
pletely by subsequent storms, or (iii) the 
dark deposits are so young that they have so 
far escaped burial. The first possibility is 
unlikely because the darkest patch measured 
on an image taken early in the Viking 
mission became obscured by a light blanket 
during the subsequent dust storms of 1977. 

The second possibility will be explored in 
more detail. How fast does light-colored 
dust obscure dark materials? Thomas et al. 
(13) calculated that a coating of light-col- 
ored dust covering as little as 30 to 50% of a 
region would result in maximum contrast 
between light and dark areas on Mars. Such 
a coating could come from only one-quarter 
of the annual dust fallout distributed evenly 
over the Martian surface (17). The time 
needed for dust to completely bury a dark- 
patch deposit (22) having an assumed grain 
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size of 10 mm (an upper limit according to 
thermal-inertia measurements) would range : 
from 30 years for densely packed dust to 
1500 years for porous material; density of Superconductivity at 52.5 K in the Lanthanum- 
the latter corresponds to that of fine weath- Barium-Copper-Oxide System 
ered glass (23). If dust fallout were erratic, 
the patches would be buried in 30,000 to 
1,500,000 years (22). I t  appears that the 
dark patches would be buried rapidly and, if 
dust were never removed, they would be 
very young indeed. 

However, removal of light-colored coat- 
ings is to be expected. How much would be 
removed during subsequent storms is diffi- 
cult to assess. Some dust would certainly 
remain trapped in cracks and crevices and 
would eventually tend to lighten the dark 
patches. Thomas (lo) ,  considering the age 
of low-albedo splotches inside craters, sug- 
gested that the material had to be reworked 
continuously by saltation to prevent a rise in 
albedo due to a dust cover. For the thin dark 
streaks emanating from dark-crater splotch- 
es, Thomas (10) estimated a lifetime only of 
about 10 to 100 years because of the tenu- 
ous nature of the streaks and their suscepti- 
bility to wind action. The delicate structure 
of the feathery edges of the vent deposits in 
Valles Marineris would be blanketed or de- 
stroyed by mechanisms similar to those af- 
fecting the dark streaks from crater splotch- 
es. Thus, the third possibility is indicated: 
the dark patches are very young. In fact, they 
may be no older than a few million years at 
most. 

It appears that the Valles Marineris tec- 
tonic troughs experienced a phase of mafic 
or ultramafic, pyroclastic volcanism. This 
observation is the first suggestion that 
Valles Marineris tectonism was accompa- 
nied by volcanism, as is common in most 
terrestrial rift systems. If this volcanism is 
indeed as young as it seems, Mars has been 
an active planet throughout most of its 
history. 

A superconducting transition with an onset temperature of 52.5 K has been observed 
under hydrostatic pressure in compounds with nominal compositions given by 
(Lao,9Bao,l)z Cu04-,. Possible causes for the high-temperature superconductivity are 
discussed. 

T HE SEARCH FOR HIGH-TEMPERA- 

ture superconductivity and novel 
non-phonon-mediated supercon- 

ducting mechanisms is one of the most 
challenging tasks of condensed matter phys- 
ics and material science. As a consequence, 
many compounds have been tested and nu- 
merous mechanisms proposed during the 
last three decades. However, only recently 
has a superconducting transition tempera- 
ture (T,) of 35 K been reported ( I ) ,  and 
later of 40.2 K under hydrostatic pressure 
(2), almost twice the value of 23.2 K first 
reported (3) in Nb3Ge sputtered thin films. 
Although the suggestions (4) of spin fluctu- 
ation-assisted electron-pairing and triplet 
superconducting states in heavy fermion su- 
perconductors are consistent with some ex- 
perimental data, unambiguous evidence has 
yet to be established. No definitive guide- 
lines exist, to date, for predicting those 
material systems that will exhibit high Tc or 
novel superconducting mechanisms. In this 
respect, an empirical search for new materi- 
als remains the most effective approach. It 
has been suggested (5) that it may be fruitful 
to investigate superconductivity under vari- 
ous conditions (high pressure, for example) 
in compounds generally not favorable for 

Oxidation is known to degrade the metal- " 
lit and, in particular, the superconducting 
characteristics of matter. However, super- 
conductivity has been observed in some 
highly oxidized perovskites and related com- 
pounds (6) such as SrTi03-,, Na,W03, 
Lil+,Ti2-,04, and BaPbl -,Bi,03, with a T, 
reaching 13 K for the last two oxides. Such a 
high Tc is especially unusual for BaPbl-, 
Bi,03, which has no d-electrons near the 
Fermi level and exhibits an extremelv low 
electron density of states. In spite of the 
great variation of their Tc values these ox- 
ides have several similarities (7). For in- 
stance, superconductivity occurs only over a 
narrow range of x values, with the highest 
Tc near the metal-insulator phase boundary. 
All these oxides possess oxygen octahedrons 
and mixed valence (that is, tungsten, titani- 
um, bismuth, and copper) sites. Near the 
metal-insulator phase boundary, soft modes 
or interfaces (due to concentration fluctua- 
tions) may exist. Oxygen octahedrons in 
proper arrangements are known to be close- 
ly associated with soft ferroelectric modes. 
Mixed valence systems have been considered 
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favorable for polaron formation. Soft modes 
(8), interfaces (9 ) ,  and polarons (10) have 
been suggested to provide avenues for en- 
hanced electron-pairing interactions, either 
conventional or nonconventional, leading to 
a higher Tc. A new system, La-Ba-Cu-0 
(lanthanum - barium - copper - oxide, or 
LBCO), has just been added to this oxide 
family by Bednorz and Miiller (1). 

Recently, Bednorz and Miiller (1) have 
examined the electrical properties of the 
La, -,BaXCuO3 -, compound system. On 
cooling, the resistance R of samples with 
x 5 0.2 initially decreased and then in- 
creased prior to a sharp resistance drop, with 
the drop starting at temperatures as high as 
-35 K. For some samples, a zero-R state 
was achieved below -12 K, although all 
samples contained multiple phases. The R 
drop was found to be shifted toward lower 
temperatures as the measuring current den- 
sity was increased. Possible high-tempera- 
ture percolative superconductivity with a 
maximum onset temperature Tco - 35 K 
has, therefore, been proposed (1). Later 
measurements showed that a magnetic field 
suppresses the resistance drop (2) and that a 
diamagnetic signal (2, 11, 12) accompanies 
the resistance drop associated with a super- 
conducting transition in the 30 K range. 
Hydrostatic pressure was found (2) to raise 
Tco, at an unprecedented rate, to a value of 
40.2 K. It was also suggested (2) that a Tco 
substantially above 40.2 K may be achiev- 
able by the application of pressure together 
with improvement in the sample conditions. 
In this report we describe the enhancement 
of Tco to above 52 K based on these im- 
provements. 

Our earlier studies (2) showed that the 
increase of the K2NiF4 phase in the LBCO 
samples improves the resistance characteris- 
tics and raises Tco. We therefore decided to 
examine compounds with nominal composi- 
tion (Lao 9Bao, l)2Cu04-,, where y is unde- 
termined. They were prepared by a solid- 
state reaction (2, 13). The mixture of La203, 
CuO, and BaC03 was first heated in air at 
900°C for 4 hours, then was pulverized and 
heated again in air at 900°C for 8 hours. The 
mixture was then pressed into pellets 4.7 
mm in diameter for sintering at 925°C in air 
for 26 hours. The pellets were finally heated 
in a reduced 0 2  atmosphere (2000 Km 
pressure) at 400°C for 5 hours and then 
900°C for 5 hours. Tests showed that best 
results were obtained only after the last heat 
treatment. Samples of dimensions approxi- 
mately 1 mm by 1 mm by 3 mm were cut 
from the pellets for measurements. Platinum 
leads were attached to the samples with gold 
Daste or indium contacts. The standard four- 
probe technique was used for the measure- 
ment of R.  An inductance bridge was used 

T fi(l 

Fig. 1. Plot of R and x as a function of T at 
ambient pressure. Tco, the temperature of super- 
conductivity onset, is defined as the point of 
deviation from linearity, as shown by the arrow. 
T,, is the midpoint temperature at which R drops 
to 50% ofR(Tco). T,, is the intercept of the R tail 
with the T axis. 

Fig. 2. Plot o fR  (normalized to its value at 60 K) 
at different pressures: @, 0 kbar; ., 5.7 kbar; A, 
10.5 kbar; (3, 16.8 kbar. 

P (kbar) 

Fig. 3. Plot of Tc as a function of P: @, Tco: ., 
Tcm; A, TCl. 

for the determination of X ,  the a-c magnetic 
susceptibility. The temperature was mea- 
sured with a (iron + O T O ~  atomic percent 
gold)-chrome1 thermocouple, chromel-alu- 
me1 thermocouple, or a carbon-glass ther- 
mometer in varibus temperature ranges. The 
thermometers were calibrated against the 
(iron + 0.07 atomic percent gold)-chrome1 
thermocouple scale above 4 K, and against 
the chromel-alumel thermocouple scale 
above 77 K. Below 23 K, they were calibrat- 
ed against different standard superconduc- 
tors. The temperature uncertainty beween 
25 and 60 K was estimated at 20.2 K. A 
beryllium-copper high-pressure clamp (14) 
was used to generate the hydrostatic pres- 
sure in a fluid pressure medium. The pres- 

sure was measured by a superconducting 
lead manometer situated next to the sam- 
ples. 

Samples prepared as described above ex- 
hibit x-ray powder-diffraction patterns char- 
acteristic of the single K2NiF4 phase within 
-5%. We found that for some sample prep- 
aration conditions Lal-,BaXCuO3-, can be 
converted to (Lal-,Bax)2Cu04-, and CuO. 
The electrical properties depend on both the 
samples and their preparation conditions, as 
previously suggested (1, 2)  but detailed 
correlations have vet to be determined. The 
R(T) of our samples at ambient pressure 
decreases monotonically with decreasing 
temperature but at a reduced rate below 60 
K. A large R drop occurs at -39 K, indica- 
tive of the onset of a superconducting transi- 
tion. and R becomes zero at T,, - 20 K as -. 
shown in Fig. 1. Preliminary a-c susceptibil- 
ity measurements showed diamagnetic shifts 
starting at a temperature of -32 K and 
reaching a maxim& of 10% of the signal of 
a superconducting lead sample of a similar 
size. Under hydrostatic pressure the super- 
conducting transition is broadened, but " 
with an overall shift toward higher tempera- 
tures as shown in Fig. 2. Tco has been raised 
from 39 to 52.5 K and Tcl from 20 to 25 K 
by a pressure of 12 kbar as displayed in Fig. 
3. The rate of increase of Tco and Tcl is 
significantly reduced above 12 kbar. The 

effect on the midpoint temperature 
T,, (that is, the temperature where R has 
dropped by 50% ofR  at Tco) is also given in 
Fig. 3. T,, increases from 31 to 36 K when 
placed under pressure. The decrease in the 
rate of Tco enhancement above - 12 kbar is 
accompanied by an overall R increase above 
Tco, indicating the possible onset of physical 
or chemical instabilities. Serious deteriora- 
tion of sam~les was also observed w o n  
removal of pressure, as evidenced by the 
dramatic increase in R and semiconducting 
behavior at low temperatures preceded by 
an R drop starting a t  Tco.   he kxact causes 
and remedy for the pressure-induced sample 
deterioration above - 12 kbar are currently 
under investigation. 

The K2NiF4 layered structure has been 
proposed (1, 12) to be responsible for the 
high-temperature superconductivity in 
LBCO. However, the small diamagnetic 
signal (<30%) (2, 11, 12), in contrast to the 
presence of up to 100% (within a resolution 
of 5%) K2NiF4 phase in the samples, raises 
(2) a question about the exact location of the 
su~erconductivitv in LBCO. It has been 
proposed (2) that the superconductivity in 
LBCO may be associated with an inhomo- 
geneous K2NiF4 phase, another as yet un- 
identified phase, or with interfaces between 
different phases or within an inhomogen- 
eous phase. The current experimental results 
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cannot rule out unequivocally any of the exceeds the limit previously predicted by 
above possibilities. The large pressure-in- theoq (15) based on the conventional elec- 
duced increase of Tco cannot be understood tron-phonon interaction. 
in terms of current theories. It is consistent, 
however, with the conjectures (2) of interfa- 
cial superconductivity (arising from mixed 
phases, or interfaces between layers, or con- 
centration fluctuations even within the 
K2NiF4 phase) and noninterfacial supercon- 
ductivity due to a strong electron-pairing 
interaction resulting from the mixed valence 
state in LBCO. A d-f mixing due to f- 
electrons in lanthanum slightly above the 
Fermi level can lead to a high electron 
densin of states and thus a high Tc. This 
mixing is also sensitive to pressure. This 
possibility can be tested in future specific 
heat measurements. Finally, it should be 
pointed out that the Tco ohsenred by us 
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Evaluation of Intrinsic Binding Energy from a 
Hydrogen Bonding Group in an Enzyme Inhibitor 

This and two accompanying reports describe the intrinsic binding energy derived from 
a single hydrogen bond between an inhibitor and an enzyme. The results were obtained 
by comparing matched pairs of inhibitors of the zinc endopeptidase thermolysin that 
bind to the enzyme in an essentially identical manner but differ in the presence or 
absence of a specific hydrogen bond. This report describes five phosphorus-containing 
analogs of the peptides carbobemxy-Gly-Leu-X, in which the Gly-Leu peptide 
linkage is replaced with a phosphonate ester (-POz--0-). Values for the inhibition 
constants of these inhibitors show a direct relation with those of the corresponding 
phosphonamidate analogs (-PO2--NH- in place of the Gly-Leu peptide moiety), which 
have been characterized previously as transition state analogs. However, each phos- 
phonate ester is bound about 840 times more weakly than the analogous phosphona- 
midate, reflecting the loss of 4.0 2 0.1 kilocalories per mole in binding energy. From 
these results and the crystallographic analysis in the next report, it can be inferred that 
the value of 4.0 kilocalories per mole represents the intrinsic binding energy arising 
from a highly specific hydrogen binding interaction. 

A GOAL YET TO BE ATTAINED IN THE 

study of any enzyme mechanism is a 
full understanding of the relations 

among active site structure, substrate bind- 
ing, and the dynamics of catalysis (1). While 
we have a qualitative understanding of the 
interactions between substrates and enzyme 
active sites, quantitative understanding of 
the roles played by separate substructural 
elements is clouded by the difficulty in dis- 
tinguishing effects due to solvation and, in 
particular, entropy. Jencks has pointed out 
that the incremental change in Gibbs (G) 

A-X do not undergo differences in strain or 
in rotational and translational entropy loss 
on binding to the enzyme (2). However, 
these qualifications are not easily met, espe- 
cially in view of the fact that, as an appen- 
dage to A, the X-moiety seldom represents 
an insignificant structural perturbation. 
Moreover, the attribution of ohsenred in- 
trinsic binding energies to a specific interac- 
tion is risky in the absence of corroborating 
structural information. 

free energy of binding due to the addition of We previously reported that phosphon- 
a group X to a reference molecule A pro- amidate peptide analogs 1, X = NH2 or 
vides a measure of the "intrinsic binding amino acid (ZGPLx; see Table l ) ,  are po- 
energy" due to X (Eq. l) (2). This value is tent inhibitors of the zinc endopeptidase 
free from entropic complications if A and thermolysin, and that their free energies of 

Gillson, F. E. Bielstedt, Solid State Commun. 17, 27 
11975). 

7. C. W: Chu, S. Huang, A. W. Sleight, Solid State 
Commun. 18, 977 (1976). 

8. See, for example, L. R. Testardi, in PbysicalAcoustics, 
W. P. Mason and R. N. Thurston, Eds. (Academic 
Press, New York, 1973), vol. 1, p. 193. 

9. See, for example, J. Bardeen, in Superconductivity in 
d- and f-Band Metals, D. Douglas, Ed. (Plenum, 
New York, 1973), p. 1; T. H.  Geballe and C. W. 
Chu, Comments Solid State Phys. 9, 115 (1979). 

10. See, for example, B. K. Chakraverty, J. Phys. C 42, 
1351 (1981). 

11. J .  G. Bednorz. M. Takashige, K. A. Miiller, Eur- 
khys. Lett., in press. 

- 
12. S. Uchida, H.  Takayi, K. Kitazana, S. Tanaka, Jpn. J .  

Appl. Pbys., in press; H.  Takagi, S. Uchida, K. 
Kitazawa, S. Tanaka, ibid., in press. 

13. C. Michel and B. Raveau, Rm. Cbim. Miner. 21, 
407 11984). 

14. C. W. ~h;, T. F. Smith, W. E. Gardner, Phyr. Rev. 
Lett. 20, 198 (1968). 

15. W. McMillan, Phys. Rev. 167, 331 (1968). 
16. This work was supported in part bv NSF grant 

DMR-8204173, NASA grant N A G w : ~ ~ ~ ,  and the 
Energy Laboratory of the University of Houston. 

30 December 1986; accepted 9 January 1987 

interaction with the enzyme, reflected in the 
inhibition constants I(i, show a strong cor- 
relation with the (hypothetical) binding en- 
ergies of the transition states for hydrolysis 
of the corresponding amide substrates, re- 
flected in the second order rate constants for 
enzymatic turnover (lr(,/kc,,) (3). From this 
correlation we concluded that the phos- 
phonamidates mimic the transition state 
configurations of the enzyme-substrate 
complexes (4). We now report our findings 
with a series of phosphonate esters 2 
[ZG~(O)LX],  which differ from the ami- 
dates in replacement of the N H  linkage 
between phosphorus and the leucine moiety 
with an oxygen atom (5). The structural 
conseauences of this substitution are mini- 
mal; however, the effect that it has on the 
magnitude of ICi is significant (Fig. 1 and 
Table 1). 

Replacement of the phosphonarnidate 
NH with phosphonate 0 reduces the bind- 
ing energy of each inhibitor by a factor of 
840, almost uniformly across the two orders 
of magnitude in absolute binding affinity 
within each series. The constancy of this 
increment reflects an identical correlation 
between structural variation and binding 
energy within each series, and therefore 
suggests that the phosphonamidate and 
phosphonate inhibitors bind to the enzyme 
active site in a similar manner, and, aside 
from those due to the N H  group itself, with 
similar interactions with the  rotei in. The 
difference in ICi values between the phos- 
phonamidates and phosphonates represents 
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