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Abstract: The electronic properties of potassium molybdenum purple bronze K,sMosO,; were examined by performing
tight-binding band calculations on a single MogO,; layer. Our calculations show the presence of three partially filled d-block
bands, which are essentially derived from the t,, orbitals of the MoOg octahedra belonging to the innermost two sublayers
of MogO,;. The Fermi surfaces of the three partially filled bands are all closed, and thus K, gMogO,; is a two-dimensional
metal. The charge density wave of Kq3MogO,7, which sets in at 120 K, is caused by the nesting of one of the three Fermi
surfaces, and the remaining two provide electron and hole carriers below 120 K. The t,,-block bands of the innermost two
sublayers of MogO,, were examined by analyzing the band orbitals at a few high-symmetry wave vector points. The dispersion
characteristics of those bands are determined by whether or not the orbitals of bridging oxygen atoms can mix with the molybdenum

tyg orbitals.

Molybdenum bronzes are a class of solid oxide phases with a
range of composition A,Mo,O,, where A is an alkali metal or T,
and exhibit intense color. There are three well-defined molyb-
denum bronzes: The red bronze Aj;3;Mo0O; (A = K)?*4 and the
blue bronze Aj3;Mo0O; (A = K, Rb, T1)*>*$ contain separated
metal-oxygen layers of composition MoO; that are constructed
from MoOg octahedra. The potassium purple bronze
K;sMogO,,7~ has separated metal-oxygen layers of composition
Mo4O,5, which are made up of both MoO, octahedra and MoO,
tetrahedra. The sodium purple bronze Nay¢MogO;,'% and the
thallium purple bronze TIMogO,,!! are similar in structure to the
potassium purple bronze, but the lithium purple bronze Ligg-
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MogO,,'2 differs from the other purple bronzes in that it has no
separated metal-oxygen layers.!?

An alkali metal atom of a bronze A,Mo,0, donates its valence
electron to the d-block bands of the transition metal Mo, so the
nature of these bands determines whether the bronze is a metal
or an insulator. The red bronze A;3;Mo0O; is a semiconductor
at all temperatures,*® while the blue bronze Ay3;Mo0; is a qua-
si-one-dimensional (1D) metal above 180 K, below which it be-
comes a semiconductor due to a charge density wave (CDW)
formation.® This difference in the electrical properties of the two
bronzes originates from the fact that their MoOj; layers do not
have identical structures.

The potassium purple bronze K, (Mo¢O, is a two-dimensional
(2D) metal above 120 K, at which it undergoes a CDW phase
transition.®® In contrast to the case of the blue bronze, however,
the potassium purple bronze remains a 2D metal after the CDW
phase transition.® Diffuse X-ray scattering and electron diffraction
studies show the occurrence of superlattice spots at g, = (a*/2,
0, 0), g, = (0, b*/2, 0), and gq,+, = (@*/2, b*/2, 0) below 120
K.% That is, the CDW formation increases the unit cell dimension
fourfold, from (a, b, ¢) to (2a, 2b, ¢). The CDW vectors q,, ¢,
and g,4, are commensurate within 4% experimental accuracy.”®
According to the thermoelectric power measurements, the major
carriers for electrical transport in KysMogO, are electrons and
holes above and below 120 K, respectively, and the CDW removes
not all but about 50% of the carrier concentration.®® Hall effect
measurements show the presence of both electrons and holes below
120 K. According to these observations, several partially filled
d-block bands are present in KygMogO,;. In electrical, CDW,
and other physical properties, NagoMogO,,'? and TIMo,0,,!! are
similar to K0>9M06017.

In understanding the properties of the potassium, sodium, and
thallium molybdenum purple bronzes, it is crucial to know their
band electronic structures. In the present study, we report our
tight-binding band calculations on K;4Mo¢O,; based upon the
extended-Hiickel method.!* The results of our band calculations
on K;4Mo0,; should also be valid for Nay4MogO,; and TI-
MogO;;. It is noted that similar band calculations performed on
the blue bronze® led to results in excellent agreement with ex-
periment. The atomic parameters employed in the present work

(12) (a) Onoda, M,; Toriumi, K.; Matsuda, Y.; Sato, M. J. Solid State
Chem., in press. (b) Schlenker, C.; Schwenk, H.; Escribe-Filippini, C.;
Marcus, J. Physica B+C: 1985, 135B+C, 511. (c) Greenblatt, M.; McCaroll,
W. H.; Neifeld, R.; Croft, M.; Waszczak, J. V. Solid State Commun. 1984,
51,671. (d) Ramanujachary, K. V.; Collins, B. T.; Greenblatt, M.; McNally,
P.; McCaroll, W. H. Solid State Ionics 1986, 22, 105. (e) Matsuda, Y.;
Onoda, M.; Sato, M. Physica. B+C: 1986, [43B+C, 243.

(13) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397.

© 1987 American Chemical Society



Band Electronic Structure of KyoMo40;;

were taken from ref 6f. In what follows, we first examine the
structural characteristics of Ky43MozO,; and then discuss its d-
block band electronic structure and its associated Fermi surfaces.
Finally, we analyze the essential features of the calculated d-block
bands from the viewpoint of orbital interactions.

Crystal Structure

It is convenient to describe the crystal structure of the MogO,4
layer in KygMogO,; in terms of the “building unit” Mo,O,; (1),

S

which is constructed from four MoOg octahedra by sharing the
axial oxygen atoms. Shown in 2a is a schematic representation
of the hexagonal layer Mo,Ojs (a=5b # ¢, a=8=90° v =
120°) constructed from the Mo,O,; chains:  Along the crys-

tallographic b axis, every adjacent pair of Mo,O,; chains share
the equatorial oxygen atoms of three MoOg octahedra. Though
not shown explicity, every MoOg octahedron of 2a forms a zigzag
chain Mo,0,, (3), along the crystallographic a axis. The Mo,O5

nalf

layer 2a can alternatively be represented by 2b, which makes it
clear that the Mo4O, 5 layer 2 consists of four sublayers of MoOg
octahedra parallel to the ab plane. When the Mo,O; layer 2 is
viewed along the crystallographic ¢ axis (i.e., perpendicular to the
layer as in the case of, for example, 6 discussed later), every three
nearest-neighbor MoQOg octahedra of its outer two sublayers form
a triangle of oxygen atoms that can be used as a face of an MoO,
tetrahedron. When all such oxygen triangles of the outer sublayers
of the Mo,O,s layer are capped by MoOj, tetrahedra, one obtains
the MogO, layer found in KygMo Oy, It is between these MogO,4
layers where the potassium cations K* reside.

Thus there exist three types of Mo atoms in Kq3MogO;4: the
Mo atoms of the MoO, tetrahedra (Mo;,), those of the MoOjy
octahedra in the outer two sublayers of the Mo4O,s layer (Moy)),
and those of the MoOg octahedra in the inner two sublayers of
the Mo,O, 5 layer (Moyy;). In connection with the electrical and
other physical properties of KooMogO,,, it is essential to know
how the d electrons are distributed among the three different Mo
atoms. Empirically, this question is answered by performing a
Zachariasen analysis'* of metal-oxygen bond lengths, in which
the difference between the length r; of a given bond i and its
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standard bond length r is related to the strength s; of that bond
as follows:

rn-rp=alns (1)

where « is a positive constant and the s; value means the number
of electrons associated with bond i. Thus the sum of the s, values
for all the bonds i around each metal is equal to the total number
of d electrons the metal lost in forming those bonds (i.e., the formal
oxidation state of the metal). When the constants ry and « for
K sMogO,; are chosen such that the oxidation state of Mo, be-
comes +6, the oxidation states of Moy and Moy are calculated
to be +5.8 and +35.1, respectively.” In other words, the d electrons
of KqsMoO,, reside primarily in the MoOg octahedra of Moy;.
Therefore, the inner two sublayers of the Mo,O,s layer are ex-
pected to play an important role in determining the electronic
structure of the MogO;; layer and hence that of Ky,MogO,5.

The inner two sublayers of 2 are schematically shown in 4,
which has the composition of M0,O,. This layer may be con-
sidered to originate from the “building unit” Mo,O,,, 5a. An

_D;_D_

alternative view of Sa is shown in Sb. A projection view of 5b
along the direction perpendicular to a triangular face of the MoOjq
octahedra is given by Sc. With this representation of the Mo,Oy;
unit, a projection view of the Mo,Oy layer 4 along the ¢ axis is
given in 6. It is important to recognize that the Mo,Oq layer

6 is constructed from the Mo,0,q chains 3 upon sharing the axial
oxygen atoms as illustrated in 7. Due to symmetry, there are three
different ways of making Mo,O,4 chains in 6: The Mo,O,, chains
are aligned along the a-, b-, and (a + b)-axis directions in 7a, 7b,

and 7¢, respectively.
NN
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Band Electronic Structure

For a 2D hexagonal lattice (i.e., a = b, v = 120°) such as the
Mo,0;s layer 6, the Mo,O, s layer 2, or the Mo O layer, the first
Brillouin zone of its reciprocal lattice is a regular hexagon centered
at the origin T' as shown in Figure 1.1 In units of the reciprocal
vectors @* and b*, the points T, M, K, and K’ are defined as
follows: T = (0, 0), M = (a*/2, 0), K = (a*/3, b*/3), and K’
= (a*/2, b*/2). In this section, we examine the d-block bands
of the “ideal” and/or the “real” structures of the Mo,Oy layer and
the MogO,, layer calculated for wave vectors k along the I' —
M — K — T line. In our discussion, an “ideal” layer refers to
one in which MoOy octahedra or MoQ, tetrahedra are regular
in shape, while a “real” layer refers to one in which MoOy oc-
tahedra or MoQy, tetrahedra have shapes as found in Kq4MogO,.

Just as the ty,-block levels of an MoQOg octahedron lie below
the e,-block levels, the t,,-block bands of the Mo,O; layer lie below
the e,-block bands. Figure 2 shows the t,,-block bands calculated
for the ideal Mo,Oq layer 6, where the two bands indicated by
asterisks are each doubly degenerate. Thus, the t,,-block bands
consist of six bands, as expected from the presence of two metal
atoms in the unit cell. The t,,-block bands of the real Mo,Oy, layer
are shown in Figure 3, which are very close in character to those
of the ideal Mo,O, layer. The MoOg octahedra of the real Mo,Oy
layer are slightly distorted from a regular MoOg octahedron, so
the degeneracy in the t,,-block bands of the ideal layer is somewhat
lifted by the structural change to the real layer.

Shown in Figure 4 is the bottom portion of the d-block bands
calculated for the real MogO,; layer. It is observed that the bottom
three d-block bands of the MogO,, layer are essentially identical
with those of the real Mo,O, layer. The bottom three d-block
bands of the MogO,; layer have the d-orbital character of primarily
Moy atoms. The d-block bands of mainly Mo; and Moy, character
all lie above the bottom three d-block bands. With 2.9 d electrons
per KqoMogO,; (i.e., K¥gsMogO,;%7) or 2.9 d electrons to fill
the d-block bands of Figure 4, only the bottom three bands are
partially filled. This result is in agreement with the prediction
of the Zachariasen analysis that the d electrons of Kq3MogzO),
reside primarily in the Moy atoms of the Mo,Oy layer.’

(15) Lax, M. Symmetry Principles in Solid State and Molecular Physics;
Wiley: New York, 1974.
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Figure 1. First Brillouin zone of a 2D hexagonal lattice.
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Figure 2. t,, block bands of the ideal Mo,Oy layer.
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Figure 3. t,, block bands of the real Mo,Oy layer.

T M K T
Figure 4. Bottom portion of the d-block bands of the real MogO,, layer.

For a partially filled band, a certain region of wave vectors of
the Brillouin zone leads to occupied band levels, and another region
to unoccupied band levels. The Fermi surface of a partially filled
band is the boundary surface of wave vectors that separate the
occupied wave vector region from the unoccupied wave vector
region. When the Fermi level is close to the top (bottom) of a
partially filled band, the unoccupied (occupied) region of wave
vectors is referred to as a hole (electron) pocket. If a piece of
a Fermi surface is related to another piece by a mere translation
of wave vector ¢, the two pieces are said to be nested by g. Such
a nesting is favorable for a CDW of wave vector g.

The Fermi surfaces calculated for the three partially filled bands
of the MogO,, layer are shown in Figure 5, where the shaded and
unshaded regions signify the occupied and unoccupied regions,
respectively. As shown in parts a and ¢ of Figure 5, the first and
the third d-block bands (from the bottom) of the MosO,; layer
give hole pockets around K and an electron pocket around T,
respectively. The Fermi surfaces of these two bands do not have
good nesting. The second d-block band (from the bottom) of the
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Figure 5. Fermi surfaces for the first, second, and third d-block bands
(from the bottom) of the MogO,y layer in (a), (b), and (c), respectively.

K
M

Figure 6. Two pairs of nested pieces of the Fermi surface associated with
the second d-block band of the MogO,; layer.

MogO,; layer leads to the Fermi surface in Figure Sb, which gives
rise to six pairs of nested pieces as illustrated for two of them in
Figure 6. In our calculations, the a* component of the nesting
vectors g, and g, is very close to a*/2. The vectors ¢, and g, cancel
out their b* components and therefore are responsible for the
superlattice spot at g, = (a*/2, 0, 0) in KqsM0gO,5. In a similar
manner, the remaining four nesting vectors account for the su-
perlattice spots at g, = (0, b*/2, 0) and q,4;, = (a*/2, b*/2, 0).

All three Fermi surfaces of the MogO,, layer are closed, so that
the potassium purple bronze is a 2D metal. The CDW of Kq,-
MogO,; that sets in at 120 K is caused by the nesting of the Fermi
surface resulting from the second d-block band. This CDW does
not affect the Fermi surfaces associated with the first and third
d-block bands. Consequently, Ky gMogO,; remains a 2D metal
below 120 K, and its carriers below 120 K consist of electrons
and holes as expected from Figure 5a,c, respectively. All of these
results are in good agreement with experiment.®?

tye-Block Bands of the Ideal Mo,0y Layer

As discussed in the previous section, the bottom three d-block
bands of the MogO,; layer are responsible for the 2D metallic,
CDW, and other physical properties of KysMogO,7. In under-
standing these properties, it is crucial to examine how those bands
come about. In this section, we probe this question by analyzing
the nature of the t,,-block bands of the ideal Mo,QOyq layer since
the bottom portion of these bands is essentially similar to the three
partially filled bands of the MosO,; layer and since the high
symmetry of the ideal Mo,Oq layer makes our analysis simple.

A. Metal-Ligand Interactions. The three t,, levels of an MoOq
octahedron are shown in 8, where small antibonding contributions
from the ligand oxygen orbitals are omitted for simplicity. For

LT e %

8

our discussion, it is crucial to recall that in d-block levels of most
transition-metal compounds, the ligand orbitals combine out-
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of-phase (i.e., in an antibonding way) with the metal d-orbitals.
Therefore, the energy of a d-block level is raised or lowered when
the ligand orbital contribution increases or decreases, respectively.

In the Mo,O, layer, the Mo atoms interact with one another
via Mo—O-Mo bridges. As shown in 7, M0,Oj can be regarded
as being derived from the Mo,0,, chains 3 upon sharing their axial
oxygen atoms. Thus there are two types of Mo—O-Mo bridges
in the Mo,Oq layer: One is within each Mo,0, chain, and the
other is between adjacent Mo,O,, chains. Along the intra- and
interchain Mo—O-Mo bridges, the p orbitals of the bridging ox-
ygen may interact with the adjacent metal d orbitals as depicted
in 9 and 10, respectively. In 9a, 10a, or 10b, all the interacting
orbitals are contained in a plane, while this is not the case in 9b
or 9¢. Hence, the 7-type overlap present in 9a, 10a, or 10b is
greater than that in 9b or 9e.

%
&

9a 9b 9¢

%

10a 10b 10¢

For the bridging oxygen p orbitals to mix with the adjacent
metal d orbitals in 9 and 10, the two metal orbitals of an Mo-—
O-Mo bridge must have an in-phase combination (e.g., see the
orbital ¢,* in 12). Otherwise, the bridging oxygen p orbital cannot
mix with the metal d orbitals (e.g., see ¢,”in 12).17 In 10c, the
metal orbitals have a é-type interaction, and thus none of the
bridging oxygen orbitals can mix with the metal d orbitals (e.g.,
see 15).

B. Band Dispersion. Point K’ in Figure | is equivalent to M’
= (—a*/2, b*/2), since M’ differs from K’ by an integral multiple
of the reciprocal vector;! i.e., M’ = K’ — (a*, 0). By symmetry,
M’ is equivalent to M, so that the K — M line of the Brillouin
is equivalent to the K — K’ line. Thus, in our discussion, the T’
— K — M line can be replaced by the I' — K’ line. Then essential
features of the d-block bands of the ideal Mo,0Os layer in Figure
2 are summarized as follows: (a) The nondegenerate bands a and
b are flat along I' — M but strongly dispersive along ' — K’.
In addition, the two bands cross each other along I' — K’. (b)
The doubly degenerate bands ¢ and d are both equally dispersive
along T' — M and along T' — K/, the extent of the dispersion being
half that of the bands a and b along I' — K’. In the following
we examine these trends in terms of orbital interaction analysis.!”

1. Bands a and b. On going from T to M, the phases between
nearest-neighbor unit cell orbitals remain in-phase in one direction
(e.g., b axis in 7b) but change from in-phase to out-of-phase in
the other direction (e.g., a axis in 7a).!” To simplify our repre-
sentation of band orbitals, the “building unit” Mo,Oy,, 11, of the
Mo,0,, chain 3 may be represented by 12. On the basis of the
Mo,0Oq layer 7b, the bands a and b at T' = (0, 0) are given by the
orbitals 13a and 13b, respectively. And the bands a and b at M
= (a*/2, 0) are given by the orbitals 14a and 14b, respectively.
Note that 13a and 14a are derived from the unit cell orbitals ¢,~
of 12, while 13b and 14b are derived from the unit cell orbitals

(16) Albright, T. A.; Burdett, J. K.; Whangbo, M.-H. Orbital Interactions
in Chemistry; Wiley: New York, 1985; Chapter 15.

(17) Whangbo, M.-H. Crystal Structures and Properties of Materials with
Quasi One Dimensional Structures; Rouxel, J., Ed.; Reidel: Dordrecht, The
Netherlands, 1986; p 27.
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¢t of 12. As summarized in Table I, the oxygen orbitals of the
interchain Mo—-O-Mo bridges do not contribute to 13 and 14.
Those of the intrachain Mo—O-Mo bridges do not contribute to
13a and 14a, but they do to 13b and 14b, thereby raising the
energies of 13b and 14b with respect to those of 13a and 14a.
Since the chain orbitals do not overlap significantly across the
interchain Mo—O-Mo bridges, 13a and 14a are nearly the same
in energy, and so are 13b and 14b.

On going from T to K’, the phases between nearest-neighbor
unit cell orbitals change from in-phase to out-of-phase in both
the a- and b-axis directions.'” The Mo,Q, layer 7c¢ has the unit
cell orbitals ¢,* and ¢,” shown in 15. The band orbitals resulting

-

2
15

from ¢,* and ¢, at T" are given by 16a and 16b, respectively, and
those at K’ by 17a and 17b, respectively. As can be seen from
the p-orbital contributions of the bridging oxygens, summarized
in Table I, 16a is lower in energy than 16b, but 17a is higher in
energy than 17b. With respect to the twofold rotation around

Whangbo et al.

17b

the (a + b) axis of 7¢, 16a and 17a are symmetric, but 16b and
17b are antisymmetric. Therefore, on going from T to K’, 16a
and 16b are correlated to 17a and 17b, respectively, and thus the
two correlation curves (i.e., the bands a and b) cross each other.
This explains why the bands a and b are highly dispersive along
r - K.

Given the translational symmetry of the Mo,0Oq layer, 16a and
16b are identical with 13a and 13b, respectively, while 17a and
17b are identical with 14b and 14a, respectively. The latter
observation is particularly interesting in that the band orbitals
at M (derived from the layer representation 7b) are identical with
those at K’ (derived from the layer representation 7¢). From the
viewpoint of band orbitals, this is why the M and K’ points are
equivalent for a hexagonal lattice.

2. Bands c and d. On the basis of the Mo,O, layer 7b, we now
examine the degenerate bands ¢ and d along I' — M, which are
derived from the unit cell orbitals ¢;* and ¢;™ in 18 and ¢4* and
¢4 in 19. Since the set of ¢,* and ¢4 leads to the same results

¢, ¢r
18

¢; ¢
19

as does that of ¢;* and ¢, it is sufficient to consider only the
band orbitals arising from the latter.

Bands c and d at T are represented by 20a and 20b, respectively,
and those at M by 21a and 21b, respectively. The contributions
of the oxygen p orbitals of the Mo—O-Mo bridges in those band
orbitals are summarized in Table I. As discussed already, the

_?gzgfgzg_/ %&gj%&%z
‘%zgfgz%_/ ‘%&&r@gj
‘%g /_272; y ‘%ﬁgjf%‘xz;z'

2la 21b
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metal-ligand 7 overlap in 9b or 9¢ is weaker than that in 9a, 10a,
or 10b. In Table I, the stronger and weaker m overlaps are
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Table I. Antibonding Contributions of the Oxygen p Orbitals of
Mo-O-Mo Bridges in the t;; Block Band Orbitals of the Mo,Oq
Layer®

intrachain
within between

band wave unitcell aunit nearest-neighbor

orbital vector orbital cell unit cells interchain
13a r o1 N N N
13b r 't Y Y N
14a M o1 N N N
14b M ot Y Y N
16a r .t N N N
16b r by Y Y N
17a K’ oo Y Y N
17b K’ ¢y N N N
20a r o3 N N N
20b r o)t y y Y
21a M o3 N N Y
21b M o)t y y N

¢The presence of the antibonding contribution is indicated by the
symbols Y or y, and the absence of it by the symbol N. The symbols Y
and y refer to the stronger and the weaker antibonding contributions
discussed in connection with 9 and 10.

indicated by the symbols Y and y, respectively. 20a has no oxygen
p-orbital contribution from the Mo—O-Mo bridgés and thus has
the same energy as 13a. 20b has oxygen p-orbital contribution
from all the intra- and interchain Mo—O—Mo bridges, unlike 13b,
which has oxygen p-orbital contribution only from the intrachain
Mo—-O-Mo bridges. Nevertheless, 20b is degenerate with 13b since
the sum of two weak antibonding p-orbital contributions per unit
cell is equivalent to one strong antibonding p-orbital contribution
per unit cell. 21a has one strong antibonding p-orbital contribution
per unit cell, while 21b has two weak antibonding p-orbital con-
tributions per unit cell. Consequently, 21a and 21b are nearly
degenerate, and their energies lie at the midpoint between 20a
and 20b. This explains why bands ¢ and d are dispersive along
I' = M and why their dispersion is half as strong as that of bands
aand balong I' = K’. In a similar way, the Mo,0, layer 7c can

also be employed to show that bands ¢ and d are equally dispersive
along T' — K, and their dispersion is half as strong as that of bands
a and b along ' — K.

Concluding Remarks

Our tight-binding band calculations performed on a single
MogOy; layer show the presence of three partially filled d-block
bands. Inagreement with the Zachariasen analysis,’ those bands
are essentially derived from the t,, levels of the MoO, octahedra
belonging to the innermost two sublayers of MogO,;. Between
adjacent Mo4O,4 layers, therefore, there is practically no overlap
as far as the partially filled d-block bands are concerned. Thus
our conclusions based upon a single MogO,; layer are valid in
discussing the electronic properties of KqgMogO,,, as supported
by the excellent agreement with experiment: The Fermi surfaces
of the three partially filled bands show that K, sMogO,4 is a 2D
metal, its CDW at 120 K results from the nesting of one of the
three Fermi surfaces, and the remaining two provide electron and
hole carriers below 120 K. These conclusions are also valid for
Nag4MogO,; and TIMo4O,,, which are isostructural with Kg¢-
Mo4O,;. However, we note that the sizes of the hole and electron
pockets of the first and third Fermi surfaces (Figures 5a,c, re-
spectively) are not so small (about !/, and !/¢ of the Brillouin
zone, respectively) as suggested by the Shubnikov—de Haas study®
on Ko gMogO,5. A further experimental study is necessary. Fi-
nally, our orbital interaction analysis for the t,,-block bands of
the innermost two sublayers of MogO,; shows that their essential
dispersion characteristics are simply governed by whether or not
the orbitals of bridging oxygen atoms can mix with the molyb-
denum t,, orbitals,
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Abstract: A variable-temperature ESR study of the paramagnetic complex Rh(dppe),° has been performed. The complex
is found to be fluxional on the ESR time scale. At 270 K the ESR spectrum of the complex in toluene consists of a symmetric
five-line pattern with (4)p of 52 G. Upon cooling, an alternating line width effect is seen, and the spectrum changes to a
pattern showing coupling to two different pairs of P donors with hyperfine couplings of 37.5 and 65 G. Analysis of the dynamic
behavior leads to activation parameters AH* and AS* of 3.54 kcal/mol and 4.6 cal/(mol K), respectively, for the exchange
process. Possible mechanisms for the exchange are pairwise lengthening and shortening of the Rh~P bonds and angular distortion
of the complex to a species of C, symmetry. A bimolecular equilibrium is also observed by a significant decrease in the intensity
of the ESR signal as the temperature is lowered. The AH and AS values for this equilibrium are -13.4 kcal/mol and -49.8
cal/(mol K), respectively, consistent with either a dimerization or the formation of an intimate ion pair, [Rh(dppe),]*[Rh(dppe),]~,
for this sterically crowded system. The complex Rh(dppe),® is also found to react with H, at room temperature to form the

known hydride complex RhH(dppe),.

The fluxionality of inorganic and organometallic compounds
has been vigorously studied during the last two decades.! In

0002-7863/87/1509-6313501.50/0

general, this type of dynamic behavior in solution has been followed
by variable-temperature NMR investigation from which rate
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