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The YBa,Cu;0,_, phase shows structural properties that are sensitively dependent upon the oxygen content of the Cul atom plane.
These structural characteristics of YBa,Cu;0;_, were reproduced by employing the empirical atom-atom potentials derived from
the binary oxides BaO, CuO, and Y,0;. The structural characteristics of YBa,Cu;0,_, stem essentially from the anisotropic oxygen
atom environment around each Ba?* cation (i.e., the Cul atom plane contains fewer O%" anions than does the Cu2 atom plane),
the extent of which increases with decreasing the oxygen content of the Cul atom plane. As the oxygen content of the Cul atom
plane decreases, the O4 atom moves closer to and the Ba?* cation moves farther away from the Cul atom plane, so that the
Ba?*...Ba?* distance increases steadily thereby leading to an increase in the unit cell ¢ parameter while the Cu1-O4 and Cu2-0O4
distances sharply decrease and increase, respectively. The superconducting transition temperature (T.) of YBa,Cu;0;_, is sharply
lowered and eventually reaches zero as the oxygen content of the Cul atom plane is decreased. As a function of the oxygen content
of the Cul atom plane, the T, lowering follows the Cul—-0O4 distance shortening and the Cu2-O4 distance lengthening so that
the interaction between the CuQ, layers which occurs in each Ba,Cuy0,.,% slab via the Cu2-04-Cul-04—Cu2 linkages is essential
for the high-T superconductivity in YBa,Cu30;_,. A consequence of weakening the interlayer interaction is to make the CuO,
layers of each Ba,Cu;0,.,* slab independent and thus similar in electronic structure to the CuOj, layers of the doped super-
conductors La, ,M,CuO, (M = Ba, Sr; x =~ 0.1-0.2; T, =~ 30-40 K), thereby lowering the T, of YBa,Cu;0;_, to ~$5 K for
y =~ 0.40-0.50. Therefore, the superconductivity at T, =~ 93 K in YBa,Cu;0;_, for y =~ 0.15-0.2S seems to involve Cooper pair
formation between the electrons of the Cu2 atoms across the Cu2-04-Cul-04-Cu2 linkages. The disappearance of supercon-
ductivity in tetragonal YBa,Cu;0,_, (¥ > 0.5) could be explained if its x* - y* bands remain half-filled, which can be achieved
when the Cul atom plane contains Cu** and Cu* cations in the (1 — y):y ratio. The present simulation study suggests that formation
of CuO; chains in YBa,Cu;0,_, (¥ < 0.5), which gives rise to an orthorhombic structure, may arise from two energy factors: to
avoid a right-angle arrangement of oxygen atoms around Cul in the Cul atom plane and to avoid a T-shape three-coordinate
geometry for copper. The same energy factors may still be at work in tetragonal YBa,Cu;0,_, (¥ > 0.5), in which the presence
of enough oxygen atom vacancies may allow random formation of some short CuQj; chains, and hence some Cu?* sites, in two

orthogonal directions, thereby leading to a tetragonal structure on a statistical basis.

The Y-Ba-Cu-O phase with a superconducting transition
temperature (7,) greater than 90 K! has been shown to be or-
thorhombic YBa,Cu;0;_, by a number of powder neutron dif-
fraction studies.? This high-T, superconductor consists of two-
dimensional structural units, i.e., Ba,Cu;O;.,* slabs, that alternate
with layers of Y3* cations along the crystallographic ¢ axis as
illustrated in Figure 1.> Substitution of Y by lanthanide elements
Ln (e.g., Ln = Sm, Eu, Gd, Dy, Ho, Yb) has little effects on the
high-T,, superconductivity,? indicating that the Ba,Cu;0,_,* slabs
are essential for the occurrence of the high-T, superconductivity
in LBa,Cu;0,., (L = Y, Ln). In each Ba,Cu;0,_,*" slab, two
CuOQ, layers sandwich one CuO; chain and two Ba®* cations per
unit cell such that the copper atoms (Cu2) of the CuO, layers
are capped by the oxygen atoms O4 of the CuO; chains to form
the Cu2-04-Cul1-04-Cu2 linkages. Band electronic structure
calculations show?* that slight displacement of the capping oxygen
atom, O4, from its equilibrium position causes slight valence
fluctuations of the copper atoms, and gives rise to interactions
between the two separated CuQO, layers within each BaZCu3O7_y3‘
slab. Hence lattice vibrational modes involving the capping oxygen
atoms, O4, can bring about effective interactions between the
CuO, layers.’

The partial oxygen atom vacancies of orthorhombic
YBa,Cu;07, (y <0.5) occur primarily at the Ol positions of the
CuO; chains,2? i e., the (0, !/, 0) sites of Figure 1. Orthorhombic
YBa,Cu;0;_, undergoes a phase transition to a tetragonal structure
as y increases beyond ~0.5 upon increasing temperature.® In
tetragonal YBa,Cu;0,_, (¥ > 0.5), the empty sites (*/5, 0, 0) of
Figure 1 are as equally occupied by oxygen atoms as are the Ol
sites with a site population less than 0.25. Therefore, the tetragonal
phase no longer has the CuQj; chains found in the orthorhombic
phase. The T of orthorhombic YBa,Cu;0,_, (¥ < 0.5) decreases
with increasing y and drops precipitously at the orthorhombic to
tetragonal (O — T) transition,’ and tetragonal YBa,Cu;0;., does
not appear to be superconducting.” Consequently, the presence
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of the CuO; chains is an important factor for the occurrence of
the high-T, superconductivity within each Ba,Cu;0;.,*" slab.
The average coordination number of the Cul atom is very small

(less than three) in tetragonal YBa,Cu;0,.,, which lowers the
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Figure 1. Crystal structure of orthorhombic YBa,Cu;0,., (y = 0.19) as
determined by powder neutron diffraction®

d-block levels of the Cul atoms below those of the Cu2 atoms.?
Hence the oxidation state of Cul is close to +1 in the tetragonal
phase and close to +3 in the orthorhombic phase.® Nevertheless,
the Cul—04 distance is shorter but the Cu2—04 distance is longer
in tetragonal than in orthorhombic YBa,Cu;0,_,. According to
our empirical atom—atom potential calculations,g this result or-
iginates from the anisotropic oxygen atom environment around
each Ba?* cation. The Ol and (!/,, 0, 0) sites of Figure 1 belong
to the Cul atom plane, while the O2 and O3 sites belong to the
Cu2 atom plane. Thus the Cul atom plane contains fewer O%
anions than does the Cu2 atom plane. The extent of this anisotropy
increases with increasing oxygen atom vacancies of YBa,Cu;0,.,
since it is primarily the oxygen atoms of the Cul atom plane that
are lost.

In the present work we investigate the effect of the oxygen atom
vacancies on the crystal structure of YBa,Cu;0;., by performing
empirical atom-atom potential calculations.>1® Our objective
in the present study is to gain insight into the role of the oxygen
atom vacancies in lowering T, of YBa,Cu;0,_,. In the following,
we first describe the important structural characteristics of
YBa,Cu;0;., as determined by extensive powder neutron dif-
fraction measurements.>® Then we simulate these experimental
observations in terms of the empirical atom—atom potentials® and
discuss the implications of our results concerning the high-T,
superconductivity observed in YBa,Cu;0,,.

Structural Characteristics of YBa,Cu;0-_,

Powder neutron diffraction measurements show$® that
YBa,Cu;0,_, loses its oxygen content gradually with increasing
temperature above 300 °C, which is shown in Figure 2. The O
— T phase transition of YBa,Cu,0;._, is observed when y =~ 0.5,
which occurs near 700 °C in a pure oxygen atmosphere.®® In both
orthorhombic and tetragonal YBa,Cu;0;_,, it is the oxygen atoms
of the Cul atom plane that are primarily lost upon raising the
temperature.® From numerous powder neutron diffraction
studies,?S crystal structures of YBa,Cu;0;_, at room temperature
are known for various values of y = 0.0-1.0. On the basis of those
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Figure 2. Overall oxygen content versus temperature for YBa,Cu;0,_,
in a pure oxygen atmosphere (adapted from ref 6a).
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Figure 3. Cul-04 and Cu2-04 distances of YBa,Cu;0,._, versus oxygen
content of the Cul atom plane, (1 —y), constructed from the data of ref
2 and 6: (a) Cul-04 distance vs oxygen content; (b) Cu2-04 distance
vs oxygen content.

structures, we identify and characterize the structural parameters
of YBa,Cu;0,_, that depend sensitively upon the oxygen atom
vacancies. The extent of oxygen atom vacancies can be measured
by the overall oxygen content, (7 - y), or by the oxygen content
of the Cul atom plane, (1 - y), which includes only the oxygen
atom occupancies at the O1 and (/,, 0, 0) sites. Since the oxygen
atom vacancies of YBa,Cu;0,_, occur primarily at the Ol and
(!/2 0, 0) sites of the Cul atom plane, a change in the overall
oxygen content is nearly the same as that in the oxygen content
of the Cul atom plane. For instance, the (7 - y) and (1 - y) values
of YBa,Cu,0;._, are respectively found to be 7.0 and 1.0,%°¢ 6.81
and 0.92, 6.80 and 1.0,% 6.80 and 0.80,2 6.79 and 0.77,% 6.7
and 0.7,2° 6.5 and 0.5,%® 6.26 and 0.26,% 6.07 and 0.06,5¢ and 6.0
and 0.0.% In the following we analyze the crystal structures of
YBa,Cu;0,_, in terms of the (1 - y) values, since these values
are more meaningful as will be shown later.

Figure 3a shows the variation of the Cul-O4 distance of
YBa,Cu,0;., as a function of the oxygen content of the Cul atom
plane, (1 - y). For y less than 0.5 the Cul-O4 distance decreases
sharply with increasing y, whereas it remains roughly constant
for y greater than 0.5. Figure 3b shows that the Cu2-O4 distance
of YBa,Cu,0;_, increases sharply with y for the entire region of
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y values. As a function of y, the change in the Cu2-04 distance
is greater than that in the Cul-O4 distance by a factor of ~4.
Thus the Cu2-04-Cul-04—-Cu?2 linkage is lengthened as y in-
creases. Consequently, with increasing y, the ¢ parameter of
YBa,Cu,0,., increases gradually in the entire region of y as
depicted in Figure 4a. The ¢ parameter can be expressed as the
sum of the Ba*..Ba?* distance plus twice the BaZ*..Y3* distance.
As a function of y, the Ba?*..Y** distance does not change sig-
nificantly. As shown in Figure 4b, the increase in the ¢ parameter
is due largely to that in the Ba?*-~Ba?* distance. The structural
characteristics summarized in Figures 3 and 4 can be traced back
to the changes in the positional (crystallographic) z parameters
of the O4 and Ba atoms: As shown in Figure 5, the z parameter
of O4 gradually decreases while that of Ba gradually increases
as the oxygen content decreases. That is, the O4 atom moves closer
to the Cul atom plane but the Ba atom moves farther away from
the Cul atom plane with decreasing oxygen content. Figure 5
also shows the average values of the O2 and O3 atom z parameters
of orthorhombic YBa,Cu;0;_, and the O2 atom z parameters of
tetragonal YBa,Cu,0,.,. Figure 5 suggests that the oxygen atom
plane of the CuO, layer gradually moves away from the Cul atom
plane as the oxygen content decreases.

Simulation of the YBa,Cuy0,_, Structure

Empirical atom—-atom potentials provide a practical tool for
estimating the energies of crystalline solids.! By performing
empirical atom—atom potential calculations, we recently examined
the energetics of the O — T transition in La,CuO,% and also the
structural differences in orthorhombic YBa,Cu;0; and tetragonal
YBa,Cu;05.%* In the present section, we employ this approach
to simulate the crystal structures of YBa,Cu;0,_, as a function
of y.
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Figure 5. Positional z parameters of the O4, Ba, and 02/03 atoms of
YBa,Cu30,., as a function of the oxygen content of the Cul atom plane,
(1 - y), constructed from the data of ref 2 and 6.

Table I. Atom-Atom Potential Parameters of the O%..0%,
Cu?*...Cu?*, La**...La3*, Ba?"...Ba?*, and Y3*..-Y?** Pairs

pair B, eV 0 A C, eV AS
or...0* 1387.7 0.375 63.31
Cu?*...Cu?* 269.10 0.264 0.5586
La’*...La3* 28855 0.250 325.0
Ba?*...Ba?* 3749.5 0.350 442.1
Yty 6902.5 0.250 18.44

Table II. Experimental and Calculated Values for the Unit Cell and
Atom Positional Parameters of CuO, La,0;, BaO, and Y,0,*

CuO¢ La, 0,4 BaO* Y,0f
monoclinic trigonal cubic cubic
(C2/¢c) (P3ml) (NaCl) (1a3)
a= 46516 a = 3.930 a= 5523 a=10.604
(-0.0321) (-0.029) (0.000) (0.020)
= 3.3582 ¢ =6.120 x(Y2) =-0.0314
(-0.0644) (0.196) (0.0017)
¢ = 51521 z(La) = 0.235 x(0) = 0.389
(0.0233) (0.012) (0.003)

8 =9172 2(0) = 0.630 »(0) = 0.150
(-1.82) (0.032) (0.004)
z(0) = 0.4249 z(0) = 0.377
(0.0065) (0.005)

“The experimental values are the numbers without parentheses. The
numbers in the parentheses refer to the deviations of the calculated
values from the corresponding experimental ones. °The cell parame-
ters a, b, and c are in units of A, and the angle 4 is in units of degrees.
“reference 18. ?Reference 19. ¢Reference 20. /Reference 21.

A. Method. For a pair of atoms / and j separated by the
distance r;; with the charges of ¢; and g, respectively, their in-
teraction energy W may be written as’

Wy =qq;/ry+ By exp(-r;/p;) - Cij/’ij6 qy)

where the first, the second, and the third terms are the Coulomb,
the nonbonded repulsion, and the van der Waals interaction en-
ergies, respectively. The constants B, p, and C are adjustable
parameters to be determined on the basis of experimental data.
These constants between different kinds of atoms may be related

to those between identical atoms by!®
B; = (BiiBjj)‘/z 1/Pij =(1/p; + 1/ij)/2 o
Cy= (Ciicjj)l/ 2

With eq 1 and 2, we obtained from the program wMIN!! the B,
p, and C parameters for the 0?+.0%", Ba?*«..Ba?*, Cu2*+..Cu?*,
La**..La*, and Y?*.Y3* pairs (listed in Table I) that reproduce

(11) Busing, W. R. “WMIN, A computer program to model molecules and
crystals in terms of potential energy functions”, Report ORNL-5497;
Oak Ridge National Laboratory: Oak Ridge, TN, 1981.
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Table III. Experimental and Calculated Values for the Unit Cell and Atom Positional Parameters of Orthorhombic La,CuQ,, Tetragonal

La,CuQ,, Orthorhombic YBa,Cu,0;_,, and Tetragonal YBaZCu,OH"-”

La,CuO,* La,CuO, YBa,Cu,;0,4 YBa,Cu,;0¢
orthorhombic tetragonal orthorhombic tetragonal
(Cmca) (14/mmm) (Pmmm) (P4/mmm)
a = 5.3562 (-0.0078) a = 3.7945 a = 3.8231 (0.1092) a = 3.9018 (0.0729)
b =13.1669 (0.1015) ¢ =13.1205 b = 3.8863 (-0.0428) ¢ = 11.9403 (0.0371)

¢ = 5.3990 (0.0129)

y(La) = 0.3613 (0.0011)
z(La) = 0.0061 (0.0018)
y(01) = 0.0070 (0.0056)
(02) = 0.1842 (-0.0007)
2(02) = -0.0336 (-0.0153)

z(La) = 0.3633
z(02) = 0.1827

¢ = 11.6809 (0.1040)
z(Ba) = 0.1843 (0.0036)
z(Cu2) = 0.3556 (-0.0192)
2(02) = 0.3773 (-0.0012)
z(03) = 0.3789 (-0.0028)
z(0O4) = 0.1584 (0.0074)

2(Ba) = 0.1914 (0.0001)
z(Cu2) = 0.3590 (—0.0018)
2(02) = 0.3792 (0.0005)
2(04) = 0.1508 (-0.0205)

4Except for tetragonal La,CuQ,, experimental values are the numbers without parentheses. The numbers in the parentheses refer to the deviations
of the calculated values from the corresponding experimental ones. ®The unit cell parameters are in units of A. °Reference 14. ?The experimental
values are taken from orthorhombic YBa,Cu3Og5,.2* ¢The experimental values are taken from tetragonal YBa,Cu;Oy 4.

the crystal structures of CuO, BaO, La,0,, and Y,0,.° In those
WMIN calculations, the crystal energies are computed as a function
of the unit cell and atom positional parameters in order to derive
the optimum B, p, and C parameters. As shown in Table IL,!2
the crystal structures of BaO, CuO, La,0;, and Y,0; are well
reproduced by use of the B, p and C parameters of Table I. The
usefulness of these parameters depends upon how well they de-
scribe the crystal structures of other solids not included in the
parameter determination.

B. Approximations and Utility of the Potential Parameters.
Table III shows that the crystal structure of orthorhombic
La,CuQ,!*!* is very well reproduced by the B, p, and C parameters
of the 0%+..0%, Cu?*..Cu?*, and La**.La** pairs.®®!? Also listed
in Table III are the optimum unit cell and atom positional pa-
rameters calculated for tetragonal La,CuQ,,% which are in close
agreement with the corresponding experimental values of
La, gsBag sCu0,'* at room temperature. On the basis of the
calculated crystal energies of the optimized orthorhombic and
tetragonal La,CuQ, phase, the orthorhombic phase is predicted
to be slightly more stable than the tetragonal phase (by 1.85
kcal/mol per unit cell),” in agreement with experiment.!

YBa,Cu;0,_, consists of copper atoms with different oxidation
states accordmg to band electronic structure calculations.>*% It
would be desirable to have different sets of B, p, and C values for
copper--copper pairs of different oxidation states. However, this
is impractical due to lack of appropriate copper oxides from which
to refine different sets of B, p, and C parameters. Thus the B,
p, and C values derived for the Cu?*-.Cu?* pair may be used for
all the copper--copper pairs of YBa,Cu,;0,., with the average
oxidation state 2 + (1 — 2y)/3 for all the copper atoms.” These
approximations are quite satisfactory in simulating the crystal

(12) The calculated structures for CuO, orthorhombic La,CuO,, and or-
thorhombic YBa,Cu;0, do not represent minima but represent saddle
points on the potential energy surfaces of five, eight, and eight structural
parameter spaces, respectively, because the corresponding Hessian
matrices give rise to two, one, and one negative eigenvalues, respectively.
The present atom—atom potentials do not properly represent the energy
changes associated with bond angle variations, since they completely
neglect the potential covalent bonding between pairs of atoms and hence
the effect of directed valence. With the present set of empirical atom—
atom potentials, the minimum energy structures calculated for CuO,
orthorhombic La,Cu0O,, and orthorhombic YBa,Cu;0; are very dif-
ferent from those observed and thus are physically meaningless. The
structures of CuQ, orthorhombic La,CuQOy, and orthorhombic YBa,-
Cu;0, listed in Tables IT and III are those we optimized by using only
the linear combinations of the eigenfunctions of the Hessian matrices
with the positive eigenvalues. As shown, the resulting structures are in
excellent agreement with experiment, so the above contraint introduced
in the WMIN program seems to serve as substitutes for the unknown
extra potential energy terms yet to be determined. Since the Coulomb
and nonbonded repulsion terms are probably the major forces involved,
our conclusions concerning why and how the oxygen content of the Cul
atom plane affects the z parameters of the O4, Ba, 02, and O3 atoms
will remain valid.

(13) .Grande, B.; Miiller-Bauschbaum, H.; Schweizer, M. Z. Anorg. Allg.
Chem. 1977, 428, 120.

(14) Jorgensen, J. D.; Schilttler, H.-B.; Hinks, D. G.; Capone, D. W., II;
Zhang, K.; Brodsky, M. B.; Scalapino, D. J. Phys. Rev. Lett. 1987, 58,
1024,

(15) Longo, J. M.; Raccah, P. M. J. Solid State Chem. 1973, 6, 526.
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Figure 6. a and b parameters of YBa,Cu;0,_, versus oxygen content of
the Cul atom plane, 1 - y, where the subscripts o and t refer to the
orthorhombic and tetragonal structures, respectively. The full lines refer
to the data taken from ref 2 and 6, and the broken lines are hypothetical
cell parameters extrapolated from the experimental ones.

structure of orthorhombic YBa,Cu;0, as shown in Table I11. 92,12

The oxygen atom vacanc1es of YBa,Cu;0,_, occur primarily
in the Cul atom plane,?S so all the oxygen atom positions except
for those of the Cul atom plane may be assumed to be fully
occupied. The atom—atom pair interaction energies involving the
partially occupied oxygen atom sites of the Cul atom plane may
be evaluated as follows:** For tetragonal YBa,Cu;0,_, all the
O1 and (}/,, 0, 0) positions are regarded as fully occupled (e,
1.0 instead of (1 — y)/2), but the pair interaction energies involving
each oxygen atom at either the Ol or the ('/,, 0, 0) sites are
reduced in magnitude by a factor of 2/(1 - y) per such an oxygen
atom. This treatment of the oxygen atom vacancies, which will
be referred to as the average potential approximation in our later
discussion, leads to results in good agreement with experiment
as shown in Table III for tetragonal YBa,Cu;Oqs.°*!2 Thus the
oxygen atom vacancies of orthorhombic YBa,Cu;0;., can be
treated in a similar manner. All the O1 sites are regarded as fully
occupied (1.0 instead of 1-y), but the pair interaction energies
involving each O1 atom are reduced in magnitude by a factor of
1/(1 - y) per such an oxygen atom.

C. Structural Effects of the Oxygen Atom Vacancies. The
essential structural characteristics of YBa,Cu;0,., described above
originate from the z parameter behaviors of the O4, Ba and
02/03 atoms as summarized in Figure S, which we aim to re-
produce by performing empirical atom~atom potential calculations.
Thus, we calculate the optimum atom positional parameters of
YBa,Cu;0;., as a function of y by employing the program wmIN.!!
In this study, the unit cell parameters of YBa,Cu;0,_, are not
optimized since our objective is to reproduce the qualitative trends
in the atom positional parameters of Figure 5. Therefore we fixed
the unit cell parameters of YBa,Cu;0,., at certain values ap-
propriate for y, as described below, and optimized only the atom
positional parameters.

For various values of y, the ¢ parameter of YBa,Cu;0,_, can
be chosen from the straight line of Figure 4a. The full lines of
Figure 6 indicate the manner in which the a and b parameters
of orthorhombic YBa,Cu;0,., (4, and b,, respectively) and the
a parameter of tetragonal YBa,Cu;0,._, (a,) vary as a function
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Figure 7. Calculated z parameters of O4, Ba, and 02/03 atoms of
YBa,Cu;0,_, versus oxygen content of the Cul atom, (1 - y).

of the oxygen content of the Cul atom plane, (1 —y). The dashed
line @, may be considered as the a parameter of hypothetical
tetragonal YBa,Cu;0,._, for y less than 0.5. Likewise, the dashed
lines a,” and b,” may be considered as the a and b parameters of
hypothetical orthorhombic YBa,Cu;0;_, for y greater than 0.5.
With these approximations, we can assign the unit cell parameters
of both orthorhombic and tetragonal YBa,Cu;0,_, for the entire
region of y = 0.0-1.0.

Shown in Figure 7 are the z parameters of the O4, Ba, and
02/03 atoms calculated for YBa,Cu;0;_, as a function of the
oxygen content of the Cul atom plane, where the full and broken
lines refer to the results obtained from orthorhombic and tetragonal
YBa,Cu,0,._,, respectively. For the z parameters of the 02703
atoms, the full and the broken lines practically overlap, and hence
only the full line is shown. As the oxygen content decreases, Figure
7 shows that the z parameter of O4 gradually decreases, that of
Ba gradually increases, and that of O2/03 gradually increases
slightly. These z parameter trends are identical with those ob-
served experimentally (See Figure 5). It is significant that both
orthorhombic and tetragonal YBa,Cu;0;_, lead to nearly identical
results. Thus the z parameters behaviors of Figure 7 (and hence
those of Figure 5) are mainly governed by the extent of the oxygen
atom vacancies in the Cul atom plane, regardless of how these
vacancies are distributed to give an orthorhombic or a tetragonal
structure. In the remainder of this section, we discuss in some
detail the z parameter trends of Figure 7 from the viewpoint of
the oxygen atom vacancies.

For all values of y ~ 0.0-1.0 in YBa,Cu;0,_,, the oxygen atom
environment of each Ba2* cation is anisotropic in that the Cul
atom plane contains fewer O?~ anions than does the Cu2 atom
plane. Therefore, the Coulomb attraction of the Ba?* cation and
the Coulomb repulsion of the O4 atom with the O~ anions of the
Cul atom plane are smaller in magnitude than with those of the
Cu2 atom plane.”* This explains why the Cul-O4 distance is
shorter than the Cu2-O4 distance and is in part responsible for
the Ba2*..Ba?* distance being greater than the Ba?*«.Y?* distance.

In YBa,Cu;0., the extent of the anisotropy of the oxygen atom
environment around each Ba®* cation increases as the overall
oxygen content decreases because it is primarily the oxygen atoms
of the Cul atom plane that are lost. Therefore, the Coulomb
attraction of the Ba?* cation and the Coulomb repulsion of the
O4 atom toward the O?" anions of the Cul atom plane become
weaker with decreasing oxygen content. Consequently, the capping
oxygen atom, O4, moves closer to while the Ba atoms and hence
the CuQ, layers move farther away from the Cul atom plane.*

As the Ba?* cation moves away from the Cul atom plane, the
02/03 plane moves slightly away from the Cul atom plane (see
the z parameters of the O2/03 atoms in Figure 7), and the
Ba?*...Y?* distance remains nearly constant for all values of y =
0.0-1.0 so that the gradual increase in the ¢ parameter of
YBa,Cu;0;., with decreasing oxygen content is well correlated
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Figure 8. Calculated relative stability (kcal/mol per formula unit) of

orthorhombic YBa,Cu,0,_, with respect to tetragonal YBa,Cu,0;._, as
a function of the oxygen content of the Cul atom plane, (1 - y).

with the corresponding increase in Ba*--Ba?* distance, as shown
in Figure 4b. The Cul-O4 distance becomes shorter when the
04 atoms moves closer to the Cul atom plane with decreasing
oxygen content. Below a certain minimum value (~1.80 A), the
Cul-04 distance cannot be further shortened due to a strong
nonbonded repulsion between the oxygen and copper atomis in-
volved. This accounts for the behavior of the Cul-O4 distance
as a function of the oxygen content shown in Figure 3a. As the
Ba atoms move away from the Cul atom plane, so do the CuO,
layers. Consequently, the Cu-O4 distance of YBa,Cu;0,_, in-
creases steeply with increasing y.

D. Oxygen Atom Ordering in the Cul Atom Plane. The relative
stability of orthorhombic YBa,Cu,0,_, with respect to tetragonal
YBa,Cu;0;., calculated as a function of the oxygen content by
use of the empirical atom—atom potentials is plotted in Figure 8.
The orthorhombic structure is calculated to be miore stable than
the tetragonal one for all values of y (1), and the relative stability
decreases gradually with decreasing oxygen content. The huge
stability difference between the two structures calculated for y
< 1 results largely from the average potential approximation
employed for the partially occupied oxygen atom sites of the Cul
atom plane and points to an important implication concerning the
nature of the oxygen atom ordering in that plane.

Provided that the maximum coordination number of each Cul
atom in YBa,Cu,;0._, is four as in ideal orthorhombic YBa,Cu;0;,
each Cul atom of YBa,Cu,;0;_, may have zero, one, or two oxygen
atoms coordinated from the Cul atom plane as shown in 1-3,

o Cu
o 0

T
T 7

respectively. In 3a and 3b the oxygen atoms of the Cul atom plane
have a linear and a right-angle arrangement around Cul, re-
spectively. Within the Cul atom plane, the oxygen atoms of 3b
have a shorter distance and hence a greater Coulomb repulsion
between them than do the oxygen atoms of 3a. In the average
potential approximation, each Cul atom of tetragonal
YBa;Cu;0;._, is surrounded by four oxygen atoms of the Cul atom
plane thereby leading to four pairs of oxygen atoms with the
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right-angle arrangement, whereas each Cul atom of orthorhombic
YBa,Cu;0,_, has no such oxygen atom arrangement in the Cul
atom plane. Therefore, it is understandable that the tetragonal
phase is calculated to be significantly less stable than the ortho-
rhombic phase.

As discussed above, the right-angle arrangement of oxygen
atoms in the Cul atom plane (e.g., 3b) is very unfavorable en-
ergetically. Therefore it is quite probable that the tetragonal phase
of YBa,Cu;0,_, derived from powder neutron diffraction mea-
surements reflects an average structure of random oxygen atom
distributions in the Cul atom plane in which no Cul atom has
the right-angle arrangement of oxygen atoms. Then a tetragonal
structure of YBa,Cu;0,_, might be one in which the oxygen atoms
of the Cul atom plane are randomly distributed under the two
restrictions: (a) Oxygen atoms at the (*/,, 0, O) sites are equal
in number to those at the (0, !/,, 0) sites, and (b) no Cul atom
has the right-angle arrangement of oxygen atoms around it from
the Cul atom plane. The maximum oxygen content, Ny, allowed
for the tetragonal structure of YBa,Cu;0,., as defined above can
be calculated by simulating the random oxygen atom distributions
in the Cul atom plane by use of random number generation. Such
a simulation shows N, to be 6.73, at which value of YBa,Cu,0,.,
the Cul atom plane is calculated to contain two-coordinate (linear,
1), three-coordinate (T-shape, 2), and four-coordinate (tetragonal,
3a) copper atoms in a 1:53:46 ratio. Certainly, the statistical limit
Niax = 6.73 is greater than 6.5, below which YBa,Cu;0,., is
experimentally observed to be tetragonal. Thus a certain energy
factor should operate in YBa,Cu;0,_,, which favors the ortho-
rhombic structure in the region of y < 0.5.

The T-shape three-coordination has not been observed for
copper and thus might be energetically unfavorable. The number
of the T-shape three-coordinate copper atoms can be decreased
by increasing the number of tetragonal four-coordinate copper
atoms, which amounts to increasing the average length of the CuO,
chains. Then it may be conjectured that the CuQ, chain formation
in YBa,Cu;0,_, for y < 0.5 originates from two energy factors:
one to avoid the right-angle arrangement of oxygen atoms around
each Cul atom within the Cul atom plane and the other to avoid
the T-shape three-coordination of copper. Even for y > 0.5 where
the tetragonal phase is found, the above two energy factors may
still be at work. Thus one cannot exclude the possibility that, in
tetragonal YBa,Cu;0,_,, the presence of enough oxygen atom
vacancies in the Cul atom plane allows short CuQ, chains to form
randomly in the two orthogonal directions of that plane thereby
leading to a tetragonal structure on a statistical basis.

As discussed above, the Cul atom plane of YBa,Cu;0;_, would
contain two-, three-, and four-coordination sites (1, 2, and 3a,
respectively), the proportions of which depend upon the oxygen
atom vacancies. The three sites would have different geometrical
effects. For instance, the Cul-O4 distances of 1-3 would increase
in the order 1 < 2 < 3a according to the Coulomb repulsions
associated with the capping oxygen atoms O4 (see the previous
section). Consequently, it is important to realize that the structural
characteristics of YBa,Cu;0,_, summarized in Figures 3-5 refer
to average quantities arising from different copper atom sites. For
example, a shortening of the Cul-04 distance with decreasing
oxygen content (see Figure 3a) does not mean that all the Cul-O4
distances are equally shortened. Instead, it means that the por-
portion of the copper atom sites with the long Cul-04 distance
(e.g., 3a) is decreased and that with the short Cul-04 distance
(e.g., 1 or 2) is increased, and thus the Cul-O4 distance is
shortened in terms of a statistical average. The Cul-O4 and
Cu2-04 distances we discuss in the following sections refer to
such statistically averaged quantities.

Oxygen Atom Content and T,

When a sample of YBa,Cu;0;_, at a temperature Ty is
quenched (cooled rapidly), the resulting sample has a T, value
that depends upon 74”16 Thus T is about 93 K for Ty < 500

(16) Van den Berg, J.; van der Beek, C. J.; Kes, P. H.; Nieuwenhuys, G. J;
Mydosh, J. A.; Zandbergen, H. W.; van Berkel, F. P, F.; Steens, R.;
Iido, D. J. W. Europhys. Lett. 1987, 4, 737.
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Figure 9. T, versus overall oxygen content in YBa,Cu;0;_,, where the
empty circles and empty triangles represent the data of van den Berg et
al.’6 and Jorgensen et al.,” respectively. The filled square and filled
hexagon refer to the data of Katano et al.!” and Beno et al.,?® respectively.

°C, T, decreases with increasing T for 500 °C < T4 < 790 °C,
and T, is zero for T > 790 °C. The oxygen content of
YBa,Cu;0,_, depends upon temperature as shown in Figure 2.
To a first approximation, the quenched sample may be assumed
to retain the oxygen content it had before quenching. Then by
using Figure 2, one can deduce how the T value of YBa,Cu,0,_,
varies as a function of its oxygen content from the available T,
vs Tq data. This is shown in Figure 9, where the empty circles
and empty triangles refer to the T, vs Ty data of van den Berg
et al.1® and Jorgensen et al.,’ respectively. The filled square and
filled hexagon represent the results obtained by Katano et al.!”
and Beno et al.?* from slowly cooled samples. Plots of T, vs the
oxygen content similar to Figure 9 have been reported for
quenched samples.””* Figure 9 reveals that T, of YBa,Cu,0;.,
is nearly constant at about 93 K for y =~ 0.15-0.25, decreases
sharply with increasing y beyond 0.25 (see the full line), and is
zero for y > 0.5. An apparent exception to this observation is
the result of Katano et al.,'” which shows T, =~ 94 K at y = 0.40.
In the YBa,Cu;0;., samples of Beno et al.2 and Jorgensen et al.,’
the oxygen atom vacancies occur primarily in the Cul atom plane
so that a change in the overall oxygen content, 7 — y, is nearly
equal to that in the oxygen content, 1 -y, in the Cul atom plane.
This is not the case, with the YBa,Cu;0; s sample of Katano et
al.,!'” since it has substantial oxygen atom vacancies in the Cu2
atom planes. The oxygen content in the Cul atom plane of this
YBa,Cu;Oq ¢ sample is 0.78. Therefore, what really controls the
magnitude of 7, in YBa,Cu;0,, is not the overall oxygen content
but the oxygen content of the Cul atom plane. The data points
of Figure 9 deviate from the full line most noticeably near T, =~
50-60 K. Recent studies on quenched YBa,Cu,0;._, samples
show?22? that the T, vs the oxygen content plot has two plateaus

(17) Katano, S.; Funahashi, S.; Hatano, T.; Matsushita, A.; Nakamura, K.;
Matsumoto, T.; Ogawa, K. Jpn. J. Appl. Phys., Part 2 1987, 26, L1046,

(18) Asbrink, S.; Norrby, L.-J. Acta Crystallogr., Sect. B: Struct. Crys-
tallogr. Cryst. Chem. 1970, B26, 8.

(19) (a) Pauling, L. Z. Kirstallogr., Kristallgesn., Kristallphys., Kristall-
chem. 1929, 69, 415. (b) Wyckoff, R. W. G. Crystal Structures, 2nd
ed.; Wiley: New York, 1964; Vol. 2, Chapter V, Section A.

(20) Zollweg, R. J. Phys. Rev. 1958, 100, 671.

(21) O’Conner, B. H,; Valentine, T. M. Acta Crystallogr. Sect. B: Struct.
Crystallogr. Cryst. Chem. 1969, B25, 2140.

(22) (a) Veal, B. W; Jorgensen, J. D.; Crabtree, G. W.; Kwok, W.; Ume-
zawa, A.; Paulikas, A. P.; Morss, L. R.; Appelman, E. H.; Nowicki, L.
J.; Nufiez, L.; Claus, H. Presented at the International Conference on
Electronic Structure and Phase Stability in Advanced Ceramics; Ar-
gonne National Laboratory, Argonne, IL, 1987. (b) Johnston, D. C.;
Jacobson, A. J.; Newsam, J. M.; Lewandowski, J. T.; Goshorn, D. P.;
Xie, D.; Yelon, W. B. Presented at the Symposium on Inorganic Su-
perconductors, 194th National Meeting of the American Chemical
Society, New Orleans, LA, August 31-September 4, 1987.

(23) Cava, R. J,; Batlogg, B.; Chen, C. H.; Rietman, E. A.; Zahurak, S. M ;
Werder, D. Phys. Rev. B: Condens. Matter 1987, 36, 5719.

(24) Appelman, E. H.; Morss, L. R,; Kini, A. M.; Geiser, U.; Umezawa, A ;
Crabtree, G. W.; Carlson, K. D. Inorg. Chem. 1987, 26, 3237.
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as depicted by the dotted lines in Figure 9 (e.g., one plateau at
T, == 93 K for y = 0.15-0.25, and the other at T, ~ 55 K for
y = 0.40-0.50).

We now examine how the plot of T, vs the oxygen content
shown in Figure 9 might be related to the structural and/or
electronic properties of YBa,Cu;0,_, that depend upon the oxygen
content of the Cul atom plane. In each BazCu3O7_y3‘ slab, the
interaction between the CuQO, layers occurs via the Cu2-O4~-
Cul-04-Cu2 linkages.>® This interaction should be weakened
as the Cul-04 distance shrinks and the Cu2-04 distance elon-
gates upon decreasing the oxygen content of the Cul atom plane
(see Figure 3). Note that the plot of T, vs the oxygen content
shown in Figure 9 is quite similar in trend to that of the Cul-O4
distance vs the oxygen atom content shown in Figure 3a.
Therefore, it seems that the interaction between the CuO, layers
in each Ba,Cu;0,_* slab, which occurs via the Cu2~04-Cul~
04-Cu2 linkages, is essential for the high- T superconductivity
and that the lowering of T, in YBa,Cu;0,_, with decreasing
oxygen content of the Cul atom plane is caused by the weakening
of this interlayer interaction, which is brought about by the
Cul-04 distance shortening and the Cu2-0O4 distance elongation.
We notice that, in the YBa,Cu;0,_, sample with 7, =~ 94 K
prepared by Katano et al.,'” the Cul-O4 distance is longer (i.e.,
1.847 A at 120 K) than one might expect from Figure 3a on the
basis of its overall oxygen content of 6.6 alone. Again, this result
is consistent with our conclusion that the high- T, superconductivity
of YBa,Cu;0;., is intimately associated with the magnitude of
the interaction between the CuQ, layers, which occurs via the
Cu2-04-Cul-04-Cu2 linkages in each Ba,Cu;0,.,> slab.>®

Decoupling of the Interlayer Interaction and Mixed Valence

Suppose that the Cu2-0O4 distance of each Ba,Cu;0,_,> slab
is increased beyond (also the Cul-O4 distance is decreased below)
a certain value, which occurs when enough four-coordination
copper sites 3a are removed from the Cul atom plane. Then the
interaction between the CuO, layers occurring via the Cu2-04—
Cul1-04—Cu2 linkages may become so weak that the CuQ, layers
would be independent of each other as are the CuQ, layers in the
doped superconductors La, ;M,Cu0, (M = Ba, Sr),? which
exhibit superconductivity at T, ~ 30-40 K for x ~ 0.1-0.2. The
T, value of La, M, CuQO, reaches ~53 K under an applied
pressure of ~12 kbar,? and the partially filled x2 - y? band of
the CuO, layers in La, . M,Cu0Q,? is essentially identical with
that of the CuO, layers in YBa,Cu;0,_,.*%® Consequently, for
a certain range of y values (e.g., y 2~ 0.4-0.5), the CuQ, layers
of YBa,Cu;0,_, could become similar in electronic structure to
the CuO, layers of La, ,M,CuQO, under an applied pressure of
~12 kbar, which would be responsible for the lower plateau at
T. ~ 55 K in the T, vs oxygen plot of Figure 9 (see the dotted
lines). This rationalization implies that the CuQ, layer x? — y2
band of YBa,;Cu;0;_, for y ~ 0.4-0.5 would have a band occu-
pancy of 0.43, as does the CuQ,4 layer x2 — y? band of
La, M,CuO; (M = Ba, Sr; x o~ 0.15).

La, ,M,CuQ, is not superconducting when its x? — y? band
occupancy is close to 0.5 because of the electronic instability (i.e.,
an antiferromagnetic ordering) associated with the half-filled
band.?’"?® By analogy, one might suggest that the absence of

(25) (a) Bednorz, J. G.; Muller, K. A. Z. Phys. B.: Condens. Matter 1986,
64, 189. (b) Uchida, S.; Takagi, H.; Kitazawa, K.; Tanaka, S. Jpn. J.
Appl. Phys., Part 2 1987, 26, L1. (c) Takagi, H.; Uchida, S.; Kitazawa,
K.; Tanaka, S. Jpn. J. Appl. Phys., Part 2 1987, 26, L123, L218. (d)
Cava, R. J.; van Dover, R. B.; Batlogg, B.; Rietman, E. A. Phys. Rev.
Lett. 1987, 58, 408. (e) Capone, D. W, II; Hincks, D. G.; Jorgensen,
J. D.; Zhang, K. Appl. Phys. Lett. 1987, 50, 543.

(26) (2) Chu, C. W,; Hor, P. H.; Meng, R. L.; Gao, L.; Huang, Z. J.; Wang,
Y. Q. Phys. Rev. Lett. 1987, 58, 405. (b) Chu, C. W,; Hor, P. H,;
Meng, R. L.; Gao, L.; Huang, Z. J. Science (Washington, D.C.) 1987,
235, 567. ‘

(27) Whangbo, M.-H.; Evain, M.; Beno, M. A_; Williams, J. M. Inorg.
Chem. 1987, 26, 1829.

(28) Williams, J. M.; Beno, M. A.; Carlson, K. D.; Geiser, U.; Kao, H. C.
L; Kini, A. M.; Porter, L. C.; Schultz, A. J.; Thorn, R. J.; Wang, H.
H.; Whangbo, M.-H.; Evain, M. Acc. Chem. Res., in press.
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superconductivity in YBa,Cu;0,_, (y > 0.5) arises from its
half-filled x? - y? band of the CuQ, layers. For this to be true,
a certain condition must be imposed on the copper atom valence
states in the Cul atom plane. The copper atom oxidation state
at the linear-coordination site 1 or at the three-coordination site
2 is likely to be +1,% while that at the four-coordination site 3a
is likely to be +3.3%3° Thus the Cul atom plane would consist
of Cu®* and Cu* cations. If 3 is the fraction of the Cu’* sites
in the Cul atom plane, the average oxidation state, «,, of the Cul
atom is given by

a=33+(1-p=28+1 (3a)
The charge neutrality for YBa,Cu;0,_, requires that
a;=7-2y-2a, (3b)

where «, is the average oxidation state of the Cu2 atom. From
eq 3a and 3b

B=3-y-a (42)
B=1-yifa,=2 (4b)

For the CuQ, layers x? - 2 band to be half-filled, eq 4b suggests
that the fraction of the Cu®* sites, 3, in the Cul atom plane should
decrease with increasing oxygen atom vacancies in that plane,
eventually reaching zero at y = 1.0. Intuitively, this proposal seems
quite reasonable.

Concluding Remarks

The structural characteristics of YBa,Cu;0,., that depend upon
the oxygen atom vacancies of the Cul atom plane are well re-
produced by the empirical atom-atom potentials derived from the
binary oxides BaO, CuO, and Y,0;.° Those structural charac-
teristics originate essentially from the anisotropic oxygen atom
environment around each Ba?* cation; i.e., the Cul atom plane
contains fewer Q% anions than does the Cu2 atom plane. The
extent of this anisotropy in YBa,Cu;0,_, increases with y since
the oxygen atoms of the Cul atom plane are primarily removed
upon increasing the temperature. Thus the Coulomb repulsion
of the capping oxygen atom O4 with Q%" anions of the Cul atom
plane decreases in magnitude as the number of oxygen atom
vacancies of the Cul atom plane increases. Therefore, with
decreasing oxygen content of the Cul atom plane, the Cul-0O4
and the Cu2~04 distances of YBa,Cu;0,_, sharply decrease and
increase, respectively. Since the change in the Cu2-04 distance
is much greater, the Cu2—04~Cu1-04-Cu2 linkage is lengthened
as the oxygen content of the Cul atom plane decreases.

The two separated CuQ, layers of each Ba,Cu,;0;. % slab
interact via the Cu2-04—-Cu1-04-Cu2 linkages.>>? Thus, the
lowering of T in YBa,Cu;0;_, with decreasing the oxygen content
of the Cul atom plane would be a result of weakening this in-
terlayer interaction within each Ba,Cu;0,_,*" slab, which is caused
by the shortening of the Cul-O4 distance and the lengthening
of the Cu2-04 distance. The extent of the interlayer interaction
is weakened on a statistical basis, as the number of the four-co-
ordinate copper sites 3a is reduced by removing the O1 atoms from
the Cul atom plane. An important consequence of weakening
the interlayer interaction is to make the CuQ, layers of each
Ba,Cu;0,_,% slab independent, so that they become similar in
electronic structure to the CuO, layers La, M, CuQO,. This could
give rise to the lower plateau at ~55 K in the T, vs oxygen content
plot for YBa,Cu;0,_,. The upper plateau of this plot at T, ~
93 K suggests that the high- T, superconductivity at 7, ~ 93 K

(29) (a) Johnston, D. C.; Stokes, J. P.; Goshorn, D. P.; Lewandowski, J. T.
Phys. Rev. B: Condens. Matter 1987, 36, 4007. (b) Mitsuda, S,;
Shirane, G.; Sinha, S. K.; Johnston, D. C. Phys. Rev. B: Condens.
Matter 1987, 36, 822. (c) Freltoft, T.; Remeika, J. P.; Moncton, D. E,;
Cooper, A. S,; Fisher, J. E.; Harshman, D.; Shirane, G.; Sinha, S. K.;
Vaknin, D. Phys. Rev. B: Condens. Matter 1987, 36, 826. (d) Kang,
W.; Collin, G.; Ribault, M.; Friedel, J.; Jérome, D.; Bassat, J. M,;
Coutures, J. P.; Odier, P. J. Phys. (Les Ulis, Fr.) 1987, 48, 1181.

(30) Whangbo, M.-H.; Evain, M.; Beno, M. A.; Williams, J. M. Supercon-
ductivity: Synthesis, Properties, and Processing, Hatfield, W. E., Ed,;
Marcel Dekker: New York, in press.
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is achieved when the proportion of the four-coordinate copper sites
3a in the Cul atom plane exceeds a certain minimum value. An
important implication of these observations is that the super-
conductivity at 7, ~ 93 K might originate from the formation
of Cooper pairs (i.e., pairs of electrons that are charge carriers
of superconductors) between electrons of the Cu2 atoms across
the Cu2-04-Cul-04-Cu?2 linkages as illustrated in 4.° When
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such a Cooper pair formation is unfavorable by lengthening the
Cu2-04-Cul-04-Cu2 linkages, Cooper pairs may be formed
between the electrons of the Cu2 atoms within each CuQ, layer,
a situation identical with that in the CuO, layers of doped su-
perconductors La, ,M,CuQ,. Future theories aimed at describing
the high-temperature superconductivity in YBa,Cu;0;., must take
into consideration the interlayer interaction mediated by the
Cu2-04-Cul-04-Cu? linkages.

One possible reason for why tetragonal YBa,Cu,;0,_, (y > 0.5)
is not superconducting might be that its CuO, layer x* ~ 32 band
remains half-filled, which requires that the Cul atom plane contain
the Cu’* and Cu* cations in the (1 — y):p ratio. If this is the case,
tetragonal YBa,Cu;0,_, (y > 0.5) would be semiconducting, as
shown by van den Berg et al.,!s and exhibit an antiferromagnetic
ordering. We also note that tetragonal YBa,Cu,0s is found to
be semiconducting,5¢7

Our calculations of the crystal energies for orthorhombic and
tetragonal YBa,Cu;0,_, suggest that formation of CuOj; chains
in orthorhombic YBa,Cu;0,_, (¥ < 0.5) may arise from two
energy factors: to avoid a right-angle arrangement of two oxygen
atoms around each Cul atom within the Cul atom plane and to
avoid a T-shape three-coordination for copper. Even for tetragonal
YBa,Cu;0,., (¥ > 0.5), these energy factors may still be operative.
Thus it is possible that the presence of enough oxygen atom
vacancies in tetragonai YBa,Cu;0,_, (y > 0.5) may allow some
short CuO; chains to exist and hence some Cu’* sites to form
randomly in the two orthogonal directions of the Cul atom plane,
which leads to a tetragonal structure on a statistical basis.
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Two new dihydroxamate analogues of the siderophore aerobactin, derived from the polyamine carboxylate ligands EDTA (eth-
ylenediaminetetraacetic acid) and DTPA (diethylenetriaminepentaacetic acid), have been synthesized. The protonation and stability
constants of the ligands and of their complexes with iron(III) have been determined by using potentiometric methods. The number
of species in solution and the metal~ligand protonation constants were independently determined by a linear algebraic analysis
and least-squares refinement of the visible absorption spectra. The metal-ligand formation constants, Ky, were determined from
a similar analysis of the ultraviolet spectra near pH 1. These formation constants [log X values of 30.2 (6) and 29.7 (7), respectively]
are higher than usual for dihydroxamate ligands, and there is some evidence that the new ligands may be effective iron removal
agents in vivo. The ligands are easily made and purified in large quantities and have desirable solubility properties.

Introduction

We have been involved in the synthesis of ligands that might
be useful in the metal chelation therapy of iron overload? and,
in a related project, the preparation of specific sequestering agents
for plutonium.’>  For this purpose, we have looked to the
siderophores—a class of molecules produced by microorganisms
to acquire sufficient iron for their survival—for examples of highly
specific sequestering agents.* Two major groups of siderophores
are the catecholates, such as enterobactin, and the hydroxamates,
exemplified by the ferrioxamines, aerobactin, and others. Our
attention has focused mainly on ligands mimicking enterobactin,
since it is the strongest iron(I1I) chelating agent known (log Ky
= 52).5 Unfortunately, such tricatecholate ligands are often
difficult and expensive to synthesize and the parent compounds
and their ferric complexes are relatively insoluble in neutral and
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acidic solutions.® This is also true for the larger trihydroxamate
ligands, since the backbone of such ligands often consists of fairly
large nonpolar or only slightly polar chains and rings that enable
the chelating moieties to bind all the coordination sites of the metal.
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