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A new method is presented for interpreting the Raman spectra of bismuth oxides. The method relies
on empirical relations between bismuth—oxygen (Bi-O) bond lengths, bond strengths, and Raman
stretching frequencies. A least-squares exponential fit of crystallographically determined Bi—O bond
lengths and Raman stretching frequencies is presented along with a relation between Bi-O bond
strengths, in valence units, and Raman stretching frequencies. The empirical bond length/bond strength/
Raman stretching frequency relationships lead to a unique and effective method of interpreting Raman
spectra of bismuth oxide species. This method allows the systematic determination of the Bi-O bond
lengths and oxygen coordination of a BiO, polyhedron from its Raman spectrum. The utility of the
method is illustrated by estimating the Raman stretching frequencies for ideally symmetric bismuth
oxide structures BiOy, BiOs, BiOg, BiO,, and BiOq. As a final, practical example the method is used to
determine the bond lengths and coordinations of the bismuth oxide species in the 8- and §-phases of
Bi,0;. This new approach for evaluating the Raman spectra of bismuth oxide species is expected to be
generally applicable to all bismuth oxides, regardless of environment, physical state, or oxidation

state. © 1992 Academic Press. Inc.

I. Introduction

The four known polymorphs of bismuth
oxide, labeled as a-, 8-, 8-, and y-Bi,0;,
have been extensively studied because of
their interesting physical properties (/-8).
In particular, the 8-, 8-, and y-phases exhibit
ionic conductivity with 8-Bi,O, being one of
the best ionic conductors known (2); the
oxide ions in 8-Bi,0O; are thought to be the
mobile charge carriers. The vy-phase of
Bi,0;, having the sillenite structure, is opti-
cally active and shows promise as an elec-
trooptic device (9-11). Some of the ternary
oxides derived from bismuth oxide—for
example, Bi,O;-Nb,Os;, Bi,0,~MoO;,
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Bi,0;—WO;, and Bi,0,—V,0s—are catalyti-
cally active for selective oxidation and am-
moxidation reactions (5). In fact, many of
these catalytically active systems contain
bismuth-rich phases, and the possible cata-
lytic role played by the bismuth phases is
under investigation (3, 4).

The polymorphism of the bismuth oxide
system has also been studied with the aim
of relating its unusual physical properties
with molecular structure (/2-16). The mo-
noclinic phase, a-Bi,0s, undergoes a phase
transformation at 729°C to cubic 8-Bi,0;.
Upon cooling, 8-Bi,O; may transform to ei-
ther tetragonal 8-Bi,0;, at 650°C, or body-
centered cubic y-Bi,0s, at 639°C. Both the
- and §-phases of Bi,O, are metastable and
exist as pure phases only at elevated temper-
atures, but may be stabilized to room tem-
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perature by the addition of metal cation im-
purities such as niobium or tantalum.
Although the molecular structures of the
bismuth oxide polyhedra have been deter-
mined for the well-ordered a- and y-phases
of Bi,0;, the structures of the bismuth oxide
species in the metastable 8- and §-phases
have not been reported.

Raman spectroscopy promises to offer in-
sight into the structures of bismuth oxide
molecular species because, in general, the
Raman bands reflect the bond lengths, bond
strengths, and overall symmetry of metal
oxide species. This is not only true for the
more common crystalline and solution
phases (17), but also for the exotic two-
dimensional surface phases (18, 19). The ba-
sic idea behind the Raman analysis is that
different molecular structures typically
have different types of bonds, and this, in
turn, leads to a different set of Raman spec-
tral features. Used in this way, Raman spec-
troscopy is an effective structural tool be-
cause it can be used to discriminate or
“fingerprint’” between alternate structures
proposed for a chemical species.

Recently, a new, systematic approach
(20) has been developed for interpreting the
Raman spectra of transition metal oxides.
This approach regards each metal-oxygen
bond in a molecular species or crystalline
lattice as vibrationally independent of its
surroundings so that a direct relationship
may be formulated between its metal-
oxygen Raman stretching frequencies and
bond lengths. Naturally, this approach does
not lead to a vibrational mode analysis be-
cause it neglects nearest-neighbor interac-
tions and, consequently, bending/wagging
and external modes. Furthermore, this ap-
proach fails to distinguish between symmet-
ric and antisymmetric stretching modes.
Within the limits of experimental error af-
forded by crystallographic bond length de-
terminations, however, this approach is jus-
tified and may be used to determine
metal-oxygen bond lengths from Raman
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stretching frequencies because the effect of
the interaction force constants on the bond
lengths is smaller than the uncertainty asso-
ciated with most crystallographic bond
length determinations. Applying this rea-
soning, empirical relations have already
been established for relating molybdenum-
(21), vanadium- (22), niobium- (23), tung-
sten- (24), and titanium-oxygen (25) bond
lengths to their observed Raman stretching
frequencies for reference compounds.

In the present study, an empirical, expo-
nential relationship is noted between bis-
muth-oxygen (Bi-O) bond lengths and their
respective Raman stretching frequencies.
The combined use of the Raman stretching
frequency/bond length and bond length/
bond strength empirical relations leads to an
effective and simple method of determining
the Bi~O bond lengths and coordinations
of bismuth oxide molecular species. This
approach is used to estimate Raman stretch-
ing frequencies for ideal bismuth oxide
structures and to propose molecular struc-
tures for the bismuth oxide species in the
B- and &-phases of Bi,0;.

II. Experimental

The impurity-stabilized 8-, 8-, and
v-phases of Bi,O, were kindly provided by
D. A. Jefferson, W. Zhou, and J. M.
Thomas. In their preparations, 8-Bi,O; was
stabilized to room temperature by mixing a-
Bi,0; with Nb,O; (both of 99.9% purity) at
aratio of Bi:Nb = 60: 1, grinding a slurry
of the weighed mixture with acetone fol-
lowed by drying in air, and heating in oxygen
at 820°C for 113 hr (26). 8-Bi,O; was stabi-
lized in a similar manner by mixing a-Bi,0;
with Nb,O; or Ta,Os at a ratio of Bi: M =
4:1 and heating to 820°C for 116 hr (27).
These samples have been previously char-
acterized by X-ray powder diffraction, elec-
tron diffraction, and high-resolution elec-
tron microscopy (26-28).

The Raman spectra were collected by us-
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ing 10-40 mW of the 514.5-nm line of a Spec-
tra-Physics argon ion laser (Model 171) for
excitation. The laser beam power was mea-
sured at the sample. The diffusely scattered
radiation from the sample was collected in
a 90° scattering geometry and directed into a
Spex Triplemate spectrometer (Model 1877)
coupled to an intensified photodiode array
detector (880 intensified array elements) and
optical multichannel analyzer (OMA 111,
Princeton Applied Research, Model 1463).
The detector was thermoelectrically cooled
to —35°C. The Raman spectra were col-
lected and recorded with an OMA 111 (PAR)
dedicated computer and software. The spec-
tral resolution and reproducibility were ex-
perimentally determined to be better than 2
cm- 1.

The Raman spectra of the following bis-
muth oxide compounds were collected:
a-Bi,0;, 8-Bi,0; (Bi: Nb = 60: 1), 6-Bi,0,
(Bi:Ta = 4:1, Bi:Nb = 4:1), v-Bi,0,
(Bi:V = 60:1), and BaBiO;. About
100-200 mg of each bismuth oxide sample
was pressed into a thin water of about 1-mm
thickness with a KBr backing for mechani-
cal support. Each pressed sample was
mounted onto a sample holder (Spex, Model
1445A) capable of rotating at about 200 rpm
to avoid local heating effects caused by the
focused laser beam. The Raman spectra of
the reference compounds Bi;GeO,,
Bi;,Si0,,, Bi;TiO,;, and BiyZnOg, were
taken from the literature.

III. Theory

The interpretation of the Raman spectrum
of a transition metal oxide species in the
solid state is facilitated by imposing two lev-
els of approximation. First, the internal and
external modes of the crystal are assumed to
be independent of one another. The internal
modes of metal oxide molecules within the
unit cell of a crystal occur in the medium-
and high-frequency regions (>200 cm~! for
bismuth oxide) while the external modes,
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including translational and librational
modes, occur at lower frequencies (<200
cm™!). Second, the site-symmetry approxi-
mation (29), or correlation method, may be
made by assigning a high degree of symme-
try to each atom, or site, within the unit cell.
Although the site symmetry approach leads
to the total number and types of infrared
and Raman active modes expected from the
crystal, a detailed knowledge of the crystal
structure is first required in order to perform
the vibrational mode analysis. The site-
symmetry approach allows the internal
modes of a molecular species confined to a
crystalline lattice to be directly compared
with those of a similar molecule in solution
or the gas phase. Consequently, the site-
symmetry approach forms the basis of the
fingerprint method of identifying molecular
geometries. For metal oxides with distorted
molecular geometries, however, the finger-
print approach cannot be reliably used be-
cause of inconsistent matches between
spectra due to a virtually infinite number of
geometric irregularities possible for a dis-
torted metal oxide species. Clearly, there is
a demonstrated need for a systematic way
of determining molecular structures from
Raman spectra that does not rely on the
subjectivity and uncertainty involved with
fingerprinting characteristic  vibrational
bands. Furthermore, the desired systematic
method would be generally applicable so
that it would be capable of yielding detailed
structural information not only for ideally
symmetric geometries, but also for distorted
metal oxide species.

Recently, empirical relations have been
found between the metal-oxygen Raman
stretching frequencies and metal-oxygen
bond lengths for several transition metal ox-
ide systems including molybdenum- (2/),
vanadium- (22), niobium- (23), tungsten-
(24), and titanium-oxygen (25) bonds. In
each case, the empirical Raman stretching
frequency/bond length relationship was
found to follow a simple exponential form,
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v = A exp(BR), (N

where A and B are fitting parameters, v is
the Raman stretching frequency in wave-
numbers, and R is the metal-oxygen bond
length in angstroms. In the present study,
Eq. (1) is also found to adequately describe
the relation between the Raman stretching
frequencies and bond lengths of bis-
muth—oxygen bonds that are present in bis-
muth oxide reference compounds.

The Pauling bond strengths, in valence
units, also referred to as bond orders or
bond valences, of metal-oxygen bonds are
useful for discussing the plausibility of pro-
posed metal oxide structures (30). The Pau-
ling bond strength of a bond reflects the rela-
tive distribution of available valence
electrons throughout the covalent bonds of
a metal oxide species. Furthermore, ac-
cording to the valence sum rule, there is a
conservation of valency associated with the
metal cation, and this allows the valence
sum rule to serve as a bookkeeping device
for the number of valence electrons in that
structure. Hence, the calculated valence
state of a proposed structure may be com-
pared to the formal oxidation state of the
metal cation as a simple test for the plausibil-
ity of the structure.

Brown and Wu (37) developed a generally
applicable relationship that relates the
metal-oxygen bond valence s to its in-
teratomic distance R. Specifically, the em-
pirical expression relating a Bi—O bond
length, in angstroms, to its bond strength in
valence units is

s(Bi-0) = (R/2.010) 52, (2)

where 2.010 A is the estimated bond length
of a Bi-O bond of unit valency. The empiri-
cal parameters in Eq. (2), 2.010 and 5.0,
were determined from the data of seven dif-
ferent Bi** cation environments.

IV. Results

The bismuth—-oxygen bond lengths, ob-
tained from the reported values of several
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bismuth oxide compounds, were assigned
to their respective Raman stretching fre-
quencies. The bismuth oxide reference com-
pounds are listed in Table I, where their
reported Bi-O bond lengths, assigned Ra-
man stretching frequencies, calculated bond
strengths (from Eq. (2)), and bismuth cation
valence states (by the valence sum rule) are
tabulated.

The assignment of the Raman bands to
Bi-O bond lengths is straightforward for
several of the reference compounds. Huber
and Herzberg (32) have tabulated five differ-
ent bond lengths and fundamental stretching
frequencies for the diatomic BiO molecule
and all are included in Table I. The double
perovskite BaBiQ,, more accurately ex-
pressed as Ba,Bi**Bi** O, exhibits only
two Raman bands at 568 and 308 cm ™!, and
these are assigned to the two average bond
lengths of 2.12 and 2.28 A, respectively, re-
ported for the Bi**O4 and Bi** O, octahedra
present in the BaBiO; structure (33). The
sillenite structure of composition Bi,s VO,
contains nearly perfect V3*O, tetrahedra
where the V-0 bond lengths are 1.719(19)
A (34); but when the vanadium content is
less, as for example in Bi: V = 60: 1, listed
in Table I, Bi** cations occupy the remain-
der of the tetrahedral sites and the Raman
stretching frequency of this tetrahedron is
observed at 827 cm ™. Accordingly, the first
entry in Table Iincludes this Bi’* O, tetrahe-
dron with estimated Bi~O bond lengths of
1.922 A (calculated from Eq. (2)) and an
observed Raman stretching frequency at 827
cm™!,

The composition of the Bi-Zn-0 sillenite
structure used by Betsch and White (35) in
their Raman experiments is the same as or
similar to that reported by Craig and Ste-
phenson (36) in their single crystal X-ray
diffraction study. The Bi-Zn-O sillenite
structure was found to have only a narrow
compositional range corresponding to the
stoichiometric formula Bi;ZnOy,. Although
Betsch and White reported the stoichiomet-



TABLE I
BismMuTH OxIDE REFERENCE COMPOUNDS

Valence
Compound R A) v {cm™Y) s (v.u)? (v.u.) Reference
Bi:V =60:1 1.922(4 x) 827 1.25 5.0 20, 34
BiO (diatomic) 1.934 692 1.21 1.21 32
Bi,GeOs 2.053 537 0.90 £2°
2.212 323 0.62
2.217 323 0.61
2.619 129 0.27
2.623 129 0.26
3.113 0.11
3.200 0.10 2.87
Bi;SiOy 2.056 538 0.89 42
2.203 350 0.63
2.209 328 0.62
2.642 129 0.25
2.657 129 0.25
3.076 0.12
3.168 0.10 2.87
BiyZnOg 2.072 527 0.86 36°
2.220 373 0.61
2.251 310 0.57
2.581 139 0.29
2.594 139 0.28
3.113 0.11
3.206 0.10 2.81
Bi;;TiO; 2.075 536 0.85 4
2.222 350 0.61
2.241 319 0.58
2.603 127 0.27
2.606 127 0.27
3.094 0.12
3.209 0.10 2.80
BiO (diatomic) 2.09 483 0.82 0.82 32
BiO (diatomic) 2.110 465 0.78 0.78 32
BaBiO;, 2.12(a, 6 x )¢ 563 0.71 (a)4.27 33
2.28(b, 6X) 308 0.53 (b)3.19
a-Bi)0; 2.130(a) 446 0.75 43¢
2.133(b) 446 0.74
2.201(a) 338 0.64
2.210(b) 314 0.62
2.218(b) 314 0.61
2.283(a) 282 0.53
2.422(a) 210 0.39
2.546(b) 158 0.31
2.559%(a) 151 0.30
2.629(b) 139 0.26
2.787(a) 0.20
3.267(b) 0.09 (a)2.80
3.400(b) 0.08 (b)2.70
BiO (diatomic) 2.142 508 0.73 0.73 32
BiO (diatomic) 2.229 343 0.60 0.60 32

2 y(cm~"): assigned Bi—O Raman stretching frequency.

b s (v.u.): Pauling bond strength in valence units (Eq. (2)).

¢ Raman band positions from Ref. (35).

4 (a) and (b) designations represent different bismuth cation sites.
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ery of their phase as Bi;;Zn0O,,, they used
the best Bi:Zn ratio that yielded a single
phase material so far as could be determined
from X-ray powder diffraction, Raman, and
infrared spectroscopic data—this is in
agreement with those of both Safronov et
al. (37) and Kargin et al. (38) at a composi-
tion of BijZnOy,.

The assignment of the Raman stretching
frequencies to Bi—O bond lengths for com-
pounds containing networks of intercon-
necting BiO, polyhedra is not as straight
forward. Three-dimensional networks are
expected to exhibit Raman bands in the
200- to 300-cm ! region because of their
medium-range order. The Raman bands due
to medium-range order are typically sharp
and are found at higher frequencies than the
lattice vibrations due to long-range order.
For example, sharp Raman bands due to
medium-range order have been identified in
the binary metal oxides V,0; and MoO;,
where three-dimensional networks are pres-
ent, but not in their corresponding ternary
oxides (21, 22). Perhaps the most studied
example of Raman bands representing medi-
um-range order are the so-called ‘‘defect”
bands present in the Raman spectrum of
vitreous Si0,. Galeener (39, 40) has as-
signed the extraordinary sharp bands ap-
pearing at 606 and 495 cm ™! to the presence
of three- and four-membered siloxane rings,
respectively, in vitreous silica.

The sillenite reference compounds, con-
sisting of Bi;GeO,,, Bi,Si0,;, BizZnO,,
and Bi;,;TiO,,, all show a very sharp, intense
Raman band due to the medium-range order
of the bismuth oxide network in the 251- to
276-cm ! range. The Raman band due to
medium-range order in sillenite was visually
identified by its sharp spectral characteris-
tic; its assignment was corroborated by
showing that this band does not correspond
to a Bi—-O bond length by using a preliminary
exponential fit (Eq. (1)) of the data. Very
weak Raman bands at about 620 and 455
cm~ ! were also not assigned to the stretch-
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ing of Bi-O bonds; their weak relative inten-
sities indicate that these bands may be due
to antisymmetric stretching modes involv-
ing two or more neighboring chemical bonds
or perhaps to overtones or combination
bands (although these effects are quite com-
mon in infrared spectroscopy, they are
rarely seen in the Raman spectra of transi-
tion metal oxides). The Raman bands of the
longer Bi-O bonds, of about 2.6 A, were
identified by extrapolating into the low-
frequency region. Bi-O bonds of greater
than 2.7 A in length were not assigned to
observed Raman bands because of the over-
whelming presence of bending/wagging and
external modes in the low wavenumber re-
gion. Naturally, the Bi-O bond length/
stretching frequency relation is not ex-
pected to be reliable for determining Bi—O
bonds of lengths greater than 2.7 A because
of the unreliability of the band assignments
in this region.

The data from Table I consist of 38 points
correlating Bi—O Raman stretching frequen-
cies to reported crystallographic bond
lengths of bismuth oxide reference com-
pounds. The functional form of this correla-
tion is found to be adequately expressed as
a simple exponential function, Eq. (1). The
fitting parameters are determined from a
nonlinear least-squares treatment of the
data. The resulting expression relating Bi—O
bond lengths to Raman stretching frequen-
cies is

vicm ') = 92,760 exp(—2.511R). (3)

Equation (3) is plotted in Fig. 1. The stan-
dard deviation of estimating a Bi-O bond
distance from its Raman stretching fre-
quency by using Eq. (3) is about 0.030 A.
Conversely, the standard deviation of esti-
mating a Raman stretching frequency from
an absolute bond length is about 32 cm™'.

Bond valence/stretching frequency corre-
lations are also useful for determining the
structures of metal oxide species because
the bond valence is representative of the
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FiG. 1. The empirical correlation between bis-

muth—oxygen (Bi-O) bond lengths and Raman stretch-
ing frequencies, where v is the frequency in wavenum-
bers and R is the Bi—O bond length in angstroms.

strength of the chemical bond and denotes
the relative number of valence electrons oc-
cupying the bond. According to the valence
sum rule, the additive contributions of the
valences of each of the Bi—O bonds per bis-
muth cation site should equal the formal oxi-
dation state of the bismuth cation, that is,
3.0 or 5.0 valence units, depending on its
oxidation state. The combined use of the
empirical bond valence/bond length relation
of Brown and Wu, Eq. (2), and the Raman
stretching frequency/bond length relation,
Eq. (3), yields the following relation be-
tween the Pauling Bi—O bond strength s (in
valence units) and the Raman stretching fre-
quency:

s(Bi—0) = {0.198 In((92,760)/v(cm "))} 52,
“4)

Equation (4) is plotted in Fig. 2.

V. Discussion

The general empirical relation between
the Raman stretching frequencies of
metal-oxygen bonds and their correspond-
ing bond lengths has been previously justi-
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fied for several transition metal oxide sys-
tems (20-25). In these previous studies, it
was shown that in spite of the vibrational
interactions between neighboring metal-
oxygen bonds, the net influence of these
interaction force constants on the metal-
oxygen bond lengths is smaller than the ex-
perimental error associated with most bond
distance determinations and is determined
by the standard deviation of the stretching
frequency/bond length correlation (o0 =
0.030 A for Eq. (3)). This means that, to a
first approximation, metal-oxygen Raman
stretching frequencies may be directly con-
verted to bond lengths and strengths within
a specified precision that is limited by the
magnitude of vibrational interactions be-
tween neighboring chemical bonds. The re-
sulting stretching frequency/bond length/
bond strength relationship may be used to
deduce possible structures for bismuth ox-
ide species in a systematic way, as illus-
trated below.

In the following subsections of the Dis-
cussion section applications of Egs. (3) and
(4) will be illustrated by estimating Raman
stretching frequencies for several ideally

2.00
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~
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c
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FiG. 2. The empirical correlation between Pauling
bond strengths s, in valence units, and Raman stretch-
ing frequencies in wavenumbers.
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symmetric bismuth oxide structures and by
determining the structures of the BiO, poly-
hedra present in - and 8-phases of Bi,0;.
In order to facilitate in the calculations, a
QuickBASIC computer program was writ-
ten and used to consider all possible combi-
nations of bond strengths consistent with
the formal oxidation state of the bismuth
cation within a specified tolerance of ¢ =
0.21 v.u. as determined from the data in
Table I. Once the computer program identi-
fies a combination of Bi—O bond strengths
consistent with the bismuth oxidation state,
the coordination, bond strengths, and bond
lengths of the possible bismuth oxide struc-
ture are tabulated.

Applications

(1) Estimating stretching frequencies for
ideally symmetric bismuth oxide units:
BiO,, BiOs, BiOg, BiO-, and BiOg. The Ra-
man stretching frequencies of symmetric
bismuth oxide species can be easily esti-
mated by using Eqs. (3) and (4). For highly
symmetric species, only one type of Bi-O
bond is present, one bond length, and there-
fore only one Raman stretching frequency
should be observed in the high-frequency
region. For perfectly symmetric structures
with more than three atoms, however, both
symmetric and antisymmetric stretching
frequencies are expected to appear in the
Raman spectrum (47). Recent work on relat-
ing metal-oxygen bond lengths to Raman
stretching frequencies has shown that the
symmetric and antisymmetric stretching
frequencies are close enough in frequency
so as to yield the same bond length within
the limits of the error associated with the
empirical correlations. The reference com-
pounds required to test this hypothesis for
the bismuth oxide system, however, are not
available; consequently, this hypothesis is
cautiously assumed to hold for the bismuth
oxide system as well. The hypothesis is
based on the assumption that, for a BiO,
polyhedron, the change in Bi-O bond
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TABLE 11

ESTIMATED BOND LENGTHS AND RAMAN
STRETCHING FREQUENCIES FOR IDEAL BISMUTH
OXIDE STRUCTURES

Bivalence

Structure Bond length (A) p (em™ly s (v.u.) (v.u.)

BiO, 1.922 743 1.25 5.00
BiOy 2,129 442 0.75 3.00
BiOs 2.010 59 1.00 5.00
BiOs 2.225 347 0.60 3.01
BiOg 2.085 493 0.83 5.00
BiOg 2.309 281 0.50 3.00
BiO; 2.381 235 0.43 3.00
BiOg 2.445 200 0.38 3.00

lengths caused by vibrational interactions
between Bi—O bonds is less than or compa-
rable to the error associated with crystallo-
graphic Bi—O bond length determinations.

Although Egs. (3) and (4) may be used to
determine bond lengths and strengths from
observed Raman bands, it is also possible to
derive Raman stretching frequencies from
given bond strengths and/or bond lengths.
The stretching frequency of an ideal BiO,
unit may be estimated by considering the
even distribution of valence throughout the
x Bi-O bonds. For example, for a Bi**Oq
octahedron each Bi-O bond has 3.0 v.u. per
six Bi—O bonds, or 0.50 v.u. of valence per
Bi-O bond. Equation (2) converts this value
to a Bi-O bond length of 2.309 A, and Eq.
(3) converts this to a Raman stretching fre-
quency of 281 cm™! for the perfect Bi3* O
octahedron. Similarly, for a Bi’* O octahe-
dron, the 5.0 valence units equally distrib-
utes to 0.83 v.u. per Bi—O bond; this trans-
lates to a bond length of 2.085 A and a
Raman stretching frequency of 493 ¢m .
Table II lists the estimated bond lengths and
Raman stretching frequencies for the per-
fectly symmetric BiO,, BiOs, BiOg, BiO-,
and BiOy structures.

The estimated Raman stretching frequen-
cies for perfect BiO, polyhedra (where
x =4,5,6,7, 8) represent lowest-frequency
values for a given oxygen coordination. For
example, a perfect Bi**Og4 octahedron was
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shown to have an expected Raman stretch-
ing frequency at 281 cm™!. If this perfect
octahedron were distorted in any way, then
it would become polarized with respect to
the distribution of valence electrons, re-
sulting in a distribution of longer and shorter
Bi-O bonds. In general, the Raman inten-
sity of the shorter Bi—O bonds is expected
to dominate because these are more cova-
lent and therefore more polarizable. Conse-
quently, as the distortion on the octahedral
structure increases, the Bi—O stretching
mode at 281 cm ™! shifts to higher wavenum-
ber. The extent of this upward shift in fre-
quency reflects the relative degree of distor-
tion placed on the BiOg octahedron because
as the structure is distorted, the distribution
of Bi—O bond lengths becomes greater. Ac-
cordingly, for any given coordination type
tabulated in Table II, the corresponding Ra-
man stretching frequency represents alower
limit for that coordination. Distorted BiO,
polyhedra exhibit higher stretching frequen-
cies than their perfect counterparts pre-
sented in Table II by an amount that is re-
lated to their degree of distortion.

The values tabulated in Table 1I for per-
fect BiO, polyhedra may be compared with
those distorted bismuth oxide structures
listed in Table I. The sillenite structures
(Bi:V = 60:1, Bi;;GeO,, Bi;Si0,,
Bi,TiO,y, BiyZnOgy), which are isomor-
phous with pure y-Bi,0,, contain one gen-
eral type of bismuth oxide polyhedron as
well as a stabilizing metal cation impurity
(V>*, Ge*t, Si*t, Ti**, or Zn") that occu-
pies a nearly perfect tetrahedral site within
the sillenite structure (4¢2). The BiO, polyhe-
dron in the sillenite structure has one short
and four intermediate Bi—O bonds, which
occupy five corners of an octahedron, and
two very long Bi—O bonds of about 3.0-3.2
A which occupy the sixth position of the
octahedron and are separated by a ‘‘lone
pair’’ of electrons. In fact, the BiO, polyhe-
dron may be better represented as a BiO;
polyhedron with one very short apical bond
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of 2.0-2.1 A, two intermediate bonds of
about 2.2 A, and two longer bonds of about
2.6 A. The corresponding Bi-O Raman
stretching frequencies for these bonds are
at about 527-538, 310-373, and 127-139
cm™!. A comparison of these stretching fre-
quencies to that of the perfect BiOs structure
at 347 cm ™! reflects the distortion exhibited
by the BiOs polyhedron in the sillenite
structure.

The double perovskite structure of
BaBiO, has alternating Bi**O4 and Bi** Oy
octahedra with respective average Bi-O
bond lengths of 2.28 and 2.12 A. The Bi** O,
unit in BaBiO; exhibits a Raman stretching
band at 308 cm™!, while the Bi**Q, unit
exhibits its Bi—O stretch at 563 cm ™!, These
values may be compared with those esti-
mated for the corresponding perfect octahe-
dra, tabulated in Table II, at 281 cm ™! for
Bi**O4 and 493 cm™! for Bi’*Oy. The ob-
served Raman stretching frequencies are
higher than those predicted for the perfect
BiOg structures—higher by 70 e¢m™', or
2.20, for Bt and by 27 cm ™', or 0.84¢,
for Bi**Os—reflecting the degree of distor-
tion present in the BaBiO,; structure.
Clearly, the Bi** Q¢ octahedron in BaBiO; is
very regular while the Bi’* O, octahedron is
distorted.

2. Determining the molecular structures
of the bismuth oxide polyhedra in the - and
8-phases of Bi,0,. The crystal structure of
B-Bi,0; is tetragonal, space group P42,c,
with cell dimensions a = 7.7425 A and ¢ =
5.613 A as determined as 643°C (43). The
molecular structure of the bismuth oxide
polyhedra in 8-Bi,O; were proposed to be
BiOg octahedra with all bonds equivalent at
2.40 A, although the reasoning was based
on the erroneous space group P4b,-D], (14,
43).

The &-phase of Bi,O; possesses a high de-
gree of disorder that resembles the liquid
state (43). The crystal structure was re-
ported to be cubic (fluorite-related) and be-
long to the space group Fm3m with a very
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£ -Bi,0,
Bi:Nb (60:1)
Rel.
Int. 1
(a.u.)
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FiG. 3. The Raman spectrum of a niobia-stabilized
B-Bi,O; (Bi:Nb = 60:1).

large lattice parameter of at least a = 44.0
A (26). It was postulated that the bismuth
oxide polyhedra may be present as BiO,
BiO;, or BiOyg units, depending on their
proximity to the stabilizing cation (Nb°* or
Ta’*).

The Raman spectra of the 8- and d-phases
of Bi,0, are presented in Fig. 3 and 4. The
Raman spectrum of 8-Bi,0;, shown in Fig.

]
{1 6-Bi,O,
Bi:M (4:1)
Rel.
Int. 4
(a.u.)
T T T T T T T T T
1200 1000 800 600 400 200

Raman Shift (cm™ )

F1G. 4. The Raman spectra of niobia-stabilized §-
Bi,0; (Bi:Nb = 4:1) and tantala-stabilized 3-Bi,O;
(Bi:Ta = 4:1).
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TABLE 111

B-Bi,0; STRUCTURE DETERMINATION BY
RAMAN SPECTROSCOPY

Observed Raman bands Bi-O stretches: 462,311,124 cm ™!

Bi-O bond types v s (vau) R (A)
A 462 0.782 2.1
B 311 0.546 2.269
C 124 0.258 2.635
Valence
Possible structures Coordination A B C (v.u.}
(a) 4 4 0 0 3.162
(b) 4 i1 0 2.926
(c) 5 31 1 3.167
(d) 5 30 2 2.880
(e) 5 2 21 2.931
) 5 1 4 0 2.982
(g) 6 30 3 3.121
(h) 6 2 02 2 3.172
[61)] 6 2 1 3 2.885
)] 6 13 2 2.936
(k) 6 0 5 1 2.987
Best structure 1 x A 1 x 2.11(3) A
(ej) 2 x AB 2 x 2.09(11) A
1xB 1 x 2273) A
2xC 2 x 2.643) A

3, exhibits three sharp bands at 462, 311,
and 124 cm . Initially, all three of these
bands are assumed to be due to Bi-O
stretches and are consequently expected to
directly reflect bond lengths and strengths
by Eqgs. (3) and (4). Table III outlines the
procedure for determining the bismuth ox-
ide structure in 8-Bi,0;; this procedure has
previously been used to determine the mo-
lecular structures for several metal oxide
systems (20-25). For 8-Bi,0,, the three ob-
served Bi-O stretches represent three
unique Bi-O bond types present in its struc-
ture, and these are labeled A, B, and C.
These three frequencies are converted to
bond strengths, s (v.u.), and bond lengths,
R (A), by Egs. (3) and (4). A QuickBASIC
computer program was used to add every
possible combination of bond strengths con-
sistent with the formal oxidation state of the
bismuth cation within a specified tolerance
of 0.21 v.u.; according to the valence sum
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TABLE 1V

8-Bi,0; STRUCTURE DETERMINATION BY
RAMAN SPECTROSCOPY

Observed Raman bands Bi-O stretches: 550,320 cm ™!

Bi-O bond types v s (v R (A)
A S50 0.924 2.042
B 320 0.560 2.257

Valence

Possible structures Coordination A B (v.u.)
(a) 3 3.0 2.824
(b) 4 202 3.002
(c) 5 L4 3.180
(d) 5 0 35 2.815

Best structure 1 x A 1 x 2.043) A
(c) 4x B 4x226030A

rule (30, 31), the sum of the individual bond
valences at a metal cation site equals its
formal oxidation state. Table I1I shows that
11 structures, (a) through (k), are possible
from the available bond strengths for -
Bi,0;. After maximizing the number of Ra-
man frequencies used and choosing the most
consistent valence, two possible structures
result, (e) and (j), from which a hybrid struc-
ture is formed and represents the ‘‘best”
possible structure from the Raman data. As
shown at the bottom of Table III, the best
structure for the bismuth oxide species in 8-
Bi,0; consists of a BiO, octahedron with
bond lengths | x 2.11(3),2 X 2.19(11), 1 %
2.27(3), and 2 x 2.64(3) A.

The procedure described above for
B-Bi,0; is used to determine the average
structure of the BiO, polyhedron present in
the impurity-stabilized 8-Bi,0,. The Raman
spectrum of 8-Bi,05, shown in Fig. 4, shows
two broad bands at 550 and 320 ¢cm ! as-
signed to Bi-O stretches, and sharp bands
below 200 cm™' assigned to lattice vibra-
tions (external modes are characteristically
sharper than internal modes). Table 1V
shows that four structures are possible from
the calculated bond strengths, but only
structures (b) and (c) use both Raman fre-
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quencies. The Bi** O, tetrahedron depicted
by structure (b), however, is not consistent
with the known BiO, reference structures in
Table I because of its geometric asymmetry
with two very short bonds of 2.04 A and two
longer bonds of 2.26 A. The only tetrahe-
dron listed in Table I as a reference structure
has a bismuth cation valence of 5.0 v.u., is
extremely symmetric, and exhibits a sharp
Raman stretching frequency at 827cm~'. A
Bi** O, tetrahedron is unlikely because the
Bi** cation is an asymmetric ion containing
a lone 6s? pair of electrons and completes
its coordination polyhedron with five other
atoms to form an octrahedron (36). Further-
more, according to Table I, a Raman
stretching frequency at 550 cm ! can best
be fit to a distorted, monooxo-BiOjs struc-
ture, for example, as found in the sillenite
phases. This description matches that of the
BiO; structure labeled as (c) in Table 1V.
Therefore, structure (c) is regarded as the
best structure and consists of a BiOs polyhe-
dron with one short bond of 2.04(3) A (pre-
sumably positioned opposite the 6s> lone
pair of electrons) and four intermediate
bonds of 2.23(3) A.

In addition, the Raman spectrum of
8-Bi,04, in Fig. 4, shows a small but well-
defined peak at 821 cm !, This feature has
been observed before in the sillenite struc-
ture of composition Bi,s, V,_,04, where
x Bi*" cations are expected to occupy the
tetrahedral sites in vanadium-deficient
Bi,s VO, (34). For the Bi~V-0 system, the
combined interpretation of the Raman and
SV solid state NMR data provided strong
evidence for the presence of Bi** O, tetrahe-
dra. By analogy, the small peak in the Ra-
man spectrum of §-Bi,0, is also assigned to
a Bi’"O, tetrahedron with estimated Bi-O
bond lengths of about 1.92(2) A (from Eq.
(2)).

The molecular structures of the bismuth
oxide species proposed for the B- and
6-phases of Bi,O; may be compared with
previously postulated models. The B-phase
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of Bi,O, was proposed to contain BiO,
octahedra with all Bi-O bonds equivalent
at 2.40 A (14, 43). This model is similar
to that derived in the present study, except
the BiO, octahedron is presently found to
have bond lengths ranging from 2.11 to
2.64 A, similar to those present in a-Bi,0,
(see Table I). The &-phase of Bi,O; was
postulated to have BiOg, BiO,, or BiO;
units depending on their proximity to the
stabilizing cation (Nb°* or Ta’") (43). In
the present study, however, 8-Bi,O; is
found to have BiOs units similar to those
in sillenite, with one short apical Bi-O
bond and four intermediate Bi-O bonds.
Another similarity between the structure
of the 8-phase and sillenite phase (y-phase)
is that both contain Bi** O, tetrahedra, with
the tetrahedron in 8-Bi,O, (v = 821 cm™!)
being slightly more symmetric than that in
the sillenite phases (v = 827 cm™'). Thus,
the molecular structure of the bismuth ox-
ide polyhedron in 8-Bi,0O; is similar to that
found in «-Bi,O;, while those in §-Bi,0;
are more closely related to the sillenite or
v-Bi,O; structure.

V1. Conclusions

A method was presented for determining
the molecular structures of bismuth oxide
species from an analysis of their Raman
spectra. The method relies on empirical ex-
pressions relating bismuth-oxygen bond
lengths, Raman stretching frequencies, and
Pauling bond strengths (in valence units).
The utility of the method was illustrated by
estimating the Bi-O bond lengths and Ra-
man stretching frequencies for ideally sym-
metric bismuth oxide structures BiO,, BiOs,
BiOg, BiO-, and BiO;. The method was fur-
ther used to determine the structure of the
bismuth oxide species in the 8- and 8-phases
of Bi,0; : 8-Bi,0; consists of a Bi** O octa-
hedron with bond lengths 1 x 2.11(3), 2 X
2.19(11), 1 x 2.27(3), and 2 x 2.64(3) A;
8-Bi,O; consists of a regular Bi** O, tetrahe-
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dron as a minor structure with all bond
lengths of 1.92(3) A, and a Bi** Oy polyhe-
dron as the major structure with bond
lengths 1 x 2.04(3) and 4x 2.26(3) A. The
structure of the bismuth oxide species in
B-Bi,0; was found to be similar to that found
in a-Bi,0;, while the structure of 8-Bi,0;
is similar to that of the sillenite or y-Bi,O,
phases. The method developed in the pres-
ent study for determining the bond lengths
and coordinations of BiO, polyhedra pro-
vides much insight into the molecular struc-
tures of bismuth oxide phases and holds
promise as a highly effective tool for which
to study systems that cannot be routinely
examined by diffraction methods.
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