysts as well as the role
played by the promoter of the supported catalysts, using inf-
rared (IR), X-ray diffraction (XRD), electron spin resonance
{E.S.R.) and Raman spectrascopy.f™* So far, silica, titania and
alumina'™~'* have been commonly employed as the vanadium
oxide supports, and comparatively very few works have been
reported for zirconia as the support for vanadium oxide. "'

It is well known that the dispersion and the structural
features of supported species can strongly depend on the
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support. Structure and other physicochemical properties of
supported metal oxides are considered to be in different
states compared with bulk metal oxides because of their in-
teraction with the supports. Solid-state nuclear magnetic re-
sonance (NMR) methods represent a novel and promising
approach to these systems. Since only the local environment
of a nucleus under study is probed by NMR, this methad
is well suited for the structural analysis of disordered sys-
tems such as the two-dimensional surface vanadium oxide
phases which is of particular interest in the present study.
In addition to the structural information provided by NMR
methods, the direct proportionality of the signal intensity
to the number of contributing nuclei makes NMR be useful
for quantitative studies. In the present investigation, the te-
chniques of solid-state *'V NMR, differential scanning calori-
metry (DSC), and XRD have been utilized to characterize
a series of V0 samples supported on ZrQ, with various
vanadia loadings.

Experimental

Catalyst Preparation. Precipitate of Zr(OH), was ob-
tained by adding aqueous ammonia slowly into an aqueous
solution of zirconium oxychloride at rocom temperature with
stirring until the pH of mother liquor reached about 8. The
precipitate thus obtained was washed thoroughly with distil-
led water until chloride ion was not detected, and was dried
at room temperature for 12 h. The dried precipitate was
powdered below 100 mesh,

The catalysts containing various vanadium oxide content
were preparated by dry impregnation of powdered Zr(OH),
with aquecus solution of NH,VQj followed by calcining at
high temperature for 1.5 b in air. This series of catalysts
are denoted by their mol% of V,0s. For example, 1-V,0:/Zr0O,
represents the catalyst containing 1 mol% V,0s.

Characterization. Catalysts were characterized in or-
der to determine the structure of the support as well as
that of vanadium oxide by means of a Jeol Model JDX-8030
diffractometer, employing Cu Ka (Ni-filtered) radiation.

Y NMR spectra were measured by a Bruker MSL400
spectrometer with a static magnetic field strength of 94 T.
Larmor frequency was 105.25 MHz. The ordinary single pu-
Ise sequence was used, in which the pulse width was set
at 0.8 ps and the repetition time was 0.1 s. The n/2 pulse
width adjusted for solution was 12 ps. The spectral width
was 1.25 MHz. The number of scans was varied from 1000
to 12000, depending on the concentration of vanadium. The
signal acquisition was started at 4 ps after the end of the
pulse. The sample was static, and its temparature was am-
bient (294 K). The spectra were expressed with the signal
of VOCI, being 0 ppm, and the higher frequency shift from
the standard was positive, Practically, 0.16 M NaVO, aqueous
solution (—574.28 ppm) was used as the second external
reference.”

DSC measurements were performed by a PL-STA model
1500H apparatus in air, and the heating rate was 5 K per
minute. For each experiment 10-15 mg of sample was used.

Results and Discussion

The crystalline structure of V,0s/Zr0, calcined in air at
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Figure 1. X-ray diffraction patterns of ZrO; calcined at different
temperature for 1.5 hr. O : tetragonal phase ZrQ., @ : monoclinic
phase Zr(,.

973 K

° 4 ° 673 K
T~ 623 K
L [] 1 1 1 !
20 30 40 50 60 70
28

Figure 2. X-ray diffraction patterns of 2-V,0:-ZrQ, calcined at
different temperature for 1.5 hr, O : tetragonal phase ZrO, @ :
monoclinic phase ZrQ,.

different temperatures for 1.5 h was examined. As shown
in Figure 1, ZrQ; was amorphous to X-ray diffraction up
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Figure 3. X-ray diffraction patterns of 9-V,0:-ZrO, calcined at
different temperature for 1.5 hr. O : tetragonal phase ZrO;, @ :
monoclinic phase ZrQO,.

to 573 K, with a two-phase mixture of the tetragonal and
monoclinic forms at 623-873 K, and a monoclinic phase at
973 K. Three crystal structures of Zr(,, tetragonal, monocli-
nic and cubic phases have been reported.’3?

However, in the case of supported vanadium oxide cataly-
sts the crystalline structures of samples were different from
that of ZrO; support. For the 2-V,0s/Zr0,, as shown in Fi-
gure 2, ZrQ; was amorphous up to 623 K. In other words,
the transition temperature from amorphous to tetragonal
phase was higher by 50 K than that of pure ZrO, X-ray
diffraction data indicated a tetragonal phase of Zr(, at 673-
773 K, a two-phase mixture of the tetragonal and monoclinic
ZrQ, forms at 873-973 K, and monoclinic ZrQ, form at 1073
K. It is assumed that the interaction between vanadium
oxide and Zr(Q, hinders the transition of Zr(, from amor-
phous to tetragonal phase.® The presence of vanadium stro-
ngly influences the development of textural properties with
temperature in comparison with pure ZrQ, Moreover, for
the sample of 5 and 9-V,05/Zr(Q;, the transition temperature
from amorphous to tetragonal phase was higher by 100 K
and 150 K than that of pure ZrQ,, respectively. That is, the
more the content of vanadium, the higher the transition tem-
perature up to 9 mol%. For the samples above 9 mol%, how-
ever, the transition temperature did not increase more suc-
cessively. These results are in agreement with those of DSC
described below. 5-V,0s/Zr(); was amorphous to X-ray diffra-
ction up to 673 K, with a tetragonal phase of ZrQ, at 773
K, a two-phase mixture of the tetragonal and monoclinic fo-
mos at 873-973 K, and a monoclinic phase at 1073 K. As
shown in Figure 3, 9-V.0s/Zr0O, was amorphous to X-ray diff-
raction up to 773 K, with a tetragonal phase of ZrO, at 873
K and a monoclinic form at 973-1073 K. No phases of vana-
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Figure 4. X-ray diffraction patterns of 15-V,0:-ZrQ; calcined
at different temperature for 1.5 hr. G : tetragonal phase ZrO,,
@ : monoclinic phase ZrQ,, A : orthorhombic phase V,O., W : cu-
bic phase ZrV,0,.

dium oxide were observed up to 9 mol% at any calcination
temperatures below 1073 K, indicating a good dispersion of
vanadium oxide on the surface of ZrQ, support due to the
interaction between them. These results are in good agree-
ment with those of 'V NMR described below.

As shown in Figure 4, however, for 15-V,0s/ZrO; cubic
phase of ZrV,Q; phase were observed only in the samples
calcined at 873 K, and the diffraction patterns at 973 K may
point to a coexisting crystalline V;Os phase. At 1073 K of
calcination temperature the peak intensities of ZrV,0; dec-
reased to some extent, resulting from thermal decomposition
of the ZrV;0; into zirconia and vanadia® Consequently, for
sample calcined at 1173 K ZrV;0; phase disappeared due
to the complete decomposition of ZrV,0,, remaining only V,Os
phase and monoclinic phase of ZrO,. These results are in
agreement with those of °'V solid-state NMR described be-
low. In view of NMR (Figure 6), for high V,0; loading sam-
ples, 15-V,0s/Zr0, and 20-V;0s/ZrC; calcined at 673 K the
crystalline of V(s is observed clearly. However, as shown
in Figure 4, the crystalline V;0; on X-ray diffraction pattern
is not found at 673 K of calcination temperature. This indica-
tes that for samples calcined at 673 K the V,05 crystallites
formed are less than 4 nm in size, that is, beyond the detec-
tion capability of the XRD technique.

In X-ray diffraction pattern, it was shown that the struc-
ture of V,0:/Zr0, was different depending on the calcined
temperature. To examine the thermal properties of precusors
of samples more clearly, their thermal analysis was carried
out and illustrated in Figure 5. For pure ZrO,, the DSC curve
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Figure 5. DSC curves of precursors of catalysts: {a} ZrO,, {b)
1-V,04/Zr0s, (©) 5-V:0i/Zr0, (d) 9-V:0s/Zr0s, (e} 15-V,05/Zr0,,
) 20-V,0:/ZrQ;, and (8) NHVO,.

show a broad endothermic peak below 453 K due to water
elimination, and a sharp and endothermic peak at 702 K
due to the ZrQ, crystallization In the case of V,0:/Zr0;,
two additional endothermic peaks appeared at about 454 and
563 K due to the revolution of NH, and H;O decomposed
from NH,VO; Also, it is considered that an endothermic
peak at 947 K is responsible for the melting of V,0s and
an exothermic peak around 989 K is due to the formation
of ZrV,0; crystalline described in X-ray diffraction patterns.
However, it is of interest to see the influence of vanadium
oxide on the phase transition of ZrO; from amorphous to
tetragonal phase. As Figure 5 shows, the exothermic peak
due to the phase transition appears at 702 K for pure ZrQ,,
while for V,0./Zr0, samples it is shifted to higher tempera-
tures. The shift increases with increasing vanadium oxide
content up to 9 mol% of V,0s. Consequently, the exothermic
peaks appear at 710.1 K for 1-V,04/Zr0,, 830.7 K for 5-V,0s
/ZrO; and 8746 K for 9-Vo,0u/Zr(,,

For the samples above 9@ mol% of V.05 however, the shift
of transition temperature did not occur more successively,
resulting in agreement with those of X-ray diffraction patte-
rns described above. For the samples above 9 mol%, no more
shift of transition temperature means that the content of
vanadium oxide exceeding 9 mol% does not interact with
the surface of zirconia. Moreover, as shown in Figure 5, the
results that the endothermic peaks at 947 K due to the mel-
ting of V,0; are not observed for samples containing low
content of V,Os up to 9 mol% support the above discussion
more absolutely. That is, it is clear that the interaction bet-
ween V,0 forming monolayer on the surface of ZrQO, and
zirconia prevents V,0s from melting and then only the
amount of V;0; exceeding 9 mol% melts easily.
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Figure 6. Solid-state 'V NMR spectra of V,0s/Zr0; catalysts
calcined at 673 K.

On zirconia the V,0s may be present as a monomolecular
dispersion, covering most of the available surface.” The sur-
face area of 9-V,0s/Zr(. calcined at 673 K is 1500 m%*/g
which is mainly contributed by ZrO,, because V,0s plays a
role to protect catalyst from sintering. So, we can calculate
the area of one V,O; molecule occupying the surface of ZrQ;,
resulting in 2.3 molecules nm™2 This result is very similar
with 2.4 molecules nm™? reported by Hatayama et al* In
view of results of XRD, DSC, and surface area of V,0s, it
is concluded that the content of V.05 forming complete V,0s
monolayer on the surface of zirconia below transition tempe-
rature of Zr(, is 9 mol%. It is relavent that the strong inte-
raction between vanadium oxide and zirconia delays the tra-
nsition of ZrO, from amorphous to tetragonal phase.

Solid state NMR methods represent a novel and promising
approach to vanadium oxide catalytic materials. The solid
state 'V NMR spectra of V,0s/Zr(); catalysts calcined at 673
K are shown in Figure 6. There are three types of signals
in the spectra of catalysts with varying intensities depending
on V05 content. At the low loadings up to 9 mol% V,0s
a shoulder at about —300 ppm and the intense peak at —
550-650 ppm are observed. The former is assigned to the
surface vanadium-oxygen structures surrounded by a distor-
ted octahedron of oxygen atoms, while the latter is attributed
to the tetrahedral vanadium-oxygen structures?®

However, the surface vanadium oxide structure is remark-
ably dependent on the metal oxide support material. Vanad-
ium oxide on TiO, (anatase} displays the highest tendency
to be 6-coordinated at low surface coverages, while in the
case of y-AlO; a tetrahedral surface vanadium species is
the favored® As shown in Figure 6, at low vanadium load-
ing on ZrQ, a tetrahedral vanadium species is exclusively
dominant compared with a octahedral species. In general,
it is known that low surface coverages favor a tetrahedral
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Figure 7. Solid-state *'V NMR spectra of 15-V,0./ZrO;, catalysts
calcined at different temperature.

coordination of vanadium oxide, while at higher surface co-
verages vanadium oxide hecomes increasingly octahedral-
coordinated.

The relative NMR signal intensities have been analyzed
by appropriate curve fitting as shown in Figure 6. For 2-V,0;
/ZrQ, the peak area under the vanadium signal was 86.5%,
while that of octahedral species was estimated to be 13.5%.
For 5-V;0s/ZrQ; and 9-V,0s/ZrQ; the percentage of the octa-
hedral NMR peak areas was estimated to be 17.6% and 21.7
%, respectively. Namely the relative amount of octahedral
vanadium species increased with increasing vanadium load-
ing. This finding agrees with earlier results of other work-
ers.®% Increasing the V,05 content on the Zr(:» surface cha-
nges the shape of the spectrum to a rather intense and sharp
peak at about —300 ppm and a broad low-intensity peak
at about —1400 ppm, which are due to the crystalline V.0
of square pyramid coordinaton.

The spectra of 15-V,0s/ZrQ; calcined at various tempera-
tures are shown in Figure 7. The shape of the spectrum
is very different depending on the calcination temperature.
For sample calcined at 673 K, a sharp peak at —300 ppm
due to the crystalline V,0Os and an intense peak at —613
ppm attributable to V atoms in tetrahedral environment are
observed. However, for sample calcined at 873 K, in addition
to the above two peaks a sharp peak at —800 ppm due
to crystalline ZrV,0; appeared, indicating the formation of
a new compound from V,Os and Zr(Q, at high calcination
temperature. As shown in Figure 4, for samples calcined
at 873-1073 K X-ray diffraction patterns of ZrV;Q; was obser-
ved. Roozeboom ef al. reported the formation of ZrV;0Q; from
V.0; and ZrQO, at 873 K of calcination temperature.* At
1073 K of calcination temperature only a peak at —802 ppm
due to ZrV,0; phase appeared, saying that most of V,0s on

Jong Rack Sohn et al.

the surface of ZrO, was consumed to form ZrV:O; compound.
However, at 1173 K of calcination temperature we can obse-
rve only a sharp peak of crystalline V,0; at —294 ppm, indi-
cating the decomposition of ZrV,0;. These results are in
good agreement with those of X-ray diffraction patterns in
Figure 4. In X-ray diffraction pattern of 15-V,0s/ZrQ. calci-
ned at 1173 K we can observe the presence of crystalline
V20, and monoclinic ZrQ, produced through the complete
decomposition of ZrV,0.

Conclusions

The interaction between vanadium oxide and zirconia inf-
luences the physicochemical properties of prepared catalysts
with calcination temperature. The presence of vanadium
oxide delays the phase. transitions of zirconia from amor-
phous to tetragonal in proportion to the vanadium oxide con-
tent up to 9 mol%. On the basis of results of DSC, XRD
and 'V solid-state NMR, the V,0s content forming complete
monolayer on the surface of ZrQ, was estimated to be 9
mol%. Below transition temperature of Zr(, from amorphous
to tetragonal phase the ZrO. stabilizes supported vanadium
oxide and vanadium oxide up to 9 mol% is well dispersed
on the surface of Zr(),. However, V,0; loading exceeding
the formation of complete monolayer (9 mol%) on the surface
of ZrQ, was well crystallized and observed in the spectra
MY solid-state NMR,
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Decay of the spin label attached to cytochrome ¢ or to stearic acid has been measured by electron paramagnetic
resonance {EPR) spectroscopy to monitor membrane oxidation induced by cytochrome ¢-membrane interaction. Binding
of cytochrome ¢ sequestered the acidic phospholipids and membrane oxidation was efficient in the order linoleic»
oleic>stearic acid for a fatty acid chain in the acidic phospholipids. The spin label on cyt ¢ was destroyed at pH
7 whereas that on stearic acid embedded in the membrane was destroyed at pH 4, presumably due to different
modes of cyt c-membrane interaction depending on pH. Interestingly, cyt ¢ also interacts with phosphatidylethanola-
mine, an electrically neutral phospholipid, to cause rapid membrane oxidation. Both EPR and fluorescence measureme-
nts indicated that electrostatic interaction is at least partially responsible for the process.

Introduction

Cytochrome ¢ (Cyt ¢) is a peripheral membrane protein
in the intermembrane space of mitochondria. Being abundant
in lysine residues, the protein carries a large positive charge
at physiological pH. The inner mitochondrial membrane, on
the other hand, is rich in cardiolipin (CL) which makes the
membrane surface electrically negative. Therefore cyt ¢ is
expected to interact electrostatically with the inner mem-
!)rane.1 The consequences of the cyt c-membrane interaction
include alteration in the heme coordination state? partial
unfolding of the polypetide,® and disruption of the bilayer
structure,*® It is not clear if such interaction plays a role
in vivo. Gupte and Hackenbrock® argued that ionic streng-
th in the intermembrane space is too high for cyt ¢ to inte-
ract electrostatically with the membrane. Recently, however,
the same group’ reported that a fraction of cyt ¢ interacts
with the membrane even under the condition of high ionic
strength. Rytomaa and Kinnunen® suggested that the inter-
action of cyt ¢ and acidic membranes is not electrostatic in
nature at low pH. In their model, the protonated phosphate
group of a phospholipid forms a hydrogen bonding network
with an arginine residue of ¢yt ¢. Therefore cyt ¢ may well

interact with the inner mitochondrial membrane under cer-
tain conditions.

Using spin-label EPR techniques’ we were able to dis-
tinguish spectroscopically different states of bound cyt ¢ at
pH 7 and 4. During the experiments, however, we found
that the EPR intensity of the spin label attached to cysteine-
102 decayed rapidly when cyt ¢ was allowed to interact aero-
bically with a membrane that contained acidic phospholipids.
A similar observation was made some 20 years ago by Brown
and Wiithrich,'® who used horse heart cyt ¢ with a spin label
attached to methionine-65. Kinetic properties are rather com-
plicated but a few things about the phenomenon are obvious
from their work: electrostatic interaction between positively
charged cyt ¢ and a negatively charged membrane is requir-
ed; both a lipid oxidation product, if pre-existent, and oxygen
are involved; and the spin label on cyt ¢ as well as that
inside the membrane is destroyed. The lipid oxidation pro-
duct, a reactive species that destroyed the spin labels, may
be lipid hydroperoxides which undergo homolytic scission
by the heme. In addition, Goni and coworkers'*? included
the binding of cyt ¢ to the membrane and the presence of
cyt ¢ in the oxidized state as the requirements for the mem-
brane oxidation. Other heme proteins are also known to



