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A superconducting phase La,CuO,,; (T,=44 K} has been prepared by electrochemical oxidation which allows
the oxygen to intercalate into the La,0, layers. According to the Cu K-edge X-ray absorption near edge struc-
ture spectroscopic analysis, the oxidized phase shows an overall spectra shift of about 0.5 eV to a higher en-
ergy region compared to the as sintered one with the occurrence of an additional peak corresponding to the
transition to the |1s'3d™'L~'4pc'> final state, indicating the oxidation of CuO, layer. From the X-ray pho-
toelectron spectroscopic studies, it is found that the binding enetgy of La 3d;, is significantly shifted from 834,
3 eV (as sintered La,CuQ,) to 833.6 eV (as electrochemically oxidized La,CuQ,,s), implying that the covalency
of the (La-O) bond is decreased due to the oxygen intercalation. The O s spectra do not provide an evidence
of the superoxide or peroxide, but the oxide (0?7} with the contaminated carbonate (CO,*") based on the peaks
at 529 ¢V and 532 ¢V, respectively, which is clearly confirmed by the Auger spectroscopic analysis. Oxygen
contents determined by iodometric titration (8=0.07) and thermogravimetry (8=0.09) show good coincidence
cach other, also giving an evidence for the "O” " nature of excess oxygen. From the above results, it is con-

cluded that "O? " appeared as O 1s peak at 528.6 eV is responsible for superconductivity of La,CuO,,;.

Introduction

The undoped La,CuQ, shows the filamentary supercond-
uctivity’ and, after the treatment such as high oxygen pres-
sure annealing or chimie douce (soft chemistry) reaction, it
becomes superconducting with 7, between 30 and 44 K.**
Thanks to the intensive studies on this superconducting sys-
tem, it is now widely accepted that the formation of Cu®*
ion makes a crucial role for the superconductivity.** On the
other hand, the nature of the counter anion, namely, excess
oxygen is still ambiguous for the present. Schirber et al® re-
ported that the excess oxygen species in La,CuQ,,; are in
tercalated as the superoxide, O,, on the basis of thermo-
gravimetric analysis (8=0.13) and jodometric titration (&=
0.032). Subsequently, the above argument was supported by
Rogers et al” using X-ray photoelectron spectroscopy
{XPS). On the contrary, there were some papers against the
identification of superoxide ion in La,CuO,; Zhou et al®
pointed out that in La,CuO,,; (6=0.05), the type of excess
oxygen responsible for superconductivity is not superoxide
jon, but "0O? ", Also, XPS study of the oxygen enriched La
,Cu0y,; (8=0.03) was carried out by Strongin et al.° who in-
dicated only a single peak at 529 ¢V without any evidence
of superoxide ion in the lattice.

Some problems for identifying the nature of excess ox-
ygen may arise due to an intrinsic small oxygen content as
well as analytical tools such as surface-sensitive XPS, iodo-
metric titration, and thermogravimetric analysis (TGA).

According to the TG thermograms and magnetic data re-
ported previously,” the deintercalation reaction of excess ox-

ygen occurs between 80 °C and 250 °C. Physically ad-
sorbed species, such as hydroxyl groups, water molecules
and carbon related molecules, result in a considerable
weight-loss in TGA. Since the binding energies of the O s
electron of physically adsorbed species (OH groups, H,O,
carbon-related molecules, etc.) are very similar to one anoth-
er, the loss may give rise to a serious misinterpretation of
the XPS spectra. It is, therefore, difficult to interpret the na-
ture of excess oxygen appeared in the XPS spectra of
La,Cu0,,; (6=0.03, with very small oxygen content) wheth-
er they are oxide (0?'), peroxide (0,°7), ot superoxide ions
(0,7).

Recently, Grenier er al. have proposed the oxygen dif-
fusion model in electrochemical oxidation based on the re-
versible electron transfer between metal and oxygen.! In
the hypothesis, they argued that an oxide ion adsarbed on
the electrode surface gives an electron to the metal cation
and transforms to a peroxide one during the diffusion pro-
cess. This peroxide recovers its electron after the diffusion
and is stabilized as an oxide specices in the lattice,

In the present paper, spectroscopic evidences for the
above suggestion based upon XPS and X-ray absorption
near edge structure (XANES) of the La,CuQ,,; produced by
an electrochemical oxidation will be discussed with TGA,
iodometric titration, and Auger emission spectroscopy (AES)
in order to elucidate the chemical nature of excess oxygen.

Experimental

The La,CuQ, has been prepared by conventional solid
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state reaction from a stoichiometric mixture of dried La,0O.
and CuO which are heated in air at 1050 °C for 18 hrs, sint-
ered in air at 1050 °C for 16 hrs and then quenched. Ex-
perimental conditions of the electrochemical oxidation for
La,Cu0, have been previously described.'™? Sintered disk (8
mm in diameter, ~2 mm in thickness) of the pristine
La,CuQ, was used as a working electrode. The pellet was
attached to copper rod with silver paste, then the rod and
the Teflon cast was filled with the insulating Epoxy resin to
protect the rod from the electrolyte (1 N KOH).

This working electrode was placed at the center of the
larger vessel in two-compartment cell. Hg/HgO reference
electrode (E vs. SHE=+98 mV at pH 14} was then placed
near the working electrode. Pt coil used as a counter elec-
trode was placed in the smaller vessel of the reaction cell.
Electrochemical oxidation was carried out at room tem-
perature under air by applying constant potential of +450
mV (vs. Hg/HgO electrode).

The elemental analysis of La and Cu was achieved by in-
ductively coupled plasma-emission spectroscopy (ICP) with
a Labtam 8400 spectrometer, and the oxygen content was
estimated, assuming O°" species, from the value of the Cu**/
Cu®* ratio, which was determined by the iodometric titra-
tion.”” In order to estimate the oxygen content, TGA
(Setaram thermobalance MTB-10-8 model) was also per-
formed with a heating rate of 1 °C/min under Ar at-
mosphere (flow rate=5 ml/min).

Electrical resistivity measurements were performed by us-
ing conventional four probe method with temperature range
from room temperature to 10 K. The variation of mag-
netization and magnetic susceptibility as a function of ap-
plied magnetic field and of temperature were examined by a
FONER type vibrating sample magnetometer.

X-ray photoelectron spectra were recorded as a function
of sputtering time on a PHI 5100 Perkin-Elmer spectro-
meter (resojution: £0.2 eV). Unmonochromatized Mg-K,
radiation of 1253.6 eV was used and the base pressure in
the spectrometer was in the order of 2.0% 107" torr. The
binding energies were corrected from the known reference
(binding energy of C 1s: 284.6 eV). Auger emission spectra
were registered with the excitation source of 3 keV using
Physical Electronics 590.

The X-ray absorption spectroscopic measurements have
been carried out at the beam line of BL7C and 10B in Pho-
ton Factory at Tsukuba, Japan, running at 2.5 GeV with a
stored current of ca. 300-360 mA. Samples were ground to
fine powders in a mortar with nujol as a diluent, and then
spread uniformly onto an adhesive tape, which was folded
into some layers to obtain an optimum absorption jump
{Apr= 1) enough to be free from the thickness and pin-hole
effects.

Results and Discussion

Electrochemical oxidation. The electrochemical
behavior of La,Cu0, in 1 N KOH solution, in the potential
range 200<E <800 mV, shows an oxidation plateau A
(arrow A in Figure 1) between 600 and 800 mV just before
the oxygen evolution.

The potentials may correspond, in the potential-pH di-
agram of copper,* 10 those of possible theoretical equilibria

Bull. Korean Chem. Soc, 1997, Vol. 18, No. 9 917

s be”

PLATEAU A
.

3 500 700

i (mA.cm? 7 Sg)

£ (mV /{HgO/Hg)

Figure 1. Cyclic voltammogram for La,CuQO, in 1 N KOH (6
mVs™).

which are concemed with hydrated oxide of oxyhydroxides
of Cu”, Cu"™ or even Cu'. However, the latter with such a
high oxidation state is doubtful. A study as a function of po-
tential and various sweep rates has shown that the best con-
dition for oxidizing this material was 450 mV.

The poteatial value at i=0 (E=0) measured before po-
larization (350 mV} increases up to 400 mV after the po-
larization. As this potential is correlated both to the in-
volved redox couple and to the value of the Fermi level en-
ergy of the material, this change implies at least a no-
ticeable modification of its surface.

Physicochemical characterization, In oxygen evo-
lution reaction, it is well known that OH ions in alkaline
electrolyte are adsorbed on the electrode surface (or metal
oxide surface), and continuously transformed into the type
of (O)ads., which finally followed by the oxygen evolution
through an electron transfer step."

So, the oxygen species may gradually diffuse into the
La.CuQ, lattice and at the same time, the transition metal
ions (here, Cu™) are oxidized to a higher valent state. Bas-
ed on the oxidation phenomena, we performed elec-
trochemical treatments at an applied potential of 450 mV be-
fore oxygen evolution.

After electrochemical oxidation of the La,CuQ, pellet, it
was cleaned with distilled water and absolute alcohol, dried,
and then characterized. The refined unit cell parameters det-
ermined from XRD pattems as shown in Figure 2 are as fol-
lows:

i) before oxidation; a=5.352 A, b=5.405 A, and c=13.154 A

ii) after oxidation; a=5.351 A, b=5.420 A, and ¢=13.227 A.

As shown in Figure 2, La,CuQ,,; after oxidation exhibits
an enhanced orthorhombic distortion with an expansion of
unit cell volume (AV/V=0.8%) mainly due to the increase of
¢ parameter. The distortion implies that some oxygens are
introduced into the La,CuQ, lattice during electrochemical
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Figure 2. X-ray diffraction pattems of La,CuO, before and after
electrochemical oxidation.

oxidation.

After oxidation, the electrical resistivity was measured as
a function of pellet thickness in order to examine whether
our electrochemical treatment is only a simple surface ox-
idation technique or not. For this treatment, a dense
La,;Cu0O, ceramic with about 90% of theoretical density (¢ =
8 mm, h=2 mm) has been embedded in epoxy resin and
polished. After electrochemical treatment, the temperature
dependent electrical resistivity has been measured for the
La,CuQ, ceramic ground with sand paper. As presented in
Figure 3, approaching to the electrode surface which was
supposed to be more exposed to electrolyte (1 N KOH), the
electrical resistivity becomes lower. Finally the lowest resis-
tivity, which is the same as that of electrode surface, is ob-
served at =1.0 mm measured from the pellet surface (T o000
=50 K, T, =44 K).

The result indicates that the electrochemical oxidation al-
lows the La,Cu0Q, ceramic to oxidize not only at the surface,
but also in the bulk. Thus, the oxidized species diffuse gra-
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Figure 3. The electrical resistivity as a function of pellet thick-
ness for La,CuQ,,;.
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Figure 4. Temperature dependence of the diamagnetic suscepti-
bility of La,CuQ,,; after electrochemical oxidation.

dually into the bulk of ceramic during electrochemical ox-
idation.

The magnetic susceptibility value measured under a mag-
netic field of 100 Oe becomes negative below 44 K (Figure
4), which is consistent with the resistivity data.

The La/Cu ratio in the starting material La,Cu0Q, is es-
timated as a stoichiometric one (La/Cu=2.00+0.01) using
ICP. The oxygen contents determined by iodometric ti-
tration are as follows:

i) Before oxidation; La,CuQ, .0

ii) After oxidation; La;CuOy g7+ 001

Figure 5 represents TG thermograms performed under the
same conditions for three pellets. The curve (I) was ob-
tained from La,CuQ, after electrochemical treatment, and
the curve (II) after immersion in the electrolyte without an
applied potential. It is worthy to note here that the X-ray dif-
fraction pattern and the electrical resistivity of La,CuQ, aft-
er immersion in 1 N KOH solution were not changed as the
starting material. The curve (III) corresponds to the starting
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Figure 5. The excess oxygen content in La,CuQ, ;.
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Figure 6. La(3d) XPS spectra of La,CuQ,,; before and after elec
trochemical oxidation.

material La,CuQ,q. The difference between curves (I) and
(IT) is given in the inset of Figure 5.

The weight loss begins below 100 °C, and remains con-
stant around 250 °C.

The excess oxygen corresponds to 6=0.09 which is in
good agreement with the value of iodometric titration (8=
0.07).

Such a good coincidence between iodometric titration and
thermogravimetric analysis implies that the nature of excess
oxygen is mainly "0’ "

XPS and XANES analyses. Figure 6 represents the
La 3d core level binding energy for La,CuQ, before and aft-
er electrochemical oxidation. After curve fitting, the La 3ds,
peak for the oxidized La,CuO,,; appears to be shift to the
lower energy side by about 0.7 ¢V than that of the pristine
La,CuO, (before oxidation).

As Chaillout et al. reported previously,' since excess ox-
ygens are introduced into the La,O, planes, and the coor-
dination number of La increases from 9 to 10, the co-
valency of the (La-O) bond decreases with an increase of
bond distance. Therefore, the binding energy of La 3ds, be-
comes smaller after electrochemical oxidation.

However, the Cu 2p binding energy shifts could not be
observed after electrochemical oxidation as shown in Figure
7. In X-ray photoelectron spectra of LaCuQ,,” the binding
energy of Cu 2P,, is shifted 2.5 eV to higher energy side
compared to La,CuQ,. Since the increase of Cu* content
after electrochemical oxidation was only about 14% as det-
ermined by the iodometric titration, no considerable chem-
ical shift was observed within the resolution range of spec-
trophotometer (==(1.2 eV).

In order to solve this problem, we have performed the Cu
K-edge X-ray absorption spectroscopic analysis for La,CvuO,
before and after electrochemical oxidation because the fine
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Figure 7. Cu(2p) XPS spectra of La,CuQ,,; before and after
electrochemical oxidation.

spectral featres in XANES region could provide an in-
formation even on the small modification of electronic and
geometric structures. Figure 8 shows the Cu K-edge
XANES spectra and their second derivatives of the pristine
La,CuQ, and the electrochemically oxidized La,CuO,y;, to-
gether with the divalent and trivalent copper oxide ref-
erences of Nd,CuQ,, LaCuQ,, and La,Li,Cu,s0, for com-
parison.

It is worthy to note here that there is an overall peak shift
of about 0.5 eV to a higher energy region in the spectrum
after electrochemical oxidation, indicating the enhancement
of oxidation state of CuQ, layer. The electrochemical ox-
idation has a more remarkable effect on the fine spectral fea-
tures. As shown in Figure 8b, the spectrum of La,CuQ,.
exhibits an additional peak A' which is absent in that of
La,CuQ,. According to the previous X-ray absorption spec-
troscopic study,® the split peaks of A and A' comespond to
the transitions to the |1s'3d™'L '4pn'> final state and to the
|1s'3d™'L" '4pc’> one accompanied by shakedown process,
respectively. Although the former transition through m-bond-
ing channel occurs generally for most of divalent copper
ion, the latter one along the 6-bonding is not allowed due
to the strong electrostatic repulsion with in-plane oxygen li-
gands.

For ihis reason, the peak A' comesponding to the tran-
sition to [1s'3d™'L '4pc’> is not observed for all the
present divalent reference spectra of Nd,CuQ, and La,CuQ,.
However, in case of La,LiysCuys0, with trivalent copper,
the shakedown process along the o bonding as well as
along the & bonding is allowed since the increase of copper
valence makes the charge transfer from oxygen ligand to
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Figure 8. Cu K-edge XANES (a) spline and (b) second deri-
vative spectra of La,Cu0, before and after electrochemical ox-
idation, together with the reference spectra of Nd,CuO,, LaCuQ,,
and La,Li,Cu,sC,.

copper electrostatically favorable. In this respect, the oc-
currence of the peak A’ in the spectrum of La,CuQ,4; pro-
vides an evidence on the partial formation of Cu" ion upon
electrochemical oxidation, indicating the oxidation of CuO,
Jayer.

The binding energies of O 1s were assigned after curve-
fitting (Figure 9). Particularly, afier electrochemical ox-
idation, the O 1s binding energy of 5324 eV was found to
be very similar to that of 532.1 eV observed by Rogers et
al.” They interpreted that such a high binding energy is ap-
preciably correlated with the contaminated species in the
near-surface region of the La,CuO, ceramic even in the
blank sample. They also attempted to remove the car-
bonated species by annealing the samples at 925 K for 24
hrs. However, we think it is not sufficient to remove the car-
bonated species completely under their annealing conditions.
Reversely, Strongin et al® pointed out that the O 1s peak at
532.2 eV was nearly removed by surface scraping in the
La,CuQ,,; ceramic, and they obtained only a single peak at
529 eV corresponding to "0 ", In our experiment, however,
both the carbonated species and the hydroxyl one can be in-
troduced into the bulk through open pores and grain boun
daries of the ceramic sample during electrochemical ox-
idation in an aerated KOH solution. Auger emission spec
troscopic analysis confirms the presence of carbonated
species which appeared at 532.4 ¢V in X-ray photoelectron
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Figure 9. O(1s) XPS spectra of La,CuQ,,; before and after elec-
trochemical oxidation.
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Figure 10. Auger emission spectra of La,CuO,,; (§=0 and 0.07).
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Figure 11. Atomic percentage of La,CuQ,,; before and after
electrochemical oxidation.

spectra of the electrochemically oxidized La,CuO,,; ceramic.

As shown in Figure 10, it is clearly seen that new Auger
lines corresponding to potassium and carbon were appeared
after electrochemical oxidation in an aecrated KOH solution.
As the Auger emission spectroscopy is highly dependent on
surface matrix effects, the depth profile is necessary to ex-
amine the presence of contaminated layers.

Figure 11 shows the atomic percentage of La,CuO, ma-
terials before and after electrochemical oxidation. The
atomic percentages (La, Cu, and O) of La,CuO, materials
are nearly constant even after Ar-ion sputtering (250 A/min).
In particular, the percentages of potassium and carbon
atoms produced during electrochemical oxidation are only
slightly decreased despite of the prolonged sputtering time.
This experimental evidence is clearly consistent with the O
1s binding energy of 532.4 ¢V, which is originated from
the carbonated species contaminated during electrochemical
oxidation as shown in Figure 10.

According to the thermal evolution of magnetic sus-
ceptibility of La,CuQ, before and after oxidation at T>T, as
represented in Figure 12, it shows the Pauli-type paramag-
netization after oxidation, which is well consistent with the
enhanced metallic character,

From the above findings, it is concluded that the nature
of excess oxygen stabilized in electrochemically produced
La,CuQ,,; lattice is oxide ion, “0*™". No evidence for the
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formation of peroxide or superoxide can be found. It is also
certain that O~ appeared as the O 1s peak at 528.6 ¢V
gives rise to the partial formation of Cu®, which is respon-
sible for the superconductivity of La,CuQ,,s.
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Conformational Transition of Form II to Form I PoLy(L-proline)
and the Aggregation of Form I in the Transition:
Water-Propanol Solvent System |
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The conformational transition of poly(L-proline) (PLP), Form IT— Form I and the intermolecular aggregation
of the product, Form I, during and after the transition in water-propanol (1:7, 1:9, 1:15.7, and 1:29 v/v)
were studied. For the study, the viscosity change and excess light scattering intensity were measured in the
course of the transition which was determined by the Form I fraction, f; of the sample solution. For the PLP
sample of molecular weight M,=31,000 the experimental results show that the reaction course is roughly di-
vided into three regions: in the first region [f,=0.27 to 0.40 (- [a];=400 to 330)], the conformational change of
Form 11 — Form I occurs with decrease of viscosity, in the second region {f;=0.40 to 0.80 (- [a],=330 to 120)],
a partial side-by-side (p-S-S) type aggregation in which Form I blocks interact with each other, which induces
the increase of viscosity, starts to occur, and in the third region [f=0.80 to 1.00 (- [&],=120 to 15)], a side-by-
side type (raft like) aggregation of Form I or an end-to-end (E-E) type aggregation occurs according to the sol-
vent situation, f.e., in a water-rich medium [water-propanol (1:9 or 1:7 v/v)], the (S-S) type aggregation with
a gross decrease in viscosity oceurs while in a water-poor medium [water-propanol (1:29 or 1:15.7 v/v), the
{(E-E) type aggregation with a large increase in viscosity occurs. The (S-S) type aggregation was promoted at
high temperatures. Based on the structure of PLP, a reasonable mechanism for the (p-S-8) and (S-S) aggre-
gation which occurs with the transition of Form IT— Form I is considered. The suggested mechanism was also

supported by the result of chain length effect of PLP for the aggregation.

Introduction

As well known, ploy(L-proline) (PLP) is a pelyimino
acid polypeptide which, unlike poly-ct-amino acid po-
lypeptides, having no amide hydrogen (-NH), cannot form
intermolecular hydrogen bonds and its compound distinctly
existed as two helical forms, Form I and Form 11, not only
in the solution,'”'? but also in the solid state.”* Form I is a
right-handed helix (RHH} (3.3 peptides per turm, 10,) with
all the peptide bonds in the cis conformation, and the Form
II is a left-handed helix (LHH) (three peptide per tum, 3,)
with all the peptide bonds in the trans conformation. Struc-
turally, Form I is more compact and rigid while Form [I is
comparatively extended. A reversible transition of Form [ &
(RHH) Form IT (LHH) is induced by appropriate changes of
the solvent conditions.'"" Transition Form I-— Form II oc-
curs in water and aliphatic acid, and its contrary transition
occurs by the dilution of the water and aliphatic acid by 1-
propanol (or 1-butanol) [e.g., water {(acetic acid)-propanol (1
19 viv, ete)).

Particulary, Form II of PLP has been noted because of its
similarity to fibrous protein, collagen which has proline as
its second most abundant amino acid.

Even though many studies for the PLP compound, as
mentioned in the above, have been conducted, no one has
studied in detail on the aggregation phenomenon during the
transition Form II— Form [. Although it was ture that the
PLP aggregation phenomenon has been already noted for
pure Form L'® which is end product of the transition in
acetic acid-propano! (1:3 v/v) and for pure Form II (in
pure water),'”"'* but it was not clarified the detailed mechan-
ism (or structure) and the reason and also, they have mnot
noted for the aggregation phenomenon which occurs during
the transition of Form Il — Form L

Many studies for intermolecular aggregation of helical po-
lypeptides have been conducted.®* Two types of aggre-
gation have been recognized: end-to-end (E-E) type and
side-by-side (S-S) antiparallel type. The former type aggre-
gation is formed through the end group interaction between
amino and carbonyl residues at each of the helical ends,



