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The temperature-dependent behavior of the low- and inter-
mediate-temperature phases of y-Bi,MoO, were investigated. As
revealed by high-resolution neutron and synchrotron powder
diffraction as well as electron diffraction, the low-temperature
Aurivillius phase shows a previously undetected incommensurate
modulation along the pseudo-tetragonal a (¢, = 0.5626(2)) and
¢ (g.=0.2844(2)) axes. A reversible incommensurate-to-com-
mensurate phase transition to the intermediate-temperature
phase occurs near 840 K, before irreversibly transforming near
880 K into the fluorite-related high-temperature polymorph
described in detail by two of us in an earlier study (Buttrey et al.,
J. Solid State Chem. 111, 118=127 (1994)). © 2000 Academic Press

INTRODUCTION

Despite the importance of complex oxides in catalysis,
our understanding of the interplay between crystal structure
and catalytic properties is far from well developed. Bismuth
molybdates are prototypical bimetallic oxide catalysts con-
tained in multicomponent molybdate (MCM) preparations
that are widely used for the selective oxidation and ammoxi-
dation of olefins (1). The oxidation of propylene to acrolein,
for instance, is achieved with a selectivity of up to 95%. The
two steps involved in the process are hydrogen abstraction
at a bismuth site, resulting in an allyl intermediate, followed
by an oxygen insertion at an adjacent molybdenum site to
generate the product. The conversion of 1-butene to 1,3-
butadiene is also effectively accomplished with these mater-
ials. With the addition of ammonia, the ammoxidation of
propylene to produce acrylonitrile provides another very
important application of the bismuth molybdates. Beyond
the requirement of site isolation (2) in the topological
arrangement of the bismuth and molybdenum reaction sites,
which can be accomplished with the appropriate structural
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motifs, factors such as the surface area and crystal habit,
surface reconstruction, site potentials, and stability to
oxidation and reduction cycling are important. Note that
these are redox catalysts, involving simultaneous reduction
and reoxidation to avoid net loss of lattice oxygen.

The three catalytically active bismuth molybdates have
rather similar Bi:Mo ratios. These ratios are 2:3 (o-
Bi;Mo030;,), 1:1($-Bi;Mo0,0y),and 2:1 (y-Bi;MoOg). The
o phase is often described as a defective scheelite structure in
which 1 of every 3 Bi sites is vacant (3). For our purposes, it
is useful to recognize that the scheelite structure is a special
case of the fluorite family. The f form is again a fluorite-
related superstructure with metal site vacancies; one of
every nine metal sites is absent. In both cases, the vacancies
are in an ordered arrangement (at room temperature) within
infinite Bi channels (5). The y composition shows polymor-
phism. The low-temperature polymorph, a (rare) naturally
occurring mineral called koechlinite, is generally thought to
be the catalytically active form since this is the stable bulk
phase under reaction conditions (i.e., ~ 650-750 K). Inter-
estingly, the highest temperature form is the only one of
3 y polymorphs that is clearly a fluorite derivative with
infinite Bi channels, though unlike « and f, it has no vacant
metal sites. The low and intermediate y forms both belong
to the Aurivillius family (6), (Bi,0,), (Bi,—1MO3, ), with
x, n=1and M = Mo (7). These consist of a strongly dis-
torted nearly square layered network of Mo polyhedra
separated by {Bi,0,}>" layers. These Mo polyhedra are
usually described as distorted octahedra, in contrast to the
isolated tetrahedra evident in the fluorite-type bismuth mo-
lybdates. As we will show, they are actually somewhat
intermediate between octahedra and tetrahedra.

The y-Bi,MoOg composition has been the subject of
considerable attention and controversy due to its three-
phase polymorphism (8). When heated from room temper-
ature, it first undergoes a subtle and reversible phase
transition near 840 K involving a poorly understood change
between the closely related n = 1 Aurivillius-type structures
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discussed above. We will designate the lowest temperature
polymorph as y(L) and the next lowest (intermediate as y(I),
consistent with the convention of Kodama and Watanabe (9).
With further heating, the transition to the high-temperature
form, designated here as y(H), involves an irreversible first-
order transition at 877 K to a fluorite-related phase (9, 10).
Interestingly, this high-temperature polymorph is very
closely related to the o and f structures in that all possess
fluorite-related substructures, yet catalytic proficiency is
attributed to the «, 8, and (L) forms. The structure of the
7(H) phase was refined earlier from high-resolution neutron
powder diffraction data (10). Note that an alternative con-
vention sometimes used to indicate the low-, intermediate-,
and high-temperature phases, which we will not follow here,
is y, 7", and y". Our attention in this paper will be on the
thermal evolution of the (L) and y(I) forms. These are the
only reported (fully oxidized) bismuth molybdates that are
not obvious fluorite-derived structures, although it should
be recognized that the Bi,O, layers within these structures
are locally fluorite-like. In this comparison, we include the
more bismuth-rich phases Bi,¢Mo0;0049 (11,12) and
Bi3;gMo0,0+5 (13), as other fluorite-type examples.

¢V ¢ % v

a—>

FIG. 1. The structure of y(L)-Bi,MoOg viewed down the ¢ axis. The
MoOjg octahedra share corners along a and ¢, forming infinite {MoO,}
layers that alternate with {Bi,O,} layers along b. The stacking sequence along
b is {Bi[2],0[2],}-O[1]-{MoO[4],/,0[5],}-O[6]-{Bi[1],0[3],}-O
[6]-{M0O[4],/,0[5],/2}-O[1]-.
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In y(L)-Bi,M0Oy, alternating layers of {Bi,O,}*" and
{Mo0O,}*" layers are stacked perpendicular to the b axis
(Fig. 1). In the {Bi,O,}*" layer, the Bi** ion has a pyr-
amidal coordination to O[2] and O[3] and a sterochemi-
cally active lone pair. There are two distinguishable
{Bi,O,}*" layers in the structure: one {Bi[2],0[2],}*"
layer being connected along b to the adjacent {MoQO,4}?~
layers by oxygen O[1] and the other {Bi[1],0[3],}*" layer
connecting via O[6] to the neighboring {MoO,}*~ layers.
The molybdenum has highly distorted octahedral coordina-
tion with four equatorial oxygen sites involving pairs of
O[4] and O[5] and two apical oxygens (O[1] and O[6]).
The MoOg octahedra share corners along a and ¢ to form
an infinite {M00Q,}, layer. The stacking sequence along b is
thus

-« ={Bi[2],0[2],}-{O[1]-M0O[4],/,0[5],/2-O[6]} -
{Bi[1],0[31,}-{O[6]-M0O[4];/550[5],2-O[11}---.

This structure is somewhat similar to the K,NiF, struc-
ture, but with an extra layer of oxygen in the midplane of the
rock salt layer. Ignoring distortions, the ideal structure
would be tetragonal with space group Im4/mm (a nonstan-
dard setting of I4/mmm (#139)), and with all {Bi,O,}*"
layers equivalent. The deviations from this parent structure
are due to distortions within the two metal-oxygen layers.
Octahedrally coordinated Mo(VI), being a d° transition
metal, is subject to a second-order Jahn-Teller distortion,
leading to the displacement of the cation from the center of
the octahedron (14). This lowers the energy of the vacant
d orbitals for the small and highly charged Mo(VI) cation. If
lowered sufficiently, they will interact with the filled oxygen
p orbitals. In extended structures the near degeneracy of
molecular orbitals close to the Fermi level will usually give
rise to an instability that will be removed by structural
distortions. Molybdenum(VI) is known to show very strong
valence distortions since it satisfies the two necessary condi-
tions for the above scenario: (i) a small energy gap between
the highest occupied (HOMO) and lowest unoccupied
molecular orbital (LUMO) and (ii) a distortion mode of the
same symmetry as the HOMO-to-LUMO transition.

In y(L)-Bi;MoOg the apical oxygens are shifted in oppo-
site directions along a, leading to tilted corner-sharing
octahedral chains along a. The molybdenum atom itself is
not at the center of the octahedron, but displaced toward
one of the O[4]-O[ 5] edges, leading to two shorter and two
longer equatorial distances. This produces a symmetry
closer to tetrahedral C,, rather than C5, or C,,. Note that,
in y(H)-Bi,MoOy, all Mo sites are present as isolated, slight-
ly distorted tetrahedra, hence close to C,, also.

The oxygen atoms in the {Bi,O,}>" layers are also
laterally shifted in the a direction. The different Bi-O
distances in the {Bi,O,}*>" layer can be understood as
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rationalized by Albright et al. (15): Electron transfer from
the perovskite layer via the lone pair of O[1] and/or O[6]
to the antibonding ¢* in either of the Bi,O, layers will
weaken the bonding to the two oxygens in the trans posi-
tion. This is due to the so-called “trans effect”. One oxygen
that is twice subject to the trans effect is expected to have the
longest Bi-O distance and one that is not affected by any
charge transfer will reveal the shortest Bi-O distance.

EXPERIMENTAL
Synthesis and Preliminary Characterization

A 15-g polycrystalline sample of y(L)-Bi,MoOg was pre-
pared from a stoichiometric mixture of 99.9% Bi,O3 and
99.95% MoO;. The mixture was heated in a covered
alumina crucible in air with the following sequence: 500°C
for 48 h with an interruption at 24 h for regrinding, 580°C
for 6 days, and after regrinding and pressing into a pellet,
another 8 days at 580°C. The intensely yellow product
(as compared with pale yellow for the quenched high-tem-
perature polymorph) was determined to be phase pure to
within the detection limits by conventional X-ray powder
diffraction using a Philips PW1710 system with a CuKo
source and a graphite monochromator on the detector arm.
A second harmonic generation (SHG) measurement was
positive (16), confirming that the structure is noncentrosym-
metric, consistent with the space group Pca2; reported by
Theobald et al. (17).

High-Resolution Neutron Powder Diffraction

The neutron powder diffraction data were collected on the
high-resolution neutron powder diffractometer (HRNPD) on
beamline HI1A at the High Flux Beam Reactor at Brook-
haven National Laboratory (BNL). The instrument was
equipped with a new type of monochromator made of a 30-
cm-tall vertically focusing array of 24 Ge (115) composites
positioned at a take-off angle of 120°, providing a wavelength
of 1.8857 A. Further details on the monochromator are de-
scribed elsewhere (18, 19). The resolution of Ad/d ~ 5x 10~
was achieved using 5 primary collimation in front of the
monochromator and 5’ collimators in front of each of the 64
*He detectors. The 15-g specimen was contained in a
vanadium can and mounted on a closed-cycle displex refriger-
ator for a measurement at 20 K (determined using a Si diode).
High-temperature data were collected with calibrated Type-K
thermocouples placed on the top and bottom of the specimen.
The data were refined using the Rietveld refinement (20)
program PROFIL written by Cockcroft and Fitch (21).

Electron Diffraction

For the TEM studies, grain mounts onto holey carbon
films were prepared and mounted in a double-tilt holder.

BUTTREY, VOGT, AND WHITE

The electron microscope used was a Philips CM-400T oper-
ating at 100 keV.

Synchrotron X-Ray Powder Diffraction

Synchrotron X-ray powder data were collected on the
X7A beamline at the BNL National Synchrotron Light
Source. The specimen was mounted on a flat plate for room
temperature study. A channel cut Si(111) crystal was used
for the double monochromator on the incident side and
a Ge(220) crystal analyzer was present on the detector arm.

DISCUSSION
Room Temperature Studies

Rietveld refinements. The symmetry of y(L)-Bi,MoOy at
room temperature was a subject of controversy until
Theobald et al. (17) showed that the appropriate space
group was noncentrosymmetric Pca2, using high-resolution
neutron powder diffraction. This is consistent with the
structure originally proposed by van den Elzen and Rieckh
(7), the ferroelectric behavior reported by Ismailzade et al.
(22), and the SHG measurement on our specimen men-
tioned earlier. We have not ruled out the possibility of
a symmetry change below the y(L)/y(I) transition, although
we were unable to find any space group (centrosymmetric or
noncentrosymmetric) that would better represent the data.

Analyzing data taken at room temperature, we noted
slight deviations between the observed and calculated inten-
sities and profiles that could not be explained by strain
and/or particle size effects. A close examination revealed
that very small satellites with about 0.1% of the intensity of
the strongest Bragg reflection and could not be attributed to
the starting reagents or any other obvious potential con-
taminant (Fig. 2a). This prompted us to investigate our
sample using electron diffraction.

Transmission electron microscopy. Numerous selected
area electron diffraction patterns were obtained for the
[010] zone. Many of these patterns show weak superstruc-
tures, all revealing streaking along a* and/or c¢*. Three
representative patterns, each of which was observed more
than once, are shown in Figs. 3a-3c. In Fig. 3a the pattern
only shows streaking with no evidence for any further super-
structure. Figure 3b depicts a pattern in which the satellites
appear with displacements of approximately ( +n/4, 0, 0)
about the principle Bragg reflections, and which are super-
imposed on the streak. The first harmonic is by far the most
intense, and in most patterns this is the only one apparent in
the presence of the streak. In addition to these features, in
Fig. 3c we observe another set of superstructure reflections
that are located at (h & 2ne, 0,1 & ne) with h and [ being
even, n an integer, and ¢ ~ 2/7. A sketch of this spot distri-
bution is provided in Fig. 3d. Again, the first harmonics are
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FIG. 2. Full-profile refinement plots of the high-resolution neutron powder diffraction data with (a) not taking into account any modulations and

(b) including the modulations with g, = 0.2813(1) and ¢, = 0.1422(1).

significantly more intense than the higher harmonics. The
dominance of the first harmonics in both cases suggests that
the modulations are nearly sinusoidal.

We have made no attempt to determine the origin or
detailed shape of the modulations giving rise to the satellite
reflections described above nor have we established the
nature of the disorder responsible for the streaking along a*
and/or c¢*. Presumably, these may be associated with long
period in-plane distortions of the {Bi,O,}** layers. Other

superstructure patterns have been observed as well, indicat-
ing that there are many distortional modes present. Since
our sampling is limited, we cannot comment on the
frequency of observation of each of the superstructure
patterns. Coherent intergrowths of two closely related sym-
metries (Pca2; with Clal in the standard setting) have been
reported in TEM studies for both Bi,MoO¢ and Bi,WOg
(23,24), resulting in commensurate modulations along b* (in
our standard setting). These additional commensurate
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FIG. 3. Seclected area electron diffraction patterns revealing (a) streaking along a* and/or ¢*, (b) satellites occurring at ~ ( + n/4, 0, 0), and (c) satellites
located at (h + 2ne, 0, ] & ne). A sketch of the spot distribution from (c) is presented in (d).

modulations should be distinguished from the in-plane in-
commensurations that we report. A detailed HREM study
is required to unravel the true microscopic details of the
incommensurate modulations in Bi,MoOg and is beyond
the scope of the present paper.

Full-profile refinements. Since the a and ¢ axes are very
similar, electron diffraction data do not allow the unam-
biguous assignment of the incommensurate wave vectors.
Using a full-profile fitting routine in which the intensities
are treated as variables, the high-resolution neutron
powder diffraction data were refined against two different
models. In model 1, ¢, ~2/7 and ¢.~4/7, and in
model 2, the reverse case of q,~4/7 and ¢q.~ 2/7.
Model 2 fits the data better (Fig. 2b). To clarify this, high-
resolution synchrotron data were taken and also revealed
that model 2 fit the data better. A selected range from the
synchrotron data set is shown in Fig. 3, indicating the

well-resolved superstructure reflections. The synchrotron
data gave ¢, =0.5626(2) and g.= 0.2844(2). However,
both data sets revealed that other peaks were present that
could not be accounted for by this modulation. This is
consistent with other modulations observed by selected area
electron diffraction. We have thus far been unable to unam-
biguously locate the ¢, ~ 7% superstructure reflections
in either the X-ray or neutron powder data. This may in part
be due to overlaps with the (4/7,0,2/7) superstructure
reflections.

Temperature-Dependent Studies

We collected data sets as 20, 300, 361, 570, 671, 777, 803,
819, 828, and 858 K, which were all refined using the Riet-
veld method. An extra data set at 470 K was taken with
significantly lower counting statistics and only used to
determine the lattice constants.
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FIG. 4. Temperature dependence of (a) lattice constants, (b) cell volume and density, and (c) incommensurate superlattice intensity reflection

assigned as (1.438, 0, 2.284).

Lattice expansion and the y(L) to y(I) transition. A highly
anisotropic thermal response of unit cell parameters is
observed upon heating (Fig. 4a). The pseudo-tetragonal
a and c axes, along which the incommensurate modulations
where found, expand almost identically. Even after the
transition into the y(I) phase, no discontinuity can be detec-
ted in a or c. On the other hand, the b axis expands rapidly
with heating to 500 K, then starts to decrease, and contracts
significantly on approach to the y(I) phase. Since any charge
transfer between the {Bi,O,}*>" and {Mo0O,}* layers oc-
curs along b, this thermal response is indicative of a change
in the interlayer charge transfer. Despite this striking differ-
ence in intra- and interlayer thermal expansion, the unit cell
volume, and thus the density, shows no discontinuity at the
(L) to p(I) transition (Fig. 4b). However, the intensities of
the satellites attributed to incommensurate modulations

decrease continuously with heating and are no longer
observable in the y(I) phase (Fig. 4c). Our last measured
diffraction pattern at 858 K shows no indications of any
these reflections and is 5 K above the transition temperature
given by Erman and Gal’perin (24). We conclude that the
(L) to y(I) transition is a second-order incommensurate-to-
commensurate phase transition. The reflection near 20 =
57.0°, which could not be accounted for with modulations
with g, = 0.5626(2) and g, = 0.2844(2) in Fig. 2b, was found
to remain above the yp(L)-to-y(I) transition and remains of
unknown origin.

Bond distances. The bond graph shown in Fig. 5 was
prepared in such a way as to distinguish short, intermediate,
and long bond distances for Bi-O and Mo-O using room
temperature data. The criteria for these are somewhat
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Bond Graph 1LBiMoO,

0(6)

FIG. 5. Bond graph for y(L)-Bi,MoOg. The outermost oxygens ([2]
and [3]) are those located in Bi,O, midplane. O[1] and O[6] are the
“apical” oxygens, whereas O[4] and O[5] are the “basal” oxygens from the
octahedral perspective. Note that the asymmetry of the diagram arises from
the distribution of distant oxygens about the two bismuth sites.

arbitrary, but match those used in our earlier paper on y(H)-
Bi,Mo0Og (10). The short bonds are considered as those for
which the valence sum v;; > 0.65 and are represented by
heavy solid lines. Long bonds are identified as those with
0.025 < v;; < 0.16 and represented by dashed lines. Inter-
mediate bond lengths are shown by a fine solid line and any
separations for which v;; < 0.025 are not shown. For refer-
ence, v;; = 0.65 corresponds to d = 2.253 A for Bi-O and to
d = 2.066 A for Mo-O.

It seems that the coordination of the Mo site has charac-
teristics of both octahedral and tetrahedral coordination,
depending on the way in which it is viewed. The bond graph
analysis clearly shows that the Mo polyhedron consists of
four short Mo-O bonds plus two much more distant
Mo-O bonds. Using coordinates for T' = 300 K, a clino-
graphic projection of the coordination environment about
Mo is presented in Fig. 6. The relative bond lengths are
difficult to appreciate in any orientation, so we have labeled
the distances along each of the bonds. The “apical” oxygens,
O[1] and O[ 6], are among the four short bonds (1.7-1.9 A)
and form an angle with molybdenum of about 150° i.e.,
significantly larger than the ideal tetrahedral angle. The two
long bonds (2.2-2.3 A) lie in a plane that essentially bisects
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MoO,
Polyhedron

FIG. 6. Clinographic projection of the MoO, coordination environ-
ment.

the 150° angle as shown. From the tetrahedral perspective,
the steric influence of these more distant oxygens forces the
anomalously large angle and compresses the remaining
angles involving the short bonds. This same steric effect
results in bond lengths that are somewhat larger for the
“apical” sites than for the “basal short bonds”. From the
distorted octahedral perspective, the basal oxygens are
nearly coplanar, but slightly canted out of the plane as
indicated by the vertical arrows in Fig. 6.

The four short bonds have distances that are quite com-
parable to those of the tetrahedra in the high-temperature
7(H) polymorph. Note in Table 1 that the four short Mo-O
distances about each Mo site in y(H) are listed using the site
labels from Ref. (1) and that these also fall in the range
1.7-19A.

We next consider the temperature dependence of the
Mo-O0 distances and angles in y(L) and y(I). van den Elzen
et al. (26) collected X-ray diffraction data for y-Bi,MoOg
from room temperature up to high temperature to examine
the structural evolution and phase transitions. They sugges-
ted that the y(L) to y(I) transition may involve a change from
octahedral to tetrahedral coordination such that the y(I)
structure may resemble La,MoQOyg. Based on EXAFS data,
Sankar et al. (27) recently reported a change from (L) to y(I)
involving a progressive increase in the octahedral distortion
with heating such that the octahedra are on the verge of
becoming tetrahedra. In agreement with them, the results of
our refinements indicate that although there are changes in

TABLE 1
Listing of Mo—O Bond Lengths for y(H) from Ref. (1) for Comparison with Those for y(L)
Mo[1]-O[19] 1.718(12)  Mo[2]-O[10] 1.751(12)  Mo[3]-0[22] 1.777(12)  Mo[4]-O[23]a 1.747(12)
Mo[1]-O[1] 1.719(12)  Mo[2]-O[6] 1.764(12)  Mo[3]-O[13] 1.781(12)  Mo[4]-O[15]a 1.771(12)
Mo[1]-O[2]a 1.765(12)  Mo[2]-O[9]a 1.819(12)  Mo[3]-O[12] 1.823(12)  Mo[4]-O[16] 1.787(12)
Mo[1]-O[17] 1.854(12)  Mo[2]-O[7] 1.835(12)  Mo[3]-O[14] 1.871(12)  Mo[4]-O[24] 1.814(12)
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of the oxygen bond distances is presented in Fig. 7. Note
that the maximum difference between the two apical Mo-O
distances occurs in the range 600-800 K. Afterward, these
two distances rapidly converge upon approach to the
y(L)/y(I) phase transition, above which there is little further
change. Nothing unusual is observed in the variation of the
equatorial Mo-O bond distances, except very near the
phase transition. Table 2 contains a listing of individual
bond lengths at each temperature.

The thermal evolution of bond angles is presented in
Fig. 8. Once again, note that one large angle results from the
steric effect of the two more distant (“intermediate length”)
Mo-0O bonds and the remaining angles associated with the
shorter bonds, as a consequence, compressed. Note also that
these intermediate length bonds involve O[4] and O[5] and
are thus in the basal plane. They result from the acentric

Temperature (K)

FIG. 8. Molybdenum-oxygen bond angles for (a) those in the range
100° + 10° and (b) the anomalously large O[1]-Mo-O[6] case.

positioning of the molybdenum in the {MoO,} basal net-
work. For comparison, the O-Mo-O tetrahedral angles in
7(H) range from 102° to 125° and each Mo site has one
rather large angle ( > 118°), not unlike y(L) but less extreme.

Next, we consider the distinguishable {Bi,0,}** layers in
terms of the bond graph analysis. In both {Bi,O,}*" layers
there are two short and two intermediate length bonds to
the midline oxygens (i.e., O[3] for Bi[1] and O[2] for Bi[2]).
Each Bi site also has two intermediate length bonds to the
“apical” oxygens (i.e., O[6] for Bi[ 1] and O[1] for Bi[2]). As

TABLE 2
Temperature Dependence of Mo—O Bond Lengths
20 K 300 K 570 K 671 K 777 K 803 K 819 K 828 K 858 K
Mo-O[1] 1.8802 1.9047 2.0140 2.0138 2.0060 1.9954 1.9685 1.9021 1.9101
Mo-0O[4] 1.7857 1.7942 1.7593 1.7538 1.7525 1.7501 1.7206 1.7199 1.7357
2.2707 2.2924 2.2876 2.3044 2.3129 2.2955 2.2628 2.3362 2.3129
Mo-0[5] 1.7650 1.7375 1.7706 1.7746 1.7908 1.8051 1.8293 1.7982 1.8046
2.1892 2.2091 2.2435 2.2550 22572 2.2749 2.3280 2.2634 2.2749
Mo-0[6] 1.8520 1.8278 1.7451 1.7613 1.7632 1.7628 1.7574 1.8151 1.8084
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expected, the distances to the basal oxygens O[4] and O[5]
are rather large. The distinction between these layers is
fairly subtle and is primarily identifiable by the smaller
short distances for Bi[2]-O[2] relative to Bi[1]-O[3]. As
we will point out later, the valence sums are similar for these
oxygens, but the site potentials are quite distinct.

The changes in the bismuth coordination with temper-
ature are twofold: The distances to the apical O[1] and
O[6] atoms at low temperatures reveal two very close
Bi[1]-0O[6] distances and two very different Bi[2]-O[1]
distances (Fig. 9a). As the distance dispersion of the oxygens
with respect to molybdenum occurs (i.e., Mo-O[6]
contracts, Mo-O[ 1] expands), the two Bi[1]-O[6] distan-
ces expand and grow apart, whereas the two Bi[2]-O[1]
distances contract and come together.

The thermal response of the oxygens within the
{Bi,O,}*>" layers reveal the strongest variation in the
longest Bi[2]-O[2] and Bi[1]-O[3] distances (see Fig. 9b).

TABLE 3
Temperature Dependence of O—Mo—O Bond Angles

20K 300 K 570 K 671 K 777 K 803 K 819 K 828 K 858 K
O[1]-Mo-0O[4] 95.17° 94.64° 96.86° 96.38° 95.21° 95.70° 96.15° 96.88° 95.69°
O[1]-Mo-O[5] 98.90° 100.22° 93.58° 93.50° 93.64° 93.64° 92.07° 96.17° 96.15°
O[1]-Mo-0O[6] 1151.31° 149.67° 151.20° 151.50° 150.92° 150.82° 149.90° 149.31° 149.95°
O[4]-Mo-O[5] 97.89° 99.97° 98.51° 98.47° 101.27¢ 102.60° 103.81° 100.27° 100.72°
O[4]-Mo-0O[6] 102.86° 102.24° 107.10° 107.22° 107.85° 107.22° 108.87° 107.12° 107.44°
O[5]-Mo-0O[6] 100.49° 101.41° 98.32° 98.46° 98.80° 98.58° 97.73° 98.01° 98.02°
average: 107.77° 107.87° 107.60° 107.59° 107.95° 108.09° 108.09° 107.96° 108.00°




PHASE TRANSITION IN THE Bi,MoO4 CATALYST

Being twice subjected to a trans effect induced via O[1]
or O[6], these are the weakest and thus the longest
Bi-O distances. Any variation in the interlayer charge
transfer via O[1] and O[6] will most strongly effect this
bond distance.

Octahedral tilts. In Bi,MoQs, the MoOg octahedra are
rotated by an angle 0 relative to the ideal basal MoOg
network around the unique axis b and by an angle of
¢ around a. The tilting around a brings the two apical
oxygens O[ 1] and O[6] closer to the Bi atoms. The refined
structural parameters reveal that these two octahedral tilts
behave differently when the structure is heated (Fig. 10). The
initial increase in 6 upon heating to 400 K is accompanied
by expansion of the lattice constants. Above 400 K, the two
apical Mo-O distances involving O[1] and O[6] grow
apart, leading to a charge separation. It appears that the
0 tilt is therefore influenced by the interlayer charge separ-
ation. The ¢ tilt around a increases up to 600 K and then
levels off between 600 and 800 K. This coincides with the
loss of the incommensurations in the ac plane. ¢ is respon-
ding to changes in the mismatch of distances between the
{Mo00O,}?” and {Bi,0,}** layers and is indirectly related
to changes in charge transfer.

CONCLUSION

We have identified the distinction between the y(L) and
y(I) forms as being primarily due to the presence or absence,
respectively, of incommensurate in-plane modulations.
Upon heating, this incommensurate modulation gradually
disappears, leading to the second-order incommensur-
ate/commensurate transition. This transition occurs about
40 K below the first-order irreversible (strongly reconstruc-
tive) transition into the fluorite-related high-temperature
modification, y(H). The thermal evolution of the incommen-
surate p(L) phase may be related to changes in the interlayer
charge transfer between two different {Bi,O,}>* layers and
their adjacent {MoO,}>~ layers. This interlayer charge
transfer may also be a contributing factor in the perfor-
mance of this material for selective oxidation and ammoxi-
dation of olefins.
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