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Solution and frozen solution EPR spectra of a-l^^tHPVdVJVaWgO^]6- have been analyzed. The isotropic hyperfine 
coupling constants remain constant at 350-77K, indicating that the unpaired electron is delocalized over three vanadium 
atoms probably even in the ground state.

Introduction delocalized system. Therefore we are unable to say whether

Mixed-valence heteropolyaniori앙 containing vanadium 
(IV) and vanadium (V) show a variety of interesting EPR 
spectra. So far four types of solution spectra have been 
observed: a 15-line spectrum, for a-1,2-[SiV(IV)VW10O40]7', 
[P2V(IV)VW16O62]9-, and a -1,2-[PVdVJVWjoOJ6-;1'3 a 
22-line spectrum2 for [P2V(IV)V2W15O62]10_； a 36-line spec
trum2 for [HP2V(IV)V2W15O62]9-; and a 43-line spectrum 
for a-1,2,3-[HSiV(IV)V2W9O40]7-.

These compounds, represented in the abbreviated form 
below, may be classified in the following way:

(1) Compounds with edge-shared VO6 octahedra

the electron is rapidly hopping or delocalized on the basi응 of 
the solution EPR spectra for these mixed-valence com-
plexes; the low temperature spectra should be analyzed.

The polycrystalline EPR spectra of all edge-shared com
plexes show that the unpaired electron is trapped on one
vanadium atom at low temperatu호And the polycrystal
line spectrum of the comer-shared a-1,2,3 -[H2PV(IV)V2 
W9O40K doped into a diamagnetic host reveals clearly the
temperature-dependence characteristic of electron hop-
ping? This diprotonated species is equivalent to a-1,2- 
[PV(IV)VW10O40]6- and o -l,2-[SiV(IV)VW10O40]7- as far as
the EPR spectrum is concerned, for the protonated bridging

No. of lines: 15 22 36

oxygen atoms prevent the electron transfer effectiv시y. The 
latter compounds, not being very stable in solution, always 
아iow some impurity line도 in their polycry동talline EPR spec
tra. But the main spectrum was the same as that of [H2PV 
(IVN^WQ쇼% Thus all compounds except the species sho- 

be adequately deswing the 43-line solution spectrum can 
cribed by the hopping electron model.

(2) Compounds with comer-shared VO6 octahedr저

4|3

The multi-line pattern of each spectrum indicates that the 
unpaired electron interact응 with more than one 51V nucleus 
(/= 7/2). The question arises whether these EPR spectra 
originate from a thermally-activated electron hopping pro
cess or a ground state delocalization. For a system with a 
hopping electron, the transition probability for the in
tramolecular electron transfer decreases as the temper죠ture 
is lowered, and finally the electron is trapped on a 옹ingle 
vanadium atom. The EPR spectrum of such a system is 
strongly dependent on the temperature, and it can be simu
lated using the modified Bloch equation옹.' All four types of 
solution spectra could indeed be simulated on the basis of a 
hopping electron model.5 However, the resulting transition 
probabilities were much larger than the hyperfine coupling 
constants. When the unpaired electron is hopping very fast, 
the EPR spectrum can not be distinguished from that of a

The polycrystalline spectra of comer-shared^a-1,2,3- 
[HSiV(IV)V2W9O40]7- (HSiV3)12 and -' 
W0萨(HPV3) show no significant temperature depen
dence down to 77K, indicating that these compounds may be 
delocalized systems in their ground state* We have found

a-1,2,3-[HPV(IV)V2

that both solution and polycrystalline spectra of these com
pounds can be simulated reasonably using the d이。calization
model. Details are reported in this paper.

Experimental

Preparation of Compounds.1,2,3-1워?\，3卩「9°40] 
was prepared according to the method of Domaille.7 A solu
tion of this compound in pH 4.7 acetate buffer was reduced 
to one-electron reduction state by adding hydrazine dihydro
chloride.

EPR Measurements. EPR spectra were recorded on a 
Bruker EPR spectrometer (Model ER 200E) operating at 9.7 
GHz. The micro wave frequency wa 윰 measured by a Hew- 
lett-Packard frequency counter and DPPH was used as a 
g-marker. The frozen solution spectra were measured using
1:1 ethyleneglycol-water glass.

Results

Solution Spectra. The solution spectrum of HPV3 at 
80 °C is shown in Figure 1. It looks similar to the 43-line 
spectrum of HSiV3, but the intensity distribution is some-
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Figure 1. The solution EPR spectrum of a-l(2,3-[HPV(IV)V2W9 
O40]6-at80°C.

Figure 호• (A) The experimental and (B) simulated EPR spectra of 
a-l^^-tHSiVdVJVgWgO^7- at 80 °C. The Lorentzian line 
shape and the line width parameters c = 0.88, d = -0.086, and 
f= 0J81 mT were used in the simulation.

what different. The 43-line pattern was interpreted on the 
basis of the delocalization model.1 Since one bridging oxygen 
atom is protonated, there are two kinds of vanadium atoms, a 
unique atom and two equivalent ones. Thus eight hyperfine 
lines (hyperfine coupling constant, by the unique vana- 
dium atom will be split into 15 lines Qiyperfine coupling cons
tant, «2)each by two equivalent vanadium atoms. If aja2 is 
approximately 4, a 43-line pattern is obtained.

The positions of the hyperfine lines could be calculated 
using the following spin Hamiltonian:

百 韓(Z2+/3) (1)

The intensity distribution was more difficult to simulate. 
For ordinary oxovanadium complexes, the line width 卬 is

Ai(Z)

Figure 3. The orientations of three V 곡 O vectors in a-1,2, 
3-[HPV(IV)V2W9O4()]6~. The angle between any two V = O vec- 
tors is 3옹 气 One of the principal axes of each hyperfine tensor is 
assumed to lie along the V « O vector.

EPR spectra of a-l^^-tHPVdVJVzWgO^]6- at 150K. The Lorent
zian line shape and a line width of 1.0 mT were used in the simula
tion.

known to vary according to 산le formula

W=c-\~dm-\~fm2t (2)

where m is -I, -1+1,..., +1, and c, df and /are the line width 
parameters. For the systems considered here, each hyperfine 
line 德 related to three hyperfine states. Eq.⑵ was used to 
calculate the line width for each hyperfine state, and the 
average v긴ue for 나le three hyperfine states was used in the 
sim 비 ation.

The resulting pattern is in fair agreement with the spec- 
trum of HSiV3 as shown in Figure 2. The experimental spec
trum of HPV3 deviates mor은 from this pattern, indicating 
that 아le dependence of the line width on m is more complex. 
However, the positions of the hyperfine lines for HPV3 can 
be simulated reasonably. The resulting parameters are g = 
1.960, ar = 0.0063,13 and a2 = 0.0015 cm-1 for HSiV3, andg = 
1.960, 旳 그 0.0064, a2 - 0.0015 cm-1 for HPV3.

P이ycry&talHne Spectra. A frozen solution EPR spec
trum of HPV3 is shown in Figure 3(A). The spectrum consi
sting of 57 parallel lines is unchanged between 200 and 77K. 
A similar spectrum with slightly different intensity distribu
tion was observed for HSiV3.

In order to simulate this spectrum we consider a model 
system consisting of three V = O groups; see Figure 4. The 
unique V 느。group lies along the z axis, and the two equi
valent V = O groups cant away from this and from each other 
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by about 38 °.9 The EPR spectrum of this system may be 
described by the following spin Hamiltonian:

Theg and Ai tensors may be assumed to be axial with coinci
dent principal axes. The A2 and A3 tensors may also be as
sumed to be axial with the largest component along each 
V = 0 vector. Fifty-seven parallel lines can be obtained 
when the hyperfine splitting for V】is 6 times as large as that 
of V2(or V3) when the magnetic field is along the z axis. This 
shows that the hyperfine interaction with V2 or V3 is much 
smaller than that with VP

Perturbation theory gives the following expressions for 
the angular dependence of the g value and the hyperfine 
coupling constant for Vi10

hv=gBH+K、四 + 爲万( &茶1■) Y(저~1)— 湖

where 8 is the angle between the z axis and the magnetic 
mid and

£=g；cos¥+g：sin% ⑸

and

K：F=A：gWcos"+，B：g：sin¥. ⑹

The angular dependence of the last two terms in Eq. (3) is 
difficult to express in simple equations because the principal 
axes of these hyperfine tensors do not coincide with those of 
the g tensor. Since these terms 거re small and the ^anisotropy 
is not very large, we may use the following expression appli
cable when g is isotropic

K^= Ajcos2jf+B^sin2x 3=2 or 3), (7)

where % is the angle between the V = 0 vector and the mag
netic field for V2 and V3.

The experimental and calculated spectra are comp전red in 
Figure 3. The outer lines coUd be simulated reasonably, but 
some lines in the central portion of the spectrum did not 
match those in the measured spectrum. This may be due to 
the anisotropy in A tensors neglected in this simulation. The 
resulting parameters are13

&=1.940, g丄= L969

4=0.01245, 8=0.0040, A=0.00245, ^=0.0010cm-x.

Discussion

Isotropic hyperfine Coupling Constants. Both the 
solution and polycrystalline EPR spectra of HPV3 could be 
simulated on the basis of a delocalized electron model. It is of 
interest to compare the isotropic hyperfine coupling con
stants determined from the two spectra. The values from the 
polycrystalline spectrum are 4 = 0.0068 cm-1 and a2 = 0-0015 
cm”, which are quite close to the values determined from the 

solution spectrum at 80 °C. Since hyperfine coupling cons
tant is a measure of the unpaired electron density at vana
dium atoms, this result shows that the unpaired electron den
sity on each vanadium atom remains almost constant in the 
temperature range 350-77K. This is consistent with the 
delocalized electron model. Of course, we cannot exclude the 
possibility that the unpaired electron is trapped below 77K. 
If it were completely trapped at 10K, for example, the esti
mated activation energy is 140 cal/mol (50 cm-1). In the 
absence of experimental data below 77K, we can say that the 
electron is complexly delocalized or if it is hopping, the ac
tivation energy is very small.

Molec니mr Structure and Electron Transfer Rates. 
Low-temperature EPR spectra of the heteropolyanions con
taining vanadium (IV) and vanadium (V) show that the 이ec- 
tron transfer rates vary considerably depending upon the 
molecular structure. At 100K the unpaired electron is trap
ped on one vanadium atom when the VO6 octahedra are 
edge-shared, while it is hopping in [H2PV(IV) V 2W 9O4()]5_ 
and delocalized in [HPV(IV)V2W9O40]6- when the VO6 octa
hedra corner-shared. As was pointed out by Pope, etal,2 the 
V-O-V angle plays an important role in the electron transfer. 
The unpaired electron on occupies the 3d時 orbital which
has n symmetry with respect to the bridging V-0 bonds. 
Two 3dxy orbitals in the V-O-V group overlap via the pn or
bital of the bridging oxygen atom. Since the V-O-V angle is 
158° in the compounds with corner-shared VO6 octahedra,9 
a pn orbital is available for considerable extent of dn-pK-dK 
overlap. In the compounds where the VO6 octahedra are 
edge-shared, the V-O-V angle is 125 011 and the non-bon
ding orbitals of the bridging oxygen atom are close to the sp3 
orbital. Therefore, the extent of dn-pn-dK overlap is low, and 
the electron is trapped on a single vanadium atom at high 
temperatures. A similar argument can be applied to the pro
tonated bridging oxygen atom, which prevents the electron 
transfer effectively even at room temperature. When the 
bridging oxygen is protonated, it seems that d^-p-x-dn over
lap is negligible and the electron transfer is completely pre
vented.

We have shown that the species a-1,2,3-[HPV(IV)V2W9 
OJ6- and tr-1,2,3-[HSiV(IV)V2W9O40]7- are delocalized sys
tems quite probably in their ground states. It is interestin응 to 
note that the extent of electron trapping is quite different 
depending upon the molecular structure, and this may in
crease the usefulness of heteropolyanions in elucidating the 
mechanism of electron transfer in mixed-valence com
pounds.
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X-ray photoelectron spectra have been obtained and comparisons have been made for 1-2-3 and 2-1-1 phases of YBaCuO 
compounds. The photo이ectron binding energies of all the constituent elements are consistently larger for the 2-1-1 phase 
than for the 1-2-3 phase. The peak intensities reflect different stoichiometries of the two phases. For the superconducting 
1-2-3 phase, its degradation in air and interaction with water and carbon dioxide were examined by taking core level spectra 
of all 나】e 이ements. It appears that yttrium is the most affected by exposure to air, since it undergoes a rapid change to car
bonate when water and subsequently carbon dioxide are introduced.

Introduction

Since the discovery of YBaCuO superconductor with Tc 
higher than 90K, efforts have been made to elucidate the 
crystal and the electronic structures of the superconducting 
material. The study of the electronic structures of this high 
temperature superconductor by use of X-ray photoelectron 
spectroscopy has contributed much to the explanations of 
various phenomena such as the superconducting mechanism, 
effect of temperature,1,2 and degradation in air.3 As is well 
known, the YBaCuO superconductor is quite unstable in air, 
which will cause difficulties in its utilization. For the appli
cation of YBaCuO superconductor to be successful, it is 
necessary to understand its degradation mechanism. To this 
end, a careful examination of the changes of the 은upercon- 
ductor surfaces is required.

The nonsuperconducting 2-1-1 phase has rarely been 
studied by XPS, but since it is often formed during the pre
paration of the 1-2-3 phase and i앙 also considered to be a 
good candidate substrate for the 1-2-3 phase film, it will be 
quite informative to investigate the spectral differences be
tween this phase and the superconducting 1-2-3 phase. In 
this study, the core orbital binding energies of the elements 
in 1-2-3 and 2-1-1 phases of YBaCuO compounds were de
termined and compared. To investigate the degradation me
chanism of the 1-2-3 phase in air, spectral changes of the 
material were examined with time it was kept in air. The in
teraction of the material with water and carbon dioxide was 
also studied.

Experimental

To prepare the 1-2-3 phase, YBa^UgOy^, we used 
YBa2Cu3O6.5 powders purchased from Aldrich Chemical 
Company, Inc. without purification. The powders were 
pressed into pellets at 13600 psi. lhe pellets were then 
sintered at 950 °C in flowing oxygen for 2 hours. From X-ray 
diffraction pattern of the sintered body, it was found to con
sist of the 1-2-3 single phase only (Figure 1). The 2-1-1 
phase was made by pressing the equimolar mixture of YQ, 
Ba(OH)2, and CuO powders into pellets at 13500 psi followed 
by calcination at 900 °C for 18 hours and sintering at 940 °C 
for 24 hours.4 The phase of the fin긴 product was confirmed 
to be 2-1-1, also by XRD as shown in Figure 2.

The samples thus prepared were transferred into the fast 
entry airlock of 나禮 ESCALAB MK II (VG Scientific Ltd.) 
and scraped by a diamond file to expose clean surfaces. The 
pressure of the airlock was maintained at 10'8 torr during


