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PPase with Mn(I1) in the presence of PCHOHP gives evidence 
for a stron Mn(I1)-Mn(I1) interaction with an estimated distance 
of C7-8 1, and ( 3 )  titration of a PPase-Mn(1I)-PCHOHP 
complex with Ca2+ leads to the binding of 1.0 Ca2+ per PPase 
subunit with a loss of the strong Mn(I1)-Mn(I1) interaction. 
These observations, taken together with earlier results showing 
that (a) CaPPi, but not free Ca2+, binds tightly to and 
(b) PPase binds two Mn(I1) ions per subunit in the absence of 
phosphoryl ligand and three to four Mn(I1) ions in the presence 
of phosphoryl ligand (see above), led us to propose the schematic 
model for Mn(I1) binding to PPase shown in Figure 12B. Here, 
two Mn(I1) ions bind to sites A and B in the absence of phosphoryl 
ligand and these sites interact only weakly, whereas site C, to which 
Mn(I1) binds in the presence of phosphoryl ligand, has a strong 
interaction with site A and/or B. According to this model, added 
Ca2+ in the presence of PCHOHP binds uniquely to site C, thus 
eliminating the strong Mn(I1)-Mn(I1) interaction. 

Subsequently, Knight et aL8 reported results generally consistent 
with the model shown in Figure 12B. They studied the effect of 
Cr(II1) and Co(II1) complexes of pi and imidodiphosphate (PNP) 
on the EPR of enzyme-bound Mn(I1) and on the proton relaxation 
rate of H20 bound to enzymeMn(I1). In this work, these authors 
reported a weak Mn(I1)-Mn(1I) interaction in the absence of an 
added phosphoryl ligand (estimated distance 11-14 A), corre- 
sponding to occupancy of sites A and B, a strong Mn(I1)-Cr(II1) 
interaction (estimated distances 4.8-5.2 A for the Pi complex and 
7.0-7.5 A for P N P  complexes), corresponding to the site B-site 
C interaction, and a weaker Mn(I1)-Mn(I1) interaction in the 
presence of Co(II1) complexes (estimated distance 7-8 8, for the 

(35) Ridlington, J. W.; Butler, L. G. J .  Biol. Chem. 1972, 247, 7303. 

Pi complex and 8-10 A for the P N P  complex), which would 
indicate that sites A and B are closer together in the presence of 
a metal ion-phosphoryl ligand complex than in its absence. 

The major difference between Cu(I1) and Mn(I1) binding to 
PPase, as reflected in Figure 12, is that the two Cu(I1) ions bound 
in the absence of phosphoryl ligand interact with each other more 
strongly than either does with the Cu(I1) bound in the presence 
of either PCHOHP or of Pi (Figure 12A). These differences 
between Cu( 11) binding and Mn( 11) binding may reflect subtle 
differences in coordination geometry and/or in ligand identity at 
what are basically the same or largely overlapping sites. Such 
sites presumably fall within the large active-site cleft found by 
X-ray crystallographic structural analysis of PPase, which contains 
a t  least four divalent metal ion binding s i t e ~ . ~ * % ~ ~  Alternatively, 
it is possible that at least some Cu(I1) binding to PPase takes place 
at sites quite distinct from those sites occupied by Mn(I1). Our 
previous studies of Cd2+ binding to P P a ~ e ~ 9 ~  may be relevant in 
this regard. Cd2+, like Cu(II), confers only very low enzyme 
activity on PPase. Of the four Cd2+ sites per PPase subunit that 
we observe both by direct binding studies and by Il3Cd N M R  
studies, only two are directly competed for by Mg2+. The other 
two are believed to bind at  sites distinct from the active site. 
Clearly, additional experiments will be needed in order to dis- 
tinguish between these two possibilities. 
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The electronic structure of the blue bronze &,30MoO3 (A = K, Rb) was examined by performing tight-binding band calculations 
on a number of model chains and an Mo10O3o slab. When normalized to A3M010030 (Le., half the unit cell), the bottom two d-block 
bands of an Mo,OO30 slab are partially filled. The Fermi surfaces of these two bands are open along the interchain direction, in 
agreement with the experimental fact that the blue bronze is a pseudo-one-dimensional metal with good electrical conductivity 
along the chain direction b. The Fermi surfaces of the two bands are curved due to interactions between adjacent M010032 chains, 
but the curvatures of the Fermi surfaces are opposite for the two bands. Thus the two pieces of the first-band Fermi surface are 
nested to those of the second-band Fermi surface by a single wave vector q b  N 0.75b*, which explains why only one charge density 
wave occurs in the blue bronze. For an Mo10O30 slab, the bottom of the third d-block band is calculated to lie above, but very 
close to, the Fermi level (Le,, 0.012 eV above er). This feature is responsible for the temperature dependence of q b  in the blue 
bronze, which increases gradually from -0.72b" at room temperature to -0.756* below the metal-to-semiconductor phase- 
transition temperature. 

Solid oxide phases with a range of composition A,M,O, (A = 
alkali metal, M = transition metal) are generally referred to as 
bronzes,2 since they exhibit intense color and metallic luster in 

anisotropic.1° On the basis of optical reflectivity data, Travaglini 
et al." suggested that the blue bronze is a quasi-one-dimensional 

most cases. In the-A,M,O, bronze, an alkali metal donates its 
valence electron to the d-block bands of the transition metal. Thus, 
whether the bronze is a metal or a semiconductor depends upon 
the nature of its d-block bands. So far three well-defined mo- 
lybdenum bronzes A0.33M003 (A = K), A0,30MO03 (A = K, Rb) 
and A0.9M06017 (A = Li, Na, K), have been synthesized and 
studied. The red bronze3s4 Ao.33MoO3 is a semiconductor a t  all 
temperatures,5 while the purple bronze3s6 A0,9M06017 is a qua- 
si-two-dimensional (2D) metaL7 

The blue b r o n ~ e ~ . ~  &,30Md3 exhibits a metal-to-semiconductor 
transition at T, = 180 K,9 and its electrical properties are strongly 
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Table I. The Exponents {,, and Valence Shell Ionization Potentials 
H,, for Slater-Type Orbitals xPb 

Xlr l,, r,' H,,,,, eV 
MO 4d 4.54 (0.6097) 1.90 (0.6097) -10.5 
0 2s 2.275 
0 2P 2.275 

-32.3 
-14.8 

'The d orbitals of Mo are given as a linear combination of two Sla- 
ter-type  orbital^,^" and each is followed by weighting factors in par- 
entheses. b A  modified Wolfsberg-Helmholz formula was used to cal- 
culate Hfir3' 

(1D) metal above T, and the metal-to-semiconductor transition 
is of Peierls type.12 Evidence for a charge density wave (CDW) 
in the blue bronze was later found from the Raman scattering 
study,I3 and the X-ray diffuse-scattering study of Pouget et al.I4 
established that the metal-to-semiconductor transition in the blue 
bronze is a Peierls transition. This conclusion was confirmed by 
other X-ray studies15 and also by neutron', and electron" dif- 
fraction studies. 

For the blue bronze, the wave vector component q b  of its CDW 
is incommensurate a t  room temperature; Le., q b  N 0.726*, where 
6* = 2 r / 6  and 6 is the repeat distance along the crystallographic 
6 axis. When the temperature is lowered, the q b  value of the CDW 
is found to gradually increase. A number of studies on the tem- 
perature dependence of shows that it approaches the com- 
mensurate value 0.756* (i.e.., q b  - 0.7506*,15@ q b  - 0.7486*,16219 
46 - 0.7466*,20 and q b  - 0.7496*21), although it is not un- 
equivocal whether the blue bronze undergoes a true incommen- 
surate-to-commensurate phase t r a n ~ i t i o n ' ~ , ' ~  or not.163'9-21 This 
discrepancy might arise from differences in the purity and the 
stoichiometry of samples investigated. At temperatures below 
183 K, nonlinear electrical conductivity attributed to a charge 
transport by the CDW has been found for the blue b r o n ~ e . ~ ~ - ~ ~  
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Despite numerous experimental studies on the blue bronze, no 
band electronic structure calculation has been reported so far 
except for a very sketchy one by Travaglini and Wachter.26 The 
band picture of Travaglini and Wachter is not consistent with the 
electronic structure of the blue bronze deduced from the optical 
reflectivity" and the X-ray diff~se-scat ter ing '~~~~ studies. To gain 
some insight into the physical properties of the blue bronze, we 
have carried out band electronic structure calculations on Ko.30- 
Moo3 by employing the tight-binding band schemez7 based upon 
the extended Hiickel method.28 The atomic parameters used in 
our calculations are summarized in Table I. 
Results and Discussion 

A. Structural Model of the Blue Bronze. The blue bronze 
A O , ~ ~ M O O ~  has 20 formula units per unit and the unit cell 
A6MOzoOso is large for band structure calculations. It would be 
a complicated task to unravel how the band electronic structure 
is related to the crystal structure even if band structure calculations 
could be performed for the unit cell of this magnitude. Therefore, 
it is necessary to find a simplified model structure for the blue 
bronze that captures the essence of the blue bronze structure and 
is small enough for band structure calculations. Consequently, 
we first examine how the structure of the blue bronze is assembled 
from its building blocks, MOO, octahedra. While MOO, octahedra 
in the blue bronze are distorted, we will begin our discussion by 
employing regular MOO, octahedra as the building blocks. 

The Moo5 chain l a  is obtained from MOO, octahedra by 
sharing of their opposite corners. The side and top views of la  
are given by lb  and IC, respectively. When two Moo5 chains 

4 LI;7 
X w L 

la 16 I C  
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2 a  26 2 c  
1 are fused together by edge sharing, the Mo208 chain 2a results. 
2b and 2c are the side and top views of 2a, respectively. For the 
chains 1 and 2, the repeat distance is equal to twice the Mo-0 
distance, 2rMA. The Mo5018 chain 3a, a variation of 2, is ob- 
tained when every Mo4016 unit of 2 adds an Mooz unit to form 
an extra MOO, octahedron. Later in our discussion, this extra 
Moo6 octahedron will be referred to as a hump MOO, octahedron. 
Due to the presence of these hump MOO, octahedra, the repeat 
distance of 3a becomes 4rMlr0, twice the repeat distance of 1 or 
2. A side view of 3a is given by 3b, while the top view of 3a may 
be represented by 3c or 3d. The last two differ in their heights 
along the chain by 2rMW0, half the repeat distance. 

The M04014 chain 4a results from two MoZO8 chains 2 that 
share edges. Likewise, the Mo10O32 chain 4b is obtained from 
two Mo5018 chains 3c and the M0loO3z chain 4c from two Mo5OI8 
chains 3d. The chains 4b and 4c differ in their heights by 2rMA. 
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The 2D M010O30 slab in 5 is constructed from the M010O32 chains 

2d 

50 

b 

d‘ 
d 

56 
4b and 4c by corner sharing. Given the primitive vectors of an 
M010O30 slab as b and d’(see 5a and Sb), the chains 4b and 4c 
alternate in interchain direction d = d’- b/2 (perpendicular to 
the chain direction b)  as shown in 5a, a projected view of an 
M010O30 slab along b. Shown in 5b is a projected view of an 
M010O30 slab along the interslab direction, where the hump M a 6  
octahedra are shaded for the purpose of clarity. The blue bronze 
Ao30M010030 consists of M0loO3o slabs such as 5 ,  which are 
separated by alkali ions A+ to give A6M020O60 as the unit cell 
(Le., two M0loO3o slabs per unit cell). In the so-called C-centered 
unit cell of Graham and Wadsley,s each M010O30 slab of the blue 
bronze is contained in a plane defined by the two orthogonal 
vectors b and 2c + a. In 5 the plane of each Mo10030 slab is 
defined either by the two orthogonal vectors b and d or by the 
two nonorthogonal vectors b and d’. It is noted that 2d = 2c + 
a. 

If alkali-metal atoms were absent from the blue bronze 
A0,30MO03, its d-block bands would be empty due to the formal 
oxidation states of Mo6+ (do) and 3 Oz- for Moo3. Thus the 
electrons donated from alkali-metal enter the d-block bands. Since 
the unit cell is A6MoNOm, six electrons per unit cell fill the d-block 
bands, which consist of 100 bands. This leads to a few partially 
filled d-block bands, which are responsible for the quasi- 1 D 
metallic properties of the blue bronze above T,. The interactions 
between the M010O30 slabs in the blue bronze are weak so that 
the band structure of the blue bronze may be approximated by 
that of a 2D Mo10030 slab. As noted from 5, a 2D MoI0O30 slab 
is constructed from 1D M010032 chains 4b and 4c upon corner 
sharing. If the interactions between adjacent Molo032 chains of 
an M0loO3o slab are small, the band electronic structure of the 
blue bronze may also be approximated by that of a 1D M01oO3, 

0 a 0  r r o  n 

(a) (bl IC) 
b b b 

Figure 1. Low-lying d-block bands calculated for (a) the ideal MooS 
chain 1, (b) the ideal Modol4 chain 4a, and (c) the real chain 
4a. 

chain. For an M010032 chain and an M010O30 slab, we need to 
put three electrons into their d-block bands to simulate the Fermi 
level of the blue bronze. 

B. Band Structure. 1. Mo10032 Chain. To examine how the 
band electronic structure is related to the crystal structure in the 
blue bronze, we have calculated the band electronic structures 
of the chains 1, 4a, and 4b. These chains will be referred to as 
ideal chains if they are constructed from regular M a 6  octahedra 
(with rM4 = 2.0 A, the average Mo-0 distance in the blue 
bronze) and as real chains if they are constructed from distorted 
Moo6 octehedra as found in the room-temperature crystal 
structure of the blue bronze.8 

Each Mo atom of ideal chain 1 is octahedrally coordinated, 
so the d-block bands of ideal 1 will have three bands derived from 
the tzg level of Mo (Le., tzg subbands) lying below two bands 
derived from the e8 level of Mo (Le., e8 subbands). Figure l a  shows 
the tz8 subbands of ideal 1, where b = 4rMW0. With the z axis 
taken along the chain and the x and y axes as in IC, the t2g 
subbands consist of a nearly flat u band (Le., xz - y z  band) and 
doubly degenerate a bands (i.e., xz, y z  bands). 

Figure 1 b shows the tzg subbands of ideal 4a, which are com- 
prised of eight a bands derived from xz, y z  orbitals and four flat 
u bands derived from xz - y 2  orbitals. All the a bands are non- 
degenerate, and the lowest-lying u band lies below the bottom of 
the ?r bands. In the lowest-lying u band, four x2 - y z  orbitals in 
every metal atom plane (perpendicular to the chain) are combined 
in-phase as shown in 6. 

I 

6 
The repeat distance of real chain 4b is aproximately given by 

the 4rM4 value of ideal chains. Removal, from real 4b, of Moo2 
units that make up the hump Moo6 octahedra leads to real 4a. 
The repeat distance of real 4a is the same as that of real 4b. Figure 
IC shows the low-lying d-block bands of real 4a, which is essentially 
a modified version of the band structure obtained from Figure 
1 b when the second half of this band is folded onto the first half. 
Important features of Figure IC are summarized as follows: (a) 
A pair of a bands, which are close in energy, are the lowest-lying 
bands of the whole d-block bands. This is a direct consequence 
of the distortion in Moos octahedra. 7a shows a view of the Mo 
and 0 atom positions of real 4a projected along the chain. 
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Compared with those in ideal 4a, the metal-metal distance be- 
tween neighboring Moo6 octahedra are increased in real 4a so 
that a good u-bonding orbital such as 6 cannot be formed in real 
4a. In addition, 7a shows that a metal atom within each tetragon 
of four “equatorial” oxygen atoms has a short distance to one 
oxygen atom. This leads to a strong interaction between the metal 
and the oxygen, which lowers the energy of the p-block bands 
associated with such oxygen atoms but raises the u d-block bands 
of primarily x2 - y 2  orbitals. The a bands of real 4a are raised 
in energy compared with those of ideal 4a. As shown in 7a, the 
Mo and “axial” 0 atoms of each Mo-O linkage along the chain 
are not contained in a plane. Such a distortion from the structure 
of ideal 4a enhances the a interactions between Mo and axial 0 
atoms.29 This lowers the p-block bands of axial oxygen atoms 
(of largely x, y orbitals in nature) but raises the a d-block bands 
of primarily xz, yz  orbitals. (b) The a bands occur in pairs in 
real 4a, which has an important consequence on the electrical 
properties of the blue bronze as will be discussed later. As shown 
in 7b, real chain 4a rhay be considered in terms of two “outer” 
subchains (Ia and Ib) and two “inner” subchains (IIa and IIb). 
In 7b there are two oxygen atoms common to three subchains that 
might be referred to as the intersection oxygen atoms. The Mo 
atoms of different subchains interact with one another via those 
intersection oxygen atoms. The three Mo-O distances rl,  r2, and 
r3 are related as r2 C rl << r3 (Le., r2 N 1.89 A, rl 1.97 A, and 
r3 2.32 A). Therefore subchain Ia interacts strongly with IIa 
but weakly with IIb. Likewise, subchain Ib interacts strongly with 
IIb but weakly with IIa. In other words, in real 4a, a pair of 
strongly interacting subchains Ia and IIa interact weakly with a 
pair of strongly interacting subchains Ib  and IIb. At the zone 
center the lowest-lying pair of A bands is constructed from the 
orbitals 8a and 8b. The metal orbitals of 8 are combined out- 

\ E  IPi 

8a 8b 

of-phase between Ia and IIa and between Ib and IIb, so that there 
is no z-orbital contribution from the intersection oxygen atoms 
in 8. The pair of Ia and IIa interact with that of Ib and IIb 
in-phase in 8a but out-of-phase in 8b, so that 8a and 8b refer to 
the lower and the upper bands of the lowest-lying pair of A bands, 
respectively. At the zone center the pair of A bands lying just 
above the lowest-lying pair are constructed from the orbitals 9a 
and 9b. The metal orbitals of 9 are combined in-phase between 
Ia and IIa and between Ib and IIb, so that I orbitals of the 
intersection oxygen atoms combine out-of-phase with the metal 
orbitals of Ia and IIa and with those of Ib  and IIb. Thus the 

(29) Whangbo, M.-H. Crystal Chemistry and Properties of Materials with 
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orbitals 9a and 9b lie higher in energy than the orbitals 8a and 
8b. The pair of Ia and IIa interact with that of Ib and IIb in-phase 
in 9a but out-of-phase in 9b, so that 9b lies higher in energy than 
921. Note form Figure IC that the energy difference between 8 
and 9 is much greater than that between 8a and 8b or that between 
9a and 9b. This is due to the fact that r2 < r ,  << r3, which explains 
why the A bands occur in pairs for a real Mol0032 chain. 

The low-lying d-block bands of real 4b are shown in Figure 2b, 
and for the purpose of comparison, those of real 4a are shown in 
Figure 2a. For those bands, real 4b is nearly identical with real 
4a since the metal d orbitals of the hump octahedra contribute 
little to the low-lying d-block bands of real 4b. This conclusion 
has also been reached from X-ray diffraction study of Ghedira 
et aLSb Thus our discussion of real 4a concerning why the A 

d-block bands occur in pairs is valid for real chain 4b. Upon the 
structural change ideal 4b - real 4b, the metal d-block and the 
oxygen p-block bands are raised and lowered in energy, respec- 
tively. However, according to our calculations, real 4b is more 
stable than ideal 4b by more than 1 eV/Mo. For real 4b, the top 
of the oxygen p-block bands is calculated to be -4.5 eV below 
the bottom of the d-block bands, in reasonable agreement with 
the optical reflectivity peak at  3.7 eVI3 In Figure IC a number 
of nearly flat bands lie - 1 eV above the bottom of the d-block 
bands. The same is observed in the band structure of real 4b, 
though not shown in Figure 2b. This group of flat bands would 
be responsible for the optical reflectivity peak at 4.5 eV (Le., -0.8 
above the 3.7-eV peak).I3 With three electrons per unit cell to 
fill the d-block bands of Figure 2b, the low-lying d-block bands 
become roughly three-fourths filled. The Fermi wave vectors of 
the two bands (Le., wave vectors corresponding to the Fermi level 
er) are kf = 0.33b* and k[ = 0.42b*. 

2. M0~0O30 Slab. Figure 3 shows two Brillouin zones of an 
Mol0030 slab that result from the two sets of vectors defined in 
5b. The set of nonorthogonal vectors b and d‘leads to the hex- 
agonal Brillouin zone, while that of orthogonal vectors b and d 
leads to the rectangular Brillouin zone. Here = l r X l  sin 
6, so that the areas of the two Brillouin zones are the same. In 
our study, the band electronic structures and the Fermi surfaces 
of a real M0~0O30 slab were calculated upon the basis of the wave 
vectors of the hexagonal Brillouin zone. However, in describing 
the Fermi surfaces, it is convenient to employ the rectangular 
Brillouin zone, since is equal to b*/2 of the blue bronze crystal 
and since the experimental qb wave vector is defined along the 
direction r - X. 

Shown in Figure 4 are the bottom four d-block bands of a real 
M010O30 slab (as found for the room-temperature crystal struc- 
turesb) calculated along the directions r - X’and r - Y’of the 
hexagonal Brillouin zone. As in the case of a real Mo10032 chain, 
the low-lying bands of Figure 4 are largely A bands of Mo atoms 
of inner and outer subchains (Ia, Ib, IIa, IIb) in orbital character. 
The lowest two A bands cross the Fermi level along the chain 
direction (r - X’), and their dispersion is small along the in- 
terchain direction (r - Y’). Thus a real MoloO3o slab is expected 
to be pseudo-one-dimensional in its electrical properties, but it 
is noted from Figures 2 and 4 that the low-lying A bands of a real 
M010O30 slab do not occur in pairs in contrast to the case of a 
real MoloO,, chain. This originates from the fact that interactions 
between adjacent MoIoO3, chains of the slab, which occur via 
Mo(Ia)-&Mo(Ib) linkages (see lo), are substantial. The M d  
distance r4 of such a linkage is rather short (Le., 1.89 A). Since 
r4 N r2 < r l ,  the interaction between subchains Ia and Ib of two 
adjacent M0loO32 chains is stronger than that between subchains 
Ia and IIa (or Ib and IIb) of an M01oO32 chain as far as the bottom 
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portion of the d-block bands are concerned. Thus the first and 
fourth band of Figure 4 (from the bottom) have stronger outer- 
subchain (Ia, Ib) character whereas the second and third bands 
have stronger inner-subchain (Ha, IIb) character. 

With three electrons per unit cell (normalized to A3M010030) 
to put in the d-block bands of Figure 4 ,  the Fermi level ef is 
calculated to be only 0.012 eV below the bottom of the third band. 
This feature of the band electronic structure is crucial in explaining 
the temperature dependence of 46, as recently shown by Pouget 
et aL2' The Fermi surfaces calculated for the first and second 
bands of Figure 4 are shown in parts a and b, respectively, of 
Figure 5, where we employed the rectangular Brillouin zone of 
Figure 3. The Fermi surfaces of the two bands are open, so that 
the blue bronze is predicted to be 1D metallic in agreement with 
experiment. Due to interactions between M010O32 chains along 
the interchain direction of an M0~0O30 slab, the Fermi surfaces 
of the two bands are curved. The two bands have opposite senses 
of curvature in their Fermi surfaces, as proposed by Pouget et 
al.,*I which originate essentially from the fact that, as one goes 
from I' to X in Figure 4, the first band is lowered in energy but 
the second band is raised in energy. Consequently, as illustrated 
in Figure 5c, the upper Fermi surface of the first band is nested 
to the lower Fermi surface of the second band by the wave vector 
q b  = 0.75b* and so is the lower Fermi surface of the first band 
to the upper Fermi surface of the second band. This explains why 
there occurs only one CDW in the blue bronze, as suggested by 
Pouget et 

Given the two partially filled d-block bands nested by an 
identical wave vector q b ,  the total number of electrons n in the 
two bands is given by n = 4qb/6*. The temperature dependence 
of qb, which increases from -0.726* at  room temperature to 
-0.756* below T,, has been explained by Pouget et aLZ1 by 
s u p p i n g  that a flat band lies above, but very close to, the Fermi 
level ep In such a case, population of the flat band by thermal 
excitation from the two partially filled bands would lead to a 
smaller q b  value for the latter. Thus, if the flat band lies a t  e,, 
the total number of electrons n is given by 

n = 4qb/b* + 2/(exp[(eo - e f ) / k T ]  + 1) 

Pouget et aLzl found this equation in excellent agreement with 
the observed q b  values when the e, - ef value is taken to be 0.056 
eV. Our calculations of 2D real slab Mo10030 (Figure 4) show 
that the bottom of the third band lies 0.012 eV above ef, a value 
much smaller than 0.056 eV. This result is expected, since the 
third d-block band of the blue bronze is not flat as shown in Figure 
4:  Given a pseudo-ID band, its density of state is high at  the 
bottom and at  the top of the band. Since the bottom of the third 
band lies below the top of either the first or the second band, 
thermal excitation from the bottom two bands will primarily 
populate the bottom portion of the third band. Thus, the "flat 
band" model of Pouget et is consistent with the results of our 
band electronic structure calculations. 
Concluding Remarks 

To unravel the essential features of the band electronic structure 
of the blue bronze A. 30M003 (A = K, Rb), tight-binding band 
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(a) (b) 
Figure 2. Low-lying d-block bands calculated for (a) the real M O ~ O , ~  
chain 4a and (b) the real M o ~ ~ O ~ ~  chain 4b. 

Y', Y pq 
Figure 3. Brillouin zones associated with the two sets of vectors defining 
the plane of the real Molo03; slab 5b: (a) hexagonal Brillouin zone for 
the nonorthogonal vectors b (i.e., b)  and d', where X'= ( b m / 2 ,  0) and 
Y'= (0, d " / 2 ) ;  (b) tetragonal Brillouin zone for the orthogonal vectors 
b and d ,  where X = ( b * / 2 , 0 )  and Y = (0, d * / 2 ) .  Note that b* = b" 
sin 6, where 6 is the angle between b'and d'. 

L 1 
Y'  r X '  

Figure 4. The bottom four d-block bands calculated for the real MO, ,O~~  
slab 5 along the r - X'and r - Y'directions of the hexagonal Brillouin 
zone, where the dashed line refers to the Fermi level. 

X 

(a) I b) (C) 

Figure 5. Fermi surfaces associated with the two partially filled d-block 
bands of a real MoIoO3, slab: (a) Fermi surface of the first band, where 
the wave vectors of the shaded and unshaded regions lead to occupied 
and unoccupied band levels, respectively; (b) Fermi surface of the second 
band; (c) nesting of the Fermi surfaces of the first and second bands. 

calculations were performed on a series of model chains and on 
an M01oO30 slab found in the room-temperature structure of the 
blue bronze.8b Each M010O30 slab of the blue bronze is made up 
of Mol0032 chains that share corner oxygen atoms and thus in- 
teract via Mo(1a)-0-Mo(Ib) linkages. Our calculations reveal 
that the low-lying d-block bands of the blue bronze are 7r bands. 
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For a real Mol0032 chain, these ?r bands occur in pairs since the 
pair of subchains Ia and IIa interact weakly with that of subschains 
Ib and IIb. When normalized to A3Molo030 (half the unit cell 
of the blue bronze), the bottom two d-block bands become roughly 
three-fourths filled. This simple picture of the electronic structure 
of the blue bronze is modified somewhat for a real M010030 slab, 
because the interaction between subchains Ia and Ib via the 
Mo(1a)-0-Mo(1b) linkage of two adjacent Mol0032 chains is 
stronger than that between subchains Ia and IIa (or Ib and IIb) 
within an Mol0032 chain. Thus for an Molo030 slab, the first and 
fourth d-block bands (from the bottom) have stronger outer 
subchain (la, Ib) character whereas the second and third bands 
have stronger inner subchain (IIa, IIb) character. Nevertheless, 
the bottom two d-block bands of a real M010O30 slab become 
partially filled with three electrons for the d-block bands per 

The upper and lower Fermi surfaces of the first band 
are found to be nested to the lower and upper Fermi surfaces of 
the second band, respectively, by the identical wave vector q b  = 

0.756*. This explains why there occurs a single CDW in the blue 
bronze, as proposed by Pouget et al.21 For a real Mo10030 slab, 
the third d-block band lies only 0.012 eV above the Fermi level. 
Thus, population of the bottom of the third band by thermal 
excitation from the bottom two bands will decrease the qb value 
of the latter bands. As shown by Pouget et al.,” this accounts 
for the temperature dependence of q b  in the blue bronze, which 
increases gradually from -0.726* at  room temperature to - 
0.75b* below T,. 
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This paper introduces Ig5Pt NMR spectroscopy as a method for the study of stereodynamics and apparently represents only the 
third report on variable-temperature 195Pt NMR spectroscopy. Displacement of a CI- ligand from PtC1:- by N-acetyl-L-methionine 
(AcMetH) yields [Pt(AcMetH)Cl,]- (l), which is a model for the binding of PtCI3- label to proteins. The complex in solution 
is characterized by the method of preparation and by its UV-vis and ‘H, 13C, and IssPt NMR spectra. The AcMetH ligand is 
coordinated to the Pt(I1) atom through the S atom in the side chain; coordination of the amide N atom, which would result in 
a six-membered ring, does not occur. We conclude that the coordination of the amide nitrogen to platinum is facilitated if it yields 
a five-membered ring or a larger chelate containing such a ring. On account of its chiral S atom, complex 1 exists in two 
diastereomeric forms, which are undetectable in the ‘H and ”C NMR spectra at convenient temperatures but are clearly evident 
in the 195F’t NMR spectrum. The IssPt NMR spectra at nine temperatures spanning 86 deg show reversible, intramolecular inversion 
of configuration at the S atom; AG* = 63.7 kJ mol-’ at 335 K. Other mechanisms for the interconversion of the diastereomers 
are ruled out. Since the chiral carbon and sulfur atoms are three bonds apart, there is virtually no stereochemical discrimination 
and the two diastereomers of 1 exist in equal concentrations. This finding is discussed in terms of the known molecular structures 
of methionine and its derivatives. We point out that 195Pt NMR spectroscopy is uniquely suited to the study of dynamic processes 
involving relatively complex biomolecules and processes causing subtle changes in molecular structure. 

Introduction 
Selective binding of metal complexes to proteins and other 

biological macromolecules opens various possibilities for the study 
of these macromolecules. Suitable metals that are covalently 
attached to protein surfaces can serve as spectroscopic probes of 
structure and dynamics, redox probes of electron-transfer re- 
activity, anomalous scatterers for X-ray crystallography, and 
modifiers of drug action. We have shown’ that the chloro- 
(2,2’:6’,2”-terpyridine)platinum(II) complex, [Pt(trpy)Cl]+, 
possesses the required stability, reactivity, and spectroscopic 
properties to be a useful labeling reagent for selected histidine, 
cysteine, and arginine residues in cytochromes c from horse, tuna, 
and baker’s yeast. These studies in our laboratory were prompted 
by an earlier discovery that the PtC142- complex binds covalently 
to exposed methionine residues in proteins2 and by the subsequent 
widespread use of this complex as a heavy-atom label for X-ray 
determination of protein s t r u c t ~ r e . ~ . ~  Our ultimate goal is to apply 

( I )  Ratilla, E. M. A,; Brothers, H. M., 11; KostiE, N. M., unpublished work. 
(2) Dickerson, R. E.; Eisenberg, D.; Vamum, J.; Kopka, M. L. J .  Mol. Biol. 

(3) Petsko, G. A,; Phillips, D. C.; Williams, R. J. P.; Wilson, I. A. J.  Mol. 
Biol. 1978, 120, 345-359. 

(4) Howe-Grant, M. E.; Lippard, S. J. Met. Ions Biol. Syst. 1980, 11, 
63-125. 

1969, 45, 77-84. 
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IssPt N M R  spectroscopy to platinum-labeled proteins and study 
the motions of the flexible side chains of amino acid residues at  
the protein surface. Since the Is5Pt N M R  signal of a platinum 
atom bonded to a biological macromolecule has never been ob- 
~ e r v e d , ~ J  we first studied the complex [Pt(AcMetH)ClJ (1; 
AcMetH = N-acetyl-L-methionine). This complex is a model 
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for the attachment of the PtC13- label to the side chain of the 
methionine residue in proteins. Relatively few amino acid com- 
plexes of platinum are k n ~ w n , ~ - ~  and like those of other metals, 

(5) Ismail, I. M.; Sadler, P. J. ACS Symp. Ser. 1983, No. 209, 171-190. 
(6) Volshtein, L. M. Sm. J .  Coord. Chem. (Engl. Traml.) 1976, I ,  483-509 
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