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(Table IV and ref 6). Second-shell distances for all other samples
are shorter than would be expected for a helical chain of trigonal
selenium. This could be due to a change in the pitch of the chain,
the presence of six-membered rings, or a chain bending back upon
itself. In the case of Se-X-34 and Se-Y-26, the breadth of the
second-shell peak in the FT along with the optical and NMR
results suggests a mixture of at least two forms of selenium. The
helical chains present cannot have a regular Se-Se—-Se dihedral
angle, or we would expect a sharper distribution of next-near-
est-neighbor distances and a higher EXAFS amplitude (Figures
6 and 7). The choice of coordination number becomes somewhat
arbitrary when attempting to fit one average interatomic distance
to data from several atoms at slightly different distances. In this
case the coordination number was fixed at 2. Although this is
a good approximation in the case of Se-M-9 and Se-AIPO35-15,
where single helical chains occupy the channels, the retained Se—-Se
next-nearest-neighbor distances for Se-X-26, Se-Y-36, and Se-A-6
represent the weighted-average distance for all allotropes and
conformations present in the channels of the molecular sieves.

The loading density of Se in Se-M-9 corresponds to about 3.6
Se atoms per unit cell, which, if it were to adopt the helical-chain
allotrope exclusively, would correspond to a chain 6 A in length
per unit cell. When this is compared with the ¢ axial length for
hydrated mordenite (7.5 A), a helical chain would not completely
fill the 12-membered-ring channels in mordenite. A similar ar-
gument can be extended to Se-AIPO35-15, where 3.5 Se atoms per
unit cell corresponds to a chain 5.82 A in length. Although on
the basis of this evidence it is difficult to draw a firm conclusion
on the identity of the Se allotrope present, eight-membered rings
and bent helical chains must be excluded. The allotrope present
is probably a single compressed helical chain in both cases. In-
terestingly, the 23 wt % loading of Se in mordenite reported
elsewhere!! corresponds to 11.6 Se atoms per unit cell or a chain
19 A in length or two chains 9.55 A in length and so on.

Conclusion
The combination of EXAFS and solid-state NMR spectros-

copies with optical absorption experiments reveals the effect of
spatial confinement of Se in molecular sieves. Encapsulation of
Se in various sieves causes the Se—Se bond length to shorten
relative to the distance observed in helical chains of trigonal Se.
No interchain correlation remains if Se is absorbed in the different
sieves, indicating the presence of isolated, single molecular Se,
units. The analysis of the second-nearest-neighbor shell of Se in
the one-dimensional (1D) channel systems of mordenite and
AIPOS indicates the highest degree of order of the Se, units
compared to other sieves. Combined with evidence from NMR
experiments with AIPOS5, loading densities, and optical absorption
data, these results are consistent with the presence of a single,
highly ordered helical chain allotrope of Se in AIPOS and mor-
denite.

The EXAFS data indicate a less restricted next-nearest-
neighbor environment in the case of large-pore X and Y, consistent
with the presence of a variety of conformations or structures.
Optical data support this interpretation, and NMR data suggest
that two such structures are present with one probably being
helical-chain Se. Optical absorption as well as structural results
from EXAFS measurements point to the eight-membered ring
allotrope exclusively adsorbed into A zeolite.

Clearly, spatial confinement of semiconducting materials in
microporous solids offers much potential for the adjustment of
such physical properties as band gaps and optical behavior.
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The bottom d-block band electronic structure of Lig ;3M0O; was derived on the basis of tight-binding band calculations on the
MogO,, chains that constitute Liy;;M00;. The distortions of the MoOg octahedra in Lij 33Mo00O; were analyzed from the viewpoint
of the O-Mo-+O bond alternation so as to deduce how the t,.-level degeneracy of a regular MoOg octahedron is lifted. We found
this analysis to be a convenient way of understanding the nature of the bottom d-block bands of Liy ;3M00;. This study suggests

that Liy;3;MoQ; is a small band gap semiconductor.

Two classes of molybdenum oxide bronzes have been extensively
studied because of their low-dimensional structural and electronic
properties. The blue bronzes Ay3;MoO; (A = K, Rb, TI) are
two-dimensional (2D) in structure? in that they are made up of
metal—-oxygen layers with composition MoO;. However, the blue
bronzes are quasi-one-dimensional (1D) metals and, as a result,
exhibit charge density wave (CDW) phenomena.® The purple
bronzes AysMogO;; (A = Na, K) and TIMogO,; consist of
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metal-oxygen layers with composition MogO;,.* Although these
purple bronzes are 2D metals, they show CDW phenomena® as
well. In contrast, the lithium purple bronze LiyMo,0;; differs
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from the other purple bronzes both in crystal and in electronic
structure.® For example, LigoMogO,; has no separated metal-
oxygen layers, but it is a 1D metal’ despite its three—dimensional
(3D) crystal structure.

That a lithium bronze differs in structure from other alkali-
metal bronzes with the same composition is also observed in the
Ag33Mo00; phase. The red bronzes Ay3;3M00; (A =K, Cs, Rb,
TI)® contain metal-oxygen layers with composition MoOs, different
from those layers found in the blue bronzes, and have semicon-
ducting properties that are believed to arise from electron
localization.® The lithium bronze Lig;3M00;!%!! is violet blue
and different in crystal structure from the red bronzes. A sin-
gle-crystal X-ray diffraction study!® reveals that Lij;3;M00;
obtained by temperature-gradient techniques!!®® is triclinic, quite
unique among the known molybdenum bronzes. Nevertheless,
triclinic Lig ;3Mo00, is found to be a semiconductor.!'®!2 In this
work, we analyze how the semiconducting property of Lig 33M00;
is related to its crystal structure. Thus, we first describe the crystal
structure of Liy 33M00; and then discuss its electronic structure
on the basis of tight-binding band calculations!? based upon the
extended Hiickel method.!* The atomic parameters used in this
work are identical with those employed for the band structure
calculations on the blue bronze Ky ;Mo0Q;* and the purple bronzes
Ko.sMogO,,* and LigoMogO,;.”

Crystal Structure

Schematically shown in 1 is an Mo4O4 cluster made up of six
MoQOq octahedra sharing their octahedral edges and corners. Such
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MogOy clusters form an MosO,4 chain 2a upon sharing their
octahedral corners. When LiOg octahedra are fused into the
Mo4zO,, chain between every two adjacent MogO,4 clusters, one
obtains an Li,Mo4Os; chain 2b, where LiO; octahedra are in-
dicated by shading. Such Li,M040;, chains share their octahedral
corners to form an Li;Mo¢Oys layer 3. It is these layers that form
the 3D crystal structure of Lij ;;Mo0O; by sharing their octahedral
corners and edges. Two Li;Mo,O,; layers may share their oc-
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tahedral corners as indicated in 4a or their octahedral edges as

4a
indicated in 4b, where LiOg octahedra of each Li,Mo4O,; layer

4b

are omitted for clarity. In the layer-stacking 4a, MosO,, chains
(2a) of one Li;MogO,5 layer (3) are linked to one another via the
MogO,, chains of the other Li;MogOx; layer, while this is not the
case in the layer-stacking 4b. In Li;33Mo00O;, the types of lay-
er-stacking 4a and 4b are both present. As schematically shown
in 5, a unit cell of Lip;3M00, contains four shared Li,MogO,s

layers (I,, IL,, II, and Iy). The layers II, and II, share their
octahedral edges as in 4b, while all other adjacent layers share
their octahedral corners as in 4a. Thus, a repeat unit cell of
Lij13;M00, has the formula unit (LiM04Og);. Due to the inversion
symmetry of the crystal, the layers I, and 11, are equivalent to
I, and II,, respectively, so that only two unique Li,Mo4Oy layers
are present in Lig3;M00;.

Electronic Structure

Lig 33Mo00O; has the formula (LiMo;04)g or four Li;MosO
layers 3 per unit cell, which is too large for tight-binding band
calculations. In discussing the electrical properties of Lij33;Mo00;,
however, one needs to know only its highest occupied and lowest
unoccupied bands. In this section, we derive these bands on the
basis of the bottom d-block bands of each Li;Mo040,5 layer 3
present in Lig33M00;.
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A. Geometry Distortion and t,,-Level Splitting. The unit cell
size (LiMo0;0y); for Li;33;M00; suggests that each Li,MogO3
layer 3 has on average only two electrons per unit cell for its
d-block bands; i.e., only the lowest lying d-block band is occupied.
In identifying the nature of this band and hence constructing the
bottom d-block bands of Li, ;;Mo00;, it is necessary to analyze
how the ty,-block levels of a regular MoOs octahedron split under
the geometrical distortions found in Liy 33M00;. Shown in 6 are
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6

the t,.-block levels of a regular MoOg octahedron. Though not
shown in 6, the oxygen orbitals of appropriate symmetry combine
out of phase with these d orbitals. When the regular octahedron
distorts and thus produces a short Mo~O bond, the t,, levels are
split in such a way that the levels experiencing more antibonding
in the shortened Mo—O bond are raised in energy. Two idealized
distortions are shown in 7a and 7b, where the Mo atom moves

as indicated by the arrow. The shortening of the “axial” Mo-O
bond in 7a raises the xz and yz levels, while that of the “equatorial”
Mo~O bond in 7b raises the xy and yz levels.

In every Li;MogO44 layer of Lig;3MoO, (e.g., I, and I1, in §),
each MoOg octahedron has a strong O-Mo-+O bond length al-
ternation perpendicular to the layer plane (e.g., ~1.7 vs ~2.4-2.5
Ainlaand ~1.7 vs ~2.3-2.7 A in IIa). Thus the xz and yz
orbitals of each MoOjg octahedron are strongly raised in energy
with respect to its xy orbital, so that the bottom d-block bands
of each Li;Mo4Oy; layer result from the xy orbitals of the MoO,
octahedra. It is important to note that, between adjacent Li,-
MogO,; layers having the corner stacking shown in 4a, these xy
orbitals give rise to §-type interactions. Since these interactions
practically vanish, such Li;Mo40,3 layers do not interact each
other as far as their xy orbitals are concerned. As will be discussed
in the next section, adjacent Li,Mo4O,4 layers having the edge
stacking shown in 4b (i.e., I, and II, in §) can also be considered
noninteracting as far as their low-lying xy bands are concerned.
Thus, the bottom d-block bands of Liy;3M00; can be approxi-
mated by superposing the bottom d-block bands of each Li,Mo4O4
layer. As discussed already, there are only two unique Li;MozO
layers (e.g., I, and II, in 8) in Li; ;;M00;. In addition, each layer
3 consists of isolated MogO,, chains. Therefore, one needs to
calculate only the d-block bands of the MogO,, chains present
in layers I, and II, to be able to derive the bottom d-block bands
of Lio'33M003.

B. Ideal Mo,O; Chain. In discussing the bottom d-block bands
of the MogO, chains present in Li;MogO», layers I, and II,, it
is convenient to first examine the xy bands of the Mo,O,4 chain
8, the noninterrupted portion of the MogO,, chain 2a. Let us
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Figure 1. Dispersion relations of the xy-block bands for the ideal Mo,Oyq
chain 8.

assume that each MoOjg octahedron of 8 is regular in shape, but
we take the four Mo atom cluster M0,O,, as building blocks of
the Mo,O,s chain 8. Then, the xy bands of 8 shown in Figure
1 are constructed from the unit cell orbitals 9a—d: bands a—d of

S 3

Figure 1 are constructed from the unit cell orbitals 9a—d, re-
spectively. For example, the orbitals of band a at " and Z are
given by 10 and 11, respectively, while the orbitals of band b at

10

Z and band c at T are given by 12 and 13, respectively.

The d-block band levels of a crystal structure obtained by
sharing octahedral corners are raised in energy when the orbitals
of the bridging ligand atoms are allowed by symmetry to mix with
the metal d orbitals.’” There are three different types of oxygen
bridges in 8: within a four Mo atom unit cell, two oxygen atom
bridges are parallel (||) to the chain but the other two are per-
pendicular (L) to the chain. Between adjacent unit cells, there
are two oxygen bridges parallel to the chain. Summarized in Table
I are whether or not the bridging oxygen orbitals mix with the
metal d orbitals for the orbitals of the bands a—d at "'and Z. It
is clear from 11-13 (and Table I) that band a at Z, band b at
Z, and band c at T" are all degenerate. Likewise, Table I shows
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that band b at T, band c at Z, and band d at Z are all degenerate.
These degeneracies are lifted when the ideal chain 8 is distorted.

C. Real Mog0,, Chains. Shown in Figure 2'are the bottom
portions of the d-block bands calculated for the MogO, chains
present in layers I, and I1, of Liy33Mo00;. These bands are largely
derived from the xy orbitals of the MoO, octahedra and possess
dispersion patterns that ressemble those found for the ideal Mo O,5
chain in Figure 1. The band orbital degeneracies of the ideal
Mo O, chain observed in Figure 1 are all lifted in Figure 2
because of the distortions present in the real MogO,,, which will
be examined later in this section. The two important features to
note from Figure 2 are that the lowest lying band a is separated
from other bands lying above either in part a or b of Figure 2 and
that the top of band a in Figure 2b lies below the bottom of band
cin Figure 2a. With two electrons per unit cell to fill the d-block
bands, the band structure of Figure 2a or that of Figure 2b has
a band gap, and further, the band structure obtained by super-
posing parts a and b of Figure 2 also gives a band gap although
it is very small.

Let us now discuss how the band dispersion of Figure 2 deviates
from that of Figure 1 on the basis of the geometry distortions
present in the real MogO,, chains. 14a (14b) illustrates how the

14a

14b

MogOy cluster 1 of the MogO,, chain in layer I, (IL,) of Lig;;3-
MoOQ; differs from the corresponding ideal structure constructed
from regular MoOg octahedra. For simplicity, the Mo—O distances
associated with the “axial” oxygen atoms are not shown in 14.
In 14a and 14b the “hump” MoOjs octahedra (i.e., those that are
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Table I. Antibonding Contributions of the Oxygen p Orbitals of the
Mo—-O-Mo Bridges in the xy-Block Bands of the Mo,O,; Chain®

within a

unit wave unit cell  petween

band  cell orbital  vector point I L unit celis
a 9a T N N N
a 9a V4 N N Y
b 9b T Y N Y
b 9b 4 Y N N
c 9¢ T N Y N
c 9¢ zZ N Y Y
d 9d T Y Y Y
d 9d zZ Y Y N

@ The presence or absence of the antibonding contribution is indicat-
ed by the symbols Y and N, respectively.

ev ﬂ °
A

T Z T Z
(a) (b)

Figure 2. Dispersion relations of the bottom d-block bands calculated
for the MogO,, chains present in (a) layer I, and (b) layer II,.

not a part of the Mo,O; chain 8) have very short Mo—O distances
(~1.7 A), so that their xy orbitals are raised in energy beyond
the energy region of Figure 2. Bands b and ¢ in Figure 2 show
noncrossing due to the symmetry lowering induced by the dis-
tortions. We now comment on why band a at the top of Figure
2b lies slightly lower in energy than band c¢ at the bottom of Figure
2a. The Mo—O bonds in 14a and 14b (excluding those of the hump
octahedra) approximately “parallel” and “perpendicular” to the
MosO,, chain may be referred to as the Mo—O (}|) and Mo-O
(L) bonds, respectively. The average lengths of the Mo—O (L)
and Mo—-O (||) bonds are respectively 1.92 and 1.97 A in 14a and
1.91 and 1.95 A in 14b. Since the average Mo—O ( L) bond length
is shorter than the average Mo-O (|) bond length, the band a
top lies below the band ¢ bottom in Figures 2. The average Mo-O
(L) and Mo-O (||) bond lengths are both shorter in 14b than
in 14a, so the band a top and the band ¢ bottom in Figure 2b both
lie higher than the corresponding points in Figure 2a. Since the
average Mo-O (]|) length in 14b is longer than the average Mo—O
(L) length in 14a, the band a top of Figure 2b lies below the band
¢ bottom of Figure 2a so that band ¢ of Figure 2a does not overlap
with band a of Figure 2b.

Finally, we note that band a is essentially obtained from the
unit cell orbital 9a. This orbital has no orbital contribution from
the bridging oxygen atoms within a unit cell. In the layer stacking
of 4b, the metal xy orbitals of each layer can in principle interact
with those of the other layer via the bridging oxygen atoms.
However, band a does not have any orbital contribution from the
bridging oxygen atoms, so that the character of band a is not
expected to change upon the layer stacking of 4b. Band c is
obtained from the unit cell orbital 9¢, which has p-orbital con-
tribution from the O(}j) atoms (i.e., those oxygen atoms on the
Mo—O-Mo bridges “parallel” to the MogO,4 chain) within a unit
cell. According to 4b, these O(||) atoms of one layer are located
on top of the Mo atoms of the other layer so that there exists no
overlap between such Mo and O(||) atoms, Consequently, the
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character of band c is not expected to change upon the layer
stacking of 4b. As a result, the energy gap between band a at
Z in Figure 2b and band c at I" in Figure 2a is expected to remain
even if the layer stacking 4b is taken into consideration. In
agreement with this expectation, Lig;3;M0O; is found to be sem-
iconducting in all directions.!? Since the valence and the con-
duction bands of Figure 2 are dispersive along I' — Z, the elec-
trical conductivity of Li, ;3Mo00; is expected to be largest along
the ¢ direction.

Concluding Remarks

In crystal structure, Lig ;;M 00, differs from other alkali-metal
bronzes with the same composition A,3;M00; (A = K, Cs, Tl),
although it is made up of the same building block, MoOy oc-

Inorg. Chem. 1988, 27, 232-235

tahedra. By recognizing how the t,;-level degeneracy of a regular
MoOy octahedron is lifted upon distortion, it is possible to deduce
the nature of the bottom d-block bands of Li, 3:M00Os, just on the
basis of the tight-binding band electronic structures of the MogO,,
chains that constitute Liy 33M00;. The present analysis suggests
Lig33Mo00; to be a small band gap semiconductor, which is
consistent with the available resistivity data on Lij ;3 Mo00O;.
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An electron diffraction study of the structure of dioxygen difluoride (O,F,) at —42 °C has confirmed the results of an earlier
microwave investigation. The molecule has C, symmetry, a short O—O bond, and extraordinarily long O-F bonds: r,(0-0) =

1.216 (2) A, r 5(O-F) = 1.586 (2) A. Other parameter values are £,FOO =
0.073 (4) A, and /(F-F) = 0.113 (10) A; the ! values are rms amplitudes of vibration,

(3) A, I(O—F) = 0.069 (3) A, /(O-F) =

109.2 (2)°, £, FOOF = 88.1 (4)°, I(O-O) 0.046

and the parameter uncertainties are estimated 2¢. The data are consistent with a high barrier to internal rotation. There is no
evidence for the presence of a planar form. Attempts to detect O,F radical or its dimer were unsuccessful.

Introduction

For some time dioxygen difluoride, hereafter O,F,, has been
recognized as one of the most potent of all molecular oxidative
fluorinating agents.! Several years ago it was discovered that
O,F, can convert substrates of the actinides U, Np, and Pu to
their volatile hexafluorides at effective rates near or below room
temperature, i.e. at temperatures 300-400 °C /ower than those
required with any other molecular agents except KrF,.>* This
discovery has important consequences for a number of aspects
of nuclear processing and has led to fundamental studies of the
properties of O,F,.%* The temperature advantage also has sig-
nificant implications for synthesis of other high-valent, thermally
unstable main-group and metallic fluorides.®

The structure of O,F, is obviously of considerable interest in
connection with its unusual oxidizing properties. A microwave
investigation® showed the molecule to have a hydrogen peroxide
like configuration with a dihedral angle of 87.5°, remarkably long
O-F bonds (1.575 A) compared to those in OF, (1.409 A),% and
a remarkably short O-O distance—at 1.217 A only 0.010 A
greater than in dioxygen.” The vibrational spectrum of the
molecule has been studied many times, and it now appears that
uncertainties about some of the assignments®3~!2 have been re-
moved.!? Theoretical interest in the molecule has also been
stimulated by its unusual structure, but it has been very difficult
to predict the observed geometry from quantum-mechanical
calculations '3~ to the accuracy one has come to expect for simple
molecules.

Although the geometry of O,F, seemed to have been securely
established by the microwave work, the puzzling discrepancy
between the microwave results and those from the theoretical
calculations merited an additional experimental check by gas—
phase electron diffraction. We also wished to investigate the
possible presence of an anti form of the molecule and to attempt

*Oregon State University.
}Los Alamos National Laboratory.
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to obtain diffraction data for the dioxygen fluoride radical O,F
(which results from decomposition of O,F,) and for the dimer
of the radical, O4F,. The O,F radical is a well-documented species
with a long gas-phase lifetime. The dimer has been reported to
decompose at low temperature in the condensed phase to give O,F,
and O,.!

Experimental Section

Dioxygen difluoride was prepared at Los Alamos? and transported to
Qregon State in stainless steel cans at liquid-nitrogen temperature for the
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