
13C1T6,H, to be 843.0190 and found for both the 
1,9 and 7,8 isomers to be 843.0192. Mass peaks 
were broadened by the isotope mixture. Unlike 
C,,H,, signals for the parent fullerene ions were 
not observed by FAB MS. 

12. The chemical shifts of the C,,H, isomers are -2 
ppm upfield from that of C,,H, in the same 
solvent, 6 5.93 ppm. This result may indicate that 
C,,H, is less acidic than C,,H,, the pK, of which 
is 4.8 2 0.3. D. H. Evans, paper presented at the 
Electrochemical Society Meeting, New Orleans, 
LA, 13 October 1993. 

13. MNDOiPM3 heats of formation, relative to that of 
7,8-C,,H,, for the 21,22 and 23,24 isomers are 
7.08 and 48.45 kcaVmol [corresponding data 
from (3) for the 21,22 isomer is 6.80 kcallmol] 
Addition to the equatorial carbons is predicted to 
be extremely unfavorable. The calculated reac- 

tion of H, with C,, to give 23,24-C,,H, is en- 
dothermic by 11.20 kcal/mol. 

14. For comparison, 3JHH = 14.3 Hz for C,,H,O (di- 
hydride epoxide) and 3JHH = 14.1 2 0.5 Hz for 
1 ,2,3,4-C,,H4 for the &€-ring fusion (only 9.8 2 0.5 
Hz for the 5,6 fusion). Other C,,H4 isomers have 
coupling constants at 6,6-ring fusions of 15.5 to 
15.8 Hz (C. C. Henderson, C. M. Rohlfing, R. A. 
Assink, P. A Cahill, Angew Chem., in press). 

15. The support is a Buckyclutcher I phase in which 
an unusually large amount of platinum remained 
from synthesis of the ligand. 

16. Tighter error limits might result if (i) preclse molar 
absorptivity data becomes available or if (ii) a 
catalyst that does not lead to hydrogen loss could 
be found. Such a catalyst would also be useful for 
studies of the isomerization of the multiple C,,H4 
isomers formed on reduction of C,, or C,,H,. 

A Mass Spectrometric Solution to the Address 
Problem of Combinatorial Libraries 

Christopher L. Brummel, Irene N. W. Lee, Ying Zhou, 
Stephen J. Benkovic,* Nicholas Winograd* 

The molecular weights of femtomole quantities of small peptides attached to polystyrene 
beads have been determined with imaging time-of-flight secondary ion mass spectrometry. 
The analysis is made possible by the selective clipping of the bond linking the peptide to 
a bead with trifluoroacetic acid vapor before the secondary ion mass spectrometry assay. 
The approach can be applied to large numbers of 30- to 60-micrometer polystyrene beads 
for the direct characterization of massive combinatorial libraries. 

Combinatorial synthetic methods, which 
entail a series of chemical steps with mul- 
tiple reagent choices for each step, can 
provide large repertoires of compounds with 
extensive molecular variation (1 -8). Col- 

\ ,  

lections or libraries containing more than a 
million members have been created 
through synthesis on solid supports such as 
Merrifield beads (5, 7). The chemical iden- 
tity of an oligonucleotide or peptide at- 
tached to a single bead can often be eluci- 
dated by microsequencing methods. For 
other families of compounds, the problem 
of identification has been solved bv the 
attachment of tag molecules to the bead, 
thus encoding a history of the chemical 
operations. In the first of two recent exam- 
ples, an oligonucleotide was cosynthesized 
alternating with each reagent addition. The 
resulting deoxynucleotide strand was then 
amplified and sequenced to determine the 
identity of the compound attached to the 
support bead (8). In the second example, a 
set of tagging molecules that encode a 
given reagent added in that step was at- 
tached to the supporting bead, and the 
Drocess was re~eated with additional sets 

tion of tags attached to a single supporting 
bead was liberated chemically and then 
identified by electron capture, capillary 
gas chromatography (9). 

In this report, we propose a direct mass 
spectrometric assay that is generally appli- 
cable to the identification of the chemical 
nature of the compound on a single sup- 
porting bead in a large combinatorial li- 
brary. This method does not depend on the 
synthesis of a tagging molecule or the at- 
tachment of sets of tagging molecules after 
each chemical separation. Although we 
illustrate the method for trimer peptides, 
the assay should ultimately prove useful in 
identifying a variety of pharmaceutically 
active agents. 

We use imaging time-of-flight secondary 
ion mass spectrometry (TOF-SIMS) to 
identify the molecular weights of molecules 
bound to polystyrene bead surfaces (Fig. 1). 
This technology is potentially suited to 
such a problem (10, 11) because (i) molec- 
ular ions from a wide variety of precursors 
may be desorbed intact (12, 13); (ii) the 
parallel detection and high mass resolution 
associated with TOF detection ~rovide a 

17. Data on relative energies of C,,H, isomers de- 
rived from semiempirical calculations is therefore 
suspect [see, for example, N. Matsuzawa, T. 
Fukunaga, D. A. Dixon, J. Phys. Chem. 96, 10747 
(1 992)l. We have repeated the C,,H, calculations 
at the HFi3-21G and HFi6-31G* levels and have 
found a markedly different energy ordering (C. C. 
Henderson, C. M. Rohlfing, R. A. Assink, P. A. 
Cahill, Angew. Chem., in press). 

18. This work was supported under the Laboratory 
Directed Research and Development (LDRD) pro- 
gram at Sandia National Laboratories by the U.S. 
Department of Energy under contracts DE-AC04- 
76DP00789 and DE-AC04-94DP85000, We ac- 
knowledge R. A. Assink, D. R. Wheeler, C. Welch, 
R. Milberg, and S. Mullen for helpful discussions. 
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kind proposed is obviously necessary. For 
example, a 40-p,m sphere covered with one 
layer of Phe will only have 50 fmol of 
surface molecules available for sampling. 

To test the feasibility of this approach, 
we examined the TOF-SIMS spectrum of a 
40-p,m polystyrene bead coated with about 
one molecular layer of Phe. This sample 
exhibits large peaks at mass-to-charge ratios 
(mlz) of 120 (M-C02H)+, 166 (M + H)+,  
188 (M + Na)+, and210 (M-H + Na2)+ 
(Fig. 2A). Other peaks characteristic of 
bulk polystyrene (15) and Cu are also as- 
signable. Phenylalanine was deposited on 
the bead by a simple physisorption proce- 
dure whereby the bead was immersed in a 

M methanol solution of Phe, removed 
after several minutes, allowed to air-dry, 
and then placed on a Cu surface for analy- 
sis. For these measurements, the dose of 
incident 25-keV Ga+ ions was controlled 
by limiting the sample exposure to 200,000 
pulses (20 ns in duration each) of a 500-pA 
current. This exposure corresponds to lo7 

Aperture 

Retard 

1 Reflect 

Sample fl Trajecto;of '1 ;2'6 kv 
seconda ions '1 

I -1 7 
\ 

\ \ 

+2.5 kV -4.7 k v  
Extraction 
lens 

Fig. 1. Schematic diagram of the TOF-SIMS 
apparatus. Gallium ions from a liquid metal ion 
source (LMIG) are accelerated to 25 kV and are 

bf tagging moiecules added during subse- lo4- to lo6-fold improvement in s'ensitivity Onto the sample with a 'pot size Of 
-1 50 nm. The beam is pulsed by rapid electri- quent reagent addition steps. The collec- over scanning mass spectrometric methods cal deflection through an aperture typically for 

and (iii) the primary beam may be -20 ns, Molecular ions sputtered from the 
Department of Chemistry, Pennsylvania State Univer- focused a size nm, that sample are extracted through a field of 7.2 kV 
sity, 152 Davev Laboratow, University Park, PA 16802, the concentration of molecules can be into a 2-m reflectron TOF analvzer, Ions are 
USA mapped over small spatial domains (10, counted at a channel plate detector and pro- 
*To whom correspondence should be addressed 11). Extreme sensitivity for an assay of the cessed by an online computer 
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Ga+ ions focused into a circular area 40 pn 
in diameter or 8 x 10" Ga+ ions per square 
centimeter. A 20-11s primary ion pulse 
yields a mass resolution of -1500 at m/z 
100. The low dose of primary ions ensures 
that sample damage .does not alter the 
chemical nature of the target surface (16). 
Sensitivity varied depending on the molec- 
ular character of the sample being studied. 
For Phe adsorbed on a polystyrene bead, the 
detection limit is -500 am01 on a bead 
surface. 

Our approach to the direct imaging of a 
combinatorial library of peptides adsorbed 
onto polystyrene beads is illustrated in Fig. 
3A with the peptide Val-Tyr-Val prepared 
with the above procedure. For this assay, 
the pulsed Ga+ ion beam is rastored across 
the 100-~rn field, during which time a 
TOF-SIMS spectrum is recorded for each 
-1-~lrn~ pixel. An image is rendered by 
mapping of the intensity of (M + H), (M + 
Na)+, and (M-H -+ NaZ)+ ions at m/z 380, 
402, and 424, respectively. For Val-Tyr- 
Val, the intensity is generally 0 to 4 counts 
per pixel. In spite of these relatively low 
count rates, a clear image of the coated 
bead is easily discernible. We estimate a 
detection limit of 2 fmol for Val-Tyr-Val. 

There are several features of the data 
shown in Fig. 3A that need futther elabora- 
tion. First, although the substrate is electrical- 
ly conductive, the bead itself is an electrical 
insulator subject to chargtng. Normally, in 
static TOF-SIMS experiments, chargtng is 
not a signiticant problem because of the small 
number of incident ions needed to record a 
spectrum. For the imaging of small areas, 
however, ion current densities are much high- 
er and some type of charge wmpensation is 
essential. In our experiments, the sample was 
flooded with 50 n A / d  of 30-eV electrons 
for 50 ps between each Ga+ ion pulse to 
eliminate chargmg &cts (1 7, 18). A sec- 
ond issue involves the influence of the shape 
of the bead and the angle of incidence of the 
Ga+ ion. In our codgumtion, the Ga+ ion 
beam is incident at 45" from the surface 
normal (from the left in Fig. 3). The polysty- 
rene sphere is -60 Clm high and is placed in 
a 3-mrn extraction gap with a field of 7200 V. 
Thus, in addition to problems dictated by the 
morphology of the bead, there is a lHTV field 
gradient a u a s  the bead. Both of these effects 
tend to produce higher signals near the lead- 
ing edge of the bed. Finally, each of the 
assays reported here was completed in less 
than 4 min. The analysis time is determined 
by the flux of incident ions and the time 
required to reach the damage threshold. For 
small beads or hlgher current sources (or 
both), the analysis time could be reduced an 
order of magnitude. 

Similar results tp those shown in Fig. 3 
have been obtained with Gly-Pro-Gly-Gly 
as well as a variety of other small peptides. 

Bradykinin, with 11 amino acid residues, 
could be detected when adsorbed onto a 
polystyrene film (19), but we have yet to 
obtain a sufficiently large signal to generate 
an image from a 4 0 - ~ m  bead. Because 
combinatorial libraries of peptides on poly- 
styrene beads generally consist of linear 
chains of three to six amino acids, the range 
imaged by TOF-SIMS appears to be suffi- 
cient to determine the parent molecular ion 
of the adsorbed peptides. 

For peptides physisorbed onto the polysty- 
rene beads, imaging TOF-SIMS provides a 
simple and direct assay of molecular weight. 
For the determination of a particular peptide 
address, however, it is necessary to desorb 
intact peptides directly that are covalently 
attached to the polystyrene surface. We find 

that the formation of this covalent bond 
dramatically reduces the yield of molecular 
ions in the SIMS spectrum. This effect is 
shown in Fig. 2B for Phe covalently attached 
to a polystyrene bead where the yield of (M + 
H)+ at mlr 166 is no longer visible, although 
strong fragment ions are found at m/z 120. In 
general, molecular ions for other peptides 
covalentlv bound to the bead were not o b  
served anh the spectra were found to consist 
mainly of intense fragment ions from protect- 
ing groups and of amino acid fragments. For 
example, with the pentapeptide LeuSer-Arg- 
Ile-Val, the molecular ion at 587 m/z was not 
observed nor were any of the cationized spe- 
cies, although several fragment ions typical of 
each of the monomer units (20) were easily 
found in the low mass range. 

Fig. 2. Mass spectra of Phe attached to a 
polystyrene bead (A) by physisorption, (B) by M - (CWH) 
covalent bonding, and (C) after vapor-phase 
clipping with trifluoroacetic acid. Peaks in the 
low mass region at mh 23 (Na); 39 (K); and 63, 
65 (Cu) are always observed as part of the 
background. In addition, a smaller contribution 
of polystyrene (PS)-derived peaks are also PS PS PS PS PS 

seen at mh 91 (C,H,); and 103,105,115,117, 
127, 128, 129, 141, 152, 165, 178, 190, 193 
(PS). The important Phe-derived features are 
indicated. Note the presence of (M + Na)+ and 
(M + N+)+ features. These peaks may confuse O loo 120 140 160 180 200 220 
molecular weight determinations, although Mass (daltons) 
characteristic mass differences are often obvi- 
ous. The spectrum in C displays a prominent peak at mh 147 due to a polydimethylsiloxane impurity 
that often finds its way to the surface of polystyrene. 

Fig. 3. (A) The TOF-SIMS image of a polysty- 
rene bead covered with ~ a l - ~ ~ r - ~ a l .  The image I was created by the monloring of (M + H)+, (M 
+ Na)+, and (M-H + N%)+ -at m/z 380, 402, 
and 404, respectively. The field of view is 100 
pm. (B and C) The mass spectrum was collect- 
ed from Val-Tyr-Val initially covalently attached 
to a single bead and subsequently clipped by 
the vapor-phase clipping procedure. The im- 
monium ion for the individual amino acids is 

I prominant in the low mass reaion at 73 and 136 
amu for Val and Tyr, resp&tively. Tyr gives I another haamenl correswndina to the side 
chain at lofamu. The high masbregion shows 
M + H at 380 and two fragments derived from 

z L 

260 280 300 320 340 360 380 400 
Mass (daltons) 

two amino acid cleavages. The B, 
fragment is generated by a break in 
the peptide bond between the Tyr 
and the second Val and extends to 
the amino terminus. mass 263. The 
Y, + 2 fragment arises from the 
cleavage of the first peptide bond 
and extends to the carboxy termi- 
nus with the addition of two hydro- 
gens, mass 281 (22). 
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To circumvent this d&culty, we have 
developed a protocol for clipping the cova- 
lent surface attachment while leaving the 
peptide resting in place on the bead. To 
begin, we selected a bead with an acid- 
sensitive linker as the substrate (2 1 ). Beads 
with covalently attached amino acids were 
then transferred to a Cu grid. The Cu grid 
is used as a support, and markings on the 
grid can be used to locate specific beads. 
The beads were then placed in a chamber 
saturated with trifluoroacetic acid (TFA) 
and methylene chloride (CH2C12) vapors 
from a TFA (15%) in CH2C12 solution. A 
3-min exposure was sufficient to cleave the 
amino acid from the bead. The progress of 
the reaction was monitored by the observa- 
tion of a color change from off-white to 

Flg. A The TOF-SIMS image of a mixture of 
beads with covalently bound amino acids 
placed on a Cu grid, after vapor-phase clip 
ping. (A) The (M + H)+ ion intensity for Phe is 
shown in green, and the Cu+ ion intensity is 
show in red. (B) The (M + H)+ ion intensity for 
Phe is shown in green, while the (M + H)+ ion 
intensity for Leu is shown in red. The more 
brightly colored pixels contain more than one 
count. The primary ion beam is incident 45" 
from the surface normal (from the top). The field 
of view is 120 pm. 

purple on the beads themselves. Once the 
cleavage reaction was complete, the beads 
and Cu grid were inserted directly into the 
TOF-SIMS apparatus for analysis. 

The mass spectra of the beads subjected to 
this vapor-phase clipping exhibited a strong 
signal for their corresponding parent ions. 
The SIMS spectrum of the clipped Phe is 
shown in Fig. 2C, while the cones- 
image of m/z 166 is shown in Fig. 4A. The 
amino acid is confined to the bead, because its 
sienal is not found from the surroundine Cu 
&. However, the s& o k e d  for pie in 
Fig. 4A are more intense than the signals for 
Phe when it was simply physisorbed to a bead, 
perhaps because of the better unifinmity of 
coverage resulting from the initial covalent 
bond formation. Thus, larger s@ should 
appear from peptides clipped from the beads 
than from those prepared by other methods. 
The tecluuque was further tested by the im- 
aging of a mixture of Phe- and Leucoated 
beads. The beads were placed on a Cu grid 
and cleaved with TFA as described above 
(Fig. 4B). Although the beads are very close 
to each other, there is no significant cross 
contamination. 

The method was then extended to the 
tripeptide Val-Tyr-Val covalently attached 
through an acid-sensitive linker to the 
bead. The bead was subjected to clipping by 
the vapor-phase method and subjected to 
characterization by TOF-SIMS. The mass 
spectrum displayed in Fig. 3C shows ions at 
mlr 380 (M + H) ,28 1, and 263. In the low 
mass range (Fig. 3B), intense peaks were 
found at m/z 72 (Val-C02H) and 136 (Tyr- 
C02H). The TOF-SIMS spectrum is suffi- 
cient to establish uniquely not only the 
composition but the Val-Tyr-Val sequence 
through the above fragmentation pattern. 
The use of fragment sequence ions to deter- 
mine the structure of small peptides is well 
established (22). 

This method will provide a determina- 
tion of the mass of the parent ion and will 
identify directly those members of a library 
with a given molecular weight. The TOF- 
SIMS mass accuracy is now on the order of 
+0.01 atomic mass unit (amu) (10, 11). In 
a pentapeptide created from all 20 amino 
acids, there are 42,504 compositional pep- 
tides differing in their parent amino acids. 
Although many of these peptides have the 
same molecular weight [for example, Phe- 
Trp-Trp-Trp-Asn and Phe-Trp-Trp-Tyr- 
His (molecular weight of 837.36)], they can 
be readily distinguished from one another 
by the presence of the monomer unit in the 
spectrum as noted above. Consequently, all 
compositional library members should be 
identified. The only naturally occurring 
amino acids that cannot be differentiated by 
mass are Leu and Ile. To distinguish be- 
tween the two, a 15N label can be incorpo- 
rated into one. 

In the case of ~ermutational isomers 
(for the pentapeptide example there are 
3.2 million members in this librarv). the ,, . 
fragment ions must be used to distinguish 
between members. A complete set of 
fragment ions is generally observed for pep- 
tides of fewer than 10 amino acids (22). 
Alternatively, a termination sequence strat- 
egy in which a small fraction of the growing 
peptide chain is deliberately capped chemi- 
cally is included in the synthesis. Such 
termination sequences give rise to different 
molecular we&ts; the difference between 
the two such sequences is the last amino acid 
added (23,24). Given the sensitivity of the 
TOF-SIMS procedure, this strategy may also 
be implemented. 

There are many prospects for generaliz- 
ing this chemistry. For example, our results 
show the importance of the surface chemi- 
cal bond in controlling the detailed desorp- 
tion event in many types of related SIMS 
experiments. These results suggest that al- 
ternative linker chemistry may enhance the 
molecular ion signal of covalently attached 
species. Further increases of sensitivity may 
also become feasible with special cationiza- 
tion schemes or by laser positionization of 
sputtered neutral molecules (25). It will be 
valuable to compare these results with on- 
going molecular dynamics computer simu- 
lations of the ion bombardment event (26) 
to eludicate the enerw transfer mechanisms 
that lead to molecul& desorption and frag- 
mentation. Finally, this methodology 
should not be limited to amino acids but 
should be applied, for example, to the 
addressing of libraries consisting of hetero- 
cycles such as benzodiazepines (2). 
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Antiferromagnetic Ordering and Paramagnetic 
Behavior of Ferromagnetic Cu, and Cu,, 

Clusters in BaCuO,,, 

Z.-R. Wang, X.-L. Wang, J. A. Fernandez-Baca, 
D. C. Johnston, D. Vaknin* 

Magnetization and neutron diffraction measurements on polycrystalline BaCuO,,, re- 
vealed a combination of magnetic behaviors. The Cu, ring clusters and Cu,, sphere 
clusters in this compound had ferromagnetic ground states with large spins 3 and 9, 
respectively. The Cu, rings ordered antiferromagnetically below the Neel temperature TN 
= 15 2 0.5 kelvin, whereas the Cu,, spheres remained paramagnetic down to 2 kelvin. 
The ordered moment below TN was 0.89(5) Bohr magnetons per Cu in the Cu, rings, 
demonstrating that quantum fluctuation effects are small in these atomic clusters. The Cu,, 
clusters are predicted to exhibit ferromagnetic intercluster order below about 1 kelvin. 

T h e  strong antiferromagnetic (AF) coupling 
between the Cu spins in the CuO, planes of 
the undoped parent compounds of the high 
transition temperature cuprate superconduc- 
tors ( I )  results from an indirect 180" bond 
angle Cu2+-0'--Cu2+ superexchange inter- 
action (] - 1000 K). Aharony et al. (2) have 
argued that an intervening 0'- ion produced 
by a localized doped hole on the 0,- ion 
results instead in an indirect ferromagnetic 
(FM) interaction between the adjacent Cu 
spins, which in turn was predicted to strongly 
modify the magnetic properties of the parent 
cuprate. It is thus important to further clarify 
the conditions under which FM versus AF 
Cu-Cu interactions occur in copper oxides. 
An alternative cause of the FM interactions 
has been predicted to be a change in the 
Cu-O-Cu bond angle from 180" to 90" (3); 
however, the intermediate angle at which the 
crossover from AF to FM coupling occurs is 
unknown. 

Here. we summarize a studv of the mae- 
netic pdperties of the compouid B~C~O,,:. 
Despite its simple chemical formula, this com- 
pound has a large body-centered-cubic (bcc) 
unit cell (space group Im3m, a = 18.25 A) 
with 90 formula units per unit cell (4, 5).  The 
cell contains six lone Cu04 units, eight 
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Cu6OI2 ring clusters, and two C U ~ , ~ , ~  sphere 
clusters formed from edge-shared Cu04 units 
(Fig. 1). The Cu6012 ring clusters are formed 
by six edge-shared Cu04 squares. The Cu-O- 
Cu bond angle in a six-membered and eight- 
membered ring is 75.5" and 81.6", respective- 
ly. Magnetic susceptibility [x(T)] measure- 
ments (5-7) of the compound showed Curie- 
Weiss-like behavior with a clear deviation 
from linearity below a temperature (T) of 
about 100 K. Electron spin resonance (ESR) 
measurements of the same compound (5, 8) 
indicated a phase transition at -15 K. Pre- 
liminary neutron scattering measurements (9) 
on polycrystalline samples showed a phase 
transition at 13 K, consistent y i th  the ESR 
studies. Unpolarized and polarized neutron 
diffraction measurements combined with 
magnetization measurements revealed that 
BaCuO,,, exhibits a combination of magnet- 
ic behaviors. The Cu6 and Cu,, clusters have 
FM ground states with large spins S, = 3 and 
S, = 9, respectively. The Cu, rings exhibit 
long range AF intercluster order below T, = 
15 K, with no apparent magnetic coupling to 
the lone Cu ions or the Cu,, clusters. In 
contrast, these latter two species remain para- 
magnetic down to 2 K and interact antiferro- 
magnetically with an effective coupling 
strength J = 1.1 meV. Extrapolation of the 
magnetic susceptibility x(T) data below 2 K 
predicts that the Cu18 clusters should exhibit 
FM intercluster order below - 1 K. Our results 
are relevant to many cuprate superconductors 
which show buckling of the CuO, planes and 
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significant deviations of the Cu-O-Cu bond 
angle from 180°, and to engineering new 
cuprates with novel properties. 

A 1 : 1 molar mixture of BaCO, (99.99%) 
and CuO (99.99%) was thoroughly ground 
and heated to 800°C for 24 hours. The sample 
was then repeatedly reground and fired at 
925°C for 24 hours. The sample was finally 
reheated to 900°C for 10 hours and-cooled to 
room temperature (T) at a rate of 10°C per 
hour under He gas. Magnetization (M) data 
were obtained with a Quantum Design super- 
conducting quantum interference device 
(SQUID) magnetometer. 

The inverse of the molar magnetic suscep- 
tibility, x = M/H, for BaCuO,+, is plotted 
versus T from 2 to 400 K (Fig. 2) for applied 
magnetic fields H = 500 G and H = 10 kG. 
The data in Fig. 2A above -300 K approach 
the linear Curie-Weiss law X-' = (T - 8)lC. 
The molar Curie constant is C = N,$S (S + 
1) IJ.2B/3kB, where N, is Avogadro's number, 
g and S = 112 are, respectively, the gyromag- 

Fig. 1. Perspective representation of the two 
types of Cut0 clusters in the bcc unit cell of 
BaCuO,,,. The Cu,,O,, sphere-like clusters 
are located at the (000) and at the (112 112 112) 
(not shown); the Cu,O,, ring-like clusters are 
located at the (114 114 114) and the remaining 
seven equivalent positions with their axis of 
highest symmetry along the corresponding 
body diagonal (only two rings are shown). The 
lone spins are located along principal direc- 
tions adjacent to the spheres (partially occu- 
pied). Both clusters consist of closed one- 
dimensional strips of CuO, oxygen edge-shar- 
ing squares. 
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