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Low-temperature (By) Li; VO, is orthorhombic with @ = 6.3259 + 12, b= 5.4460 + 8,and c = 4.9469 + 9 A
and space group, Pmn2;. The structure, refined by least squares to a final wR = .092, is isotypic with that
Bu Li;PO,. It can be described as an ordered wurtzite structure with rows of Li(1) atoms alternating with
rows of Li(2)-V-Li(2) atoms along [100]. All cations are tetrahedrally coordinated with mean distances
CLi(1)-0> = 1.969 A, <Li(2)-0) = 1.995 A, and <V-0> = 1.717 A.

An analysis of mean tetrahedral distances in 62 phosphates, 21 arsenates, and 22 vanadates resulted in
values of 1.537 £ 0.009 A, 1.683 £ 0.010 A and 1.721 + 0.012 A, respectively. A regression analysis of
mean bond distance with average cation electronegativity shows a low correlation. However, if the mean
distances are corrected for mean oxygen coordination, a high correlation exists between corrected bond
distances (effective ionic radii) and mean electronegativity. This correlation suggests that the bond strength
of nontetrahedral cations affects to some degree the mean and, therefore, the individual tetrahedral bond

~ distances in phosphates, arsenates, and vanadates.

Introduction

Inarecent publication (/ ) interatomic distances
in germanates were analyzed as a function of
oxygen coordination and the electronegativity of
the cations. It was suggested that interatomic
distances in tetrahedral oxyanions depend on
both the number and nature of the cations sur-
rounding the oxygen ions. Because the effect
appeared to be more pronounced for vanadates
than for germanates, several vanadates containing
cations of widely differing electronegativity were
chosen for careful structure refinement. The
compounds chosen for this study were Li;VO,,
LiVO;, CusV,0y,, CusV,04 and Pb,V,0,. The
results of crystal structure refinements have been
shown to vary depending upon how the data are
taken and treated (2). In order to obtain a set of
results consistent in this regard we have carried
out a number of structure refinements of van-
adates to be used for analysis of bond distances.
In this paper we report the refinement of the
crystal structure of low temperature Li;VO,, and
an analysis of mean tetrahedral distances in
phosphates, arsenates, and vanadates.
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Kohlmuller and Martin (3), Reisman and
Mineo (4) and Wickham (5) in studies of the
Li,O0-V,05 System showed that Li;VO, melts
congruently at 1152°C and on cooling undergoes
three reversible phase transitions. Recently West
and Glasser (6) studied these transitions in
detail and found at least five different forms of
Li;VO,. Low temperature Li;VO, is one of these
polymorphs and has been named the B, phase by
West and Glasser. Kohlmuller and Martin (3)
published a powder diffraction pattern of Sy
Li;VO, but were unable to determine the
structure type from these data. Blasse (7) pre-
pared Li,VO, and indexed the powder diffraction
pattern on the basis of the high-temperature
form of LizPO,; however, because of the ease of
reversibility of the high-low transition, it is
probable that he had the low temperature form.
In 1967 Tarte (8) identified the structure of 8
Li;VO, as isotypic with that of 8;; Li;PO, by
comparison of the X-ray powder patterns and
ir spectra.

Experiments

Reagent grade Li,CO; (B and A) and spectro-
graphic grade V,0s; (Johnson-Matthey) were
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mixed in stoichiometric quantities, heated in a
Pt crucible to 1200°C for 4 hr, cooled to 900°C at
5°C/hr, and allowed to cool from 900°C to room
temperature with the furnace. The product was
composed of translucent orange fragments.

X-ray diffraction patterns were obtained at
25°C using a Hagg-Guinier camera with mono-
chromatic CuK« radiation. The “d”* values were
calculated using A (CuKe) = 1.54051 A with KCl
internal standard (a=6.2931 A). The pattern
‘was indexed on the basis of the orthorhombic cell
reported for Liz;PO, consistent with the space
group extinctions for Pmn2,:h0l, h+1=2n.
The cell dimensions thus obtained were: a =
6.3259 £ 12, b=5.4460+8, c=4.9469+9 A
and V=170.42 A3.

Differential thermal analysis carried out on a
DuPont series 900 unit showed endothermic
peaks on heating at 717°, 780°, and 1150°C. These
transitions correspond reasonably well with those
found by Reisman and Mineo at 724°, 773° and
1152°C. The endotherms at 540° and 1058°C
reported by West and Glasser (6) were not
observed.

A single crystal was selected and ground into a
sphere of radius 0.021 cm (ur = 0.81). Precession
patterns confirmed the space group extinctions
assumed earlier from powder data. Space group
Pmn2, was assumed by analogy with Li,PO, (9).
Other crystal data are formula weight = 135.76,
D, =2.644 g/em® and p (MoKe) = 37.7 cm™L,

Intensities were collected on a Syntex auto-
matic diffractometer using MoK« radiation, 4°
takeoff angle, a graphite monochromator (26 =
12°) and a scintillation detector. Reflections were
scanned in the 26-6 mode at 2.0-24.0°/min
depending on the peak count through an angle of
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2° plus the «,—a, separation. Background counts
were made at the extreme of each scan for times
equal to the peak count. A total of 960 symmetry-
independent reflections were measured out to
20 =100.4°; 890 were considered to be observed.
A number of reflections saturated the counter and
were not included in the data: these are 002, 101,
101, 200, 400, 011, 110, 210, 020, and 230.
Intensities with less than three times the standard
deviation of the background were considered
unobserved. The intensities were corrected for
absorption and Lorentz and polarization factors
using the X-ray 67 Program System for X-ray
Crystallography written by J. M. Stewart, Univ.
of Maryland and adapted to the CDC 6400
computer by H. D. Grundy.

Starting with the atomic positional parameters
for Li;PO, (9) the structure was refined using the
full-matrix least-squares program CUDLS (10).
The scattering factors for Li*, V*, and O~ were
taken from the International Tables for Crystal-
lography, Vol. IIl (11). Real and imaginary
anomalous dispersion corrections for V were
taken from Cromer (/2). Refinement of the atom
parameters and isotropic temperature factor
reduced wR to 3.89/ using unit weights. Several
more cycles of refinement using isotropic
temperature factors and a weighting scheme,
w = (0.0264 — 0.0067|Fo| + 0.0012|Fo|*)~* re-
duced wR to 0.0291 and R to 0.0229 where

wR ={Zw||Fo| — |Fc|?/Zw|Fo|?}1/2.

At this point the parameter shifts were less than
10 % of the standard deviation of the shift. The
standard deviation of an observation of unit
weight was 0.98.

The final values of parameters for Li,VO, are

TABLE 1

ATOM PARAMETERS FOR LizVO,*

Atom X y z Uyy® U, Uss U Uy Uss
Li(1) 0.2470(5) 0.3315(4) 0.9872(22) 0.0126(8) 0.0147(10) 0.0178(10) —0.0006(6) —0.0029(24) 0.0005(13)
Li(2) 1/2 0.8326(6) 0.9848(30) 0.0128(11) 0.0150(15) 0.0179(15) —_ — 0.0003(19)
Y 0 0.82961(4) 0 0.0057(1) 0.0076(1) 0.0075(1) — — 0.0002(1)
O(1) 0.2239(2) 0.6804(2) 0.8931(2) 0.0081(2) 0.0109(4) 0.0119(3) 0.0013(2) 0.0010(3) —0.0006(3)
0(2) 0 0.1296(3) 0.8952(3) 0.0090(3) 0.0076(5) 0.0129(4) —_— — 0.0012(4)
0(3) 1/2 0.1736(3) 0.8478(3) 0.0086(4) 0.0122(7) 0.0093(4) — — —0.0002(3)

@ Estimated standard deviations are in parentheses.

b Calculated from B;;=2n%b;b; U;; where T = exp [—(B11 h% + 281, hk + +--)] is the temperature factor appearing in
:the structure factor equation and b,’s are reciprocal lattice vectors.
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Because Keffer et al. (9) found that twinning

occurred in Li;PO, across a mirror plane at

listed in Table I, and the observed and calculated
structure factors are listed in Table II. Bond

distances and angles are given in Table I11I.

z = 0,94, evidence for such twinning Li,VO, was
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0.87. The

atoms generated by a mirror plane |z. Very

small peaks were discernible at z
twin plane thus coincides with the plane of

sought from an electron density difference map at
x = 0.50. Because Li(2), V, O(2) and O(3) atoms
are located at x =.5, this map would show any
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TABLE IIT

BOND DISTANCES AND ANGLES IN LizVO,*

Bond Distance, A Angle @) Angle ©)
Li(1)-O(1) 1.9744) O(1b)-Li(1)-0O(2)  108.0(3) 0(2)-Li(1)-0(3) 107.8(3)
—O(1b) 1.968(11) -0(3) 106.5(3) -0(1) 114.3(3)
-0(2) 1.976(4) -0(1) 107.3(4) 0O(3)- -0(1) 112.6(3)
-0(3) 1.961(5)
<Li(1)-0O) = 1.969
Li(2)-0(1) 1.997(4) O(1)-Li(2)-0(2b)  107.1(5) O(2b)-Li(2)~-0(3) 105.5(4)
-0O(1a) 1.997(4) -0(3) 107.2(4) -O(la) 107.1(5)
—-0O(2b) 1.992(15) -0O(la) 121.9(5) 0(3)- -O(la) 107.1(4)
-0(3) 1.994(6)
<Li(2)-0) =1.995
V-0(1) 1.717(1) O(1)-v-0O(la) 111.22(5) ©O(1a)-V-0(2) 110.98(5)
~O(1a) 1.717(1) -0(2) 110.98(5) -0(3b) 107.64(5)
-0(2) 1.714(1)
-0O(3b) 1.720(1) -0O(3b) 107.64(5) O(2)-V-0O(3b) 108.20(7)
V-0)=1.717

¢ Symmetry transformations a=—x, ¥, z; b=1/2 —x, -y, 12+ z; c=x+ 1/2, -y, z + 1/2

oxygens located at z=0.893, 0.895, and 0.848.
The magnitude of these peaks indicates probably
less than 1/2 % of the twin image.

Notice should be taken of the anomalously high
estimated standard deviations for the z co-
ordinates of both Li ions in the present structure
and in Li;PO,. Although the correlation co-
efficient between the z coordinates and the U,
values for the same ion are as high as 0.36, refining
these parameters separately had no effect. It is
thus likely that this effect results from small
terms in the matrix arising from the nearly special
positions occupied by these ions.

The absolute configuration of the crystal was
determined by refining the parameters in both
the (+z) and (—z) configuration. The wR value for
the +z configuration was 0.0291 and for the —z
configuration, 0.0298. The hypothesis that the
crystal has the 4z configuration may be tested
using Hamilton’s (/3) significance test by com-
paring the ratio of w R(xyZ)/w R(xyz) = 1.034. The
value of Ry 016.0.005 18 1.004. We can thus reject at
the 0.005 confidence level the choice of the —z
configuration.

Discussion
Description of Structure

The structure can be described as an ordered
wurtzite structure. Figure 1 shows that the

oxygens are hexagonal close-packed with Li(1)
atoms running along the [100] directions at
y~1/3, z=0 and yx~ 2/3, z=~ 1/2. In alternate
rows along [100] are rows of Li(2)-V-Li(2) at
y=~1/6,z~1/2, and y = 5/6, z~ 0. The relation-
ship of the orthorhombic Liz;VO, cell to the
hexagonal wurtzite cell iS: @y no = 2@nex + 2bhexs
bortho = pex — Dhex AN Cortno = Chex- A Comparison

- b )

F1G. 1. Perspective of B;;LisVOy,. Large open spheres are
oxygen atoms, shaded spheres are lithium atoms, and
small solid spheres are vanadium atoms.
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of the pseudo-orthorhombic ZnO cell (7/4) with
the Li;VO, cell is consistent with ionic radii of
IVZn2+ (0.60) and 1 (3WVLiT 4 'YV5+) (.54):

a b c
ZnO 6.500A 5.630 5.207
Li,VO, 6326 A 5446 4947

As described by Keffer et al. (9) all atoms are
tetrahedrally coordinated with corner-shared
lithium and vanadium tetrahedra. The average
Li(1)-0 and Li(2)-0 distances in S8,Li;VO, are
1.969(6) and 1.995(7) A as compared with
1.957(16) and 2.004(17) A in By Li;PO, (9). The
distance predicted from the effective ionic radii
of Shannon and Prewitt (15) for four coordinated
Li* and 0>~ is 1.970 A. The mean V-O distance is
1.717(1) and may be compared with that pre-
dicted from the radii, 1.735A. The individual
Li-O and V-O distances are not significantly
different from the mean values of their tetrahedra.

The VO, tetrahedral angles are close to the
ideal value of 109.5° ranging from 107.6° to
111.2° whereas the LiO, groups deviate signi-
ficantly from ideality with angles ranging from
105.5° to 121.9°. The oxygen atoms, being tightly
bonded to the V atoms, would be expected to
form a regular tetrahedron; however, the weaker
bonds to the Li atoms result in large deviations
from regularity. This deviation is more clearly
seen by looking at the environment of the three

TABLE 1V

ANGLES ABOUT OXYGEN ATOMS

Bonds Angle ()
V-O(1)-Li(1) 115.9
~Li(1b) 113.5
-Li(2) 116.6
Li(1)~ -Li(1b) 102.8
-Li(2) 105.6
Li(2)- -Li(1b) 100.5
V-0O(2)-Li(1) 117.0
-Li(la) 117.0
-Li(2) 113.5
Li(1)- -Li(1a) 104.5
-Li(2) 101.3
Li(2)- -Li(1a) 101.3
V-0(3)-Li(1) 112.4
-Li(1a) 1124
-Li(2) 110.8
Li(1)- -Li(2a) 109.4
—Li(2) 105.7
Li(2)- -Li(1a) 105.7
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oxygen atoms in Table IV. The V-O-Li angles
range from 110.8 to 116.9° while the Li-O-Li
angles range from 101.3 to 109.4°. This behavior
can probably be explained by the greater repul-
sion between Lit-V3* than Lit-Li*.

Mean Interatomic Distances in Phosphates,

Arsenates, and Vanadates

It has frequently been assumed that mean
interatomic distances in tetrahedral oxyanions are
relatively constant from one structure to another.
The relative constancy of the mean tetrahedral
lengths have been demonstrated for sulfates by
Baur (16), Jonsson and Hamilton (17), Larson
(18), and Taesler and Olavsson (/9), for phos-
phates by Baur and Khan (20), by Whitaker and
Jeffrey (21), and by Mootz and Wunderlich (22),
and for arsenates by Baur and Khan (20). The
numerous tables of ionic radii [Goldschmidt
et al. (23), Pauling (24), Zachariasen (25),
Ahrens (26) and Shannon and Prewitt (15)] are
based on the assumption that average inter-
atomic distances are relatively constant for any
specific set of polyhedral M-O distances and
Baur’s (27) scheme for predicting distances from
bond strength variation around oxygen atoms is
predicated on the relative constancy of average
interatomic distances. However, Baur and Khan
(20) indicate that some averages of individual
phosphate groups are significantly different from
the overall average of a number of accurately
determined structures containing phosphate
groups. Cruickshank and Robinson (28) note
that mean S-O lengths increase in going from
SO3%~ to neutral molecules. Furthermore, several
authors have proposed that average interatomic
distances depend on average oxygen coordination
number and that individual interatomic distances
depend on the electronegativity of other cations
in the structure [Noll (29), Lazarev (30), Brown
and Gibbs (37), and Shannon (/)]. It was there-
fore felt worthwhile to look in detail at the
average interatomic distances in phosphates,
arsenates, and vanadates.

InTable V the mean bond distancesin a number
of accurately determined tetrahedrally coordi-
nated phosphate, arsenate, and vanadate crystal
structures are listed along with mean electro-
negativities of the cations as was recently done
for germanate structures. The mean electro-
negativity values were calculated as described in
reference (/). The standard deviations, &, listed
in column 3 of Table V were estimated from the
e.s.d’s of individual distances. Following the list
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TABLE V

Mean Electronegativities and Mean Tetrahedral

Distances in Phosphates, Arsenates, and Vanadates

(A) Phosphates

*

Reference

Compound
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TABLE V—continued

(B) Arsenates

*
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Compound
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eight hydrous and anhydrous

of compounds in Table V are the grand mean Jeffre
M?3*-0 distances (weighted by 1/6) and their
standard deviations. The grand mean P%+-O
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distance for 62 phosphates is 1.537 +0.009 and Baur and Khan

agrees well with that found by Whitaker and
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Wunderlich (22), 1.539 A, using nine H-contain-
ing phosphates. The grand weighted mean
As**-O distance of 1.683-0.010 A listed in
Table V for 21 arsenates is in agreement with that
of 1.680 A tabulated for three arsenates by Baur

A

DISTANCE

P-0

'
4

SHANNON AND CALVO

and Khan (20). The grand mean V>*-O distance
calculated from 22 vanadates is 1.721 4- 0.012 A.

In Figs. 2a—c we have plotted the mean tetra-
hedral distances (R) in phosphates, arsenates, and
vanadates vs the mean cation electronegativity
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TABLE VI

CORRELATIONS OF ELECTRONEGATIVITY WITH MEAN TETRAHEDRAL P5+-0, As*-O,
AND V5+-O DisTANCES UNCORRECTED AND CORRECTED FOR COORDINATION OF

OXYGEN
Goodness
Correlation of fit Probability
Slope*, Intercept, coefficient, E(Ar)z}” 2 that
Ion N m C, Fec { N-2 ¥ > Fee
(a) Uncorrected®
ps+ 62 — 0.004 1.545 0.12 0.009 > 0.10
As’t 21 0.004 1.676 0.15 0.010 > 0.10
v+ 22 0.024 1.686 0.55 0.010 < 0.01
(b) Corrected®
ps+ 62 0.029 0.120 0.68 0.009 < 0.001
As*t 20 0.036 0.255 0,85 0.010 < 0.001
AR 22 0.051 0.279 0.80 0.010 < 0.001
“R=mi+ C;
Pr=mi+ C,

values, ¥. In addition a least-squares regression
analysis of R on ¥ was calculated for the three
sets of data with R weighted by 1/6. The results
are tabulated in Table VIa. It is apparent that
there is little or no dependence of the mean P-O
and As-O distances on ¥ and only a slight
dependence of V-O distances on %. This is in
agreement with Baur (41) who found no correla-
tion of individual Si-O distances with the
electronegativity of the M ion for a series of
isostructural pyroxenes with the formula
MM’Si,0¢. However, the scatter of the individual
mean bond distances from the grand mean value
suggests that other factors affect the mean dis-
tance. Among these factors one would suspect
first those factors which determine an individual
tetrahedral M3*-Q bond distance: (1) the
number, (2) the valence, (3) the distance, and
(4) the electronegativity of cations other than
M3+ bonded to oxygen. Using just factors
(1), (2), and to some extent (3), Baur (27) was able
to predict within 0.01 A the individual bond
distances in many tetrahedral oxyanions. In
addition to these factors, mean distances in
V3*-0 polyhedra can be shown to depend on the
degree of distortion from regularity (42). Since
this effect has not been carefully analyzed in
tetrahedra and because it is believed to be smaller
than factors 1-4, it will be ignored in the following
discussion. All of these factors are closely inter-
related and it is difficult to distinguish individual
effects.

If one accepts the analyses of bond distances
carried out for a variety of oxides by Shannon and
Prewitt (15) and for silicates by Brown and Gibbs
(43), mean bond distances also depend on
oxygen coordination. If this dependence is
removed by correcting the mean bond distances
for oxygen coordination and thus deriving
effective ionic radii of P**, As*, and V5t as a
function of ¥, plots of r(M3*) vs y (Fig. 3a—c)
show a marked slope. Linear regression analysis
of these data result in correlation coefficients of
0.68, 0.85 and 0.80 respectively for P>, As5*
and V3T . Inview of the fact that electronegativities
have been shown to depend on hybridization and
therefore the coordination (44), this strong
correlation between r and ¥ is surprisingly good.
However, the goodness of fit parameters are only
slightly better than the standard deviations
obtained for the mean R values.

It is informative to look at the V3+-0 plot in
more detail. Although ¥ does not differ greatly for
Li;VO, and LiVO; (1.15 and 1.31, respectively),
the radii are appreciably different (r = 0.337 and
0.360 A). The mean electronegativity values do
not take into consideration that all oxygen atoms
in Li;VO, are coordinated to only one V atom
whereas in LiVO; two of the oxygen atoms share
two V atoms. The result is two very long bonds
at 1.795 and 1.821 A and two short bonds at
1.662 and 1.628 A. These two long bonds evident-
ly increase the average bond distance.

Another discrepancy occurs when the average
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FiG. 3. (a) Effective ionic radius of P** vs mean cation electronegativity. (b) Effective ionic radius of As®** vs mean
cation electronegativity. (c) Effective ionic radius of V°* vs mean cation electronegativity.

cation electronegativity of Naz;VO,-12H,O is
calculated. Since the composition is dominated
by H atoms, ¥ = 2.1. Indeed if this value of § were
used in the r vs ¥ plot, it would deviate signifi-
cantly from the trend indicated in Fig. 3c. It is
apparent that this number is not a good indication
of the electronegativity of the nontetrahedral

atoms bonded to the oxygen atoms of the VO,
tetrahedra. Each H atom is weakly bonded to
these oxygen atoms. The bond strength assigned
by Tillmans and Baur (45)is 0.17 per H atom and
thus is approximately equivalent to a six-
coordinated Na atom in bond strength. Thus in
Table V we have treated these H atoms like Na
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atoms and obtain a value of § = 1.14. Similar
values were obtained for Naz;PO,. 12H,0 and
Na;AsO,-12H,0.

Evidently the mean electronegativity par-
ameter, although it provides a good correlation
between r and ¥ (omitting Na3XO,-12H,0
where X =P, As and V) and it has the advantage
of simplicity when comparing a large number of
distances, is not entirely appropriate for deter-
mining the effects of next nearest neighbours on
mean bond distances. Unfortunately it does not
take into account (1) structural differences such
as exist between orthovanadates and meta-
vanadates, and (2) differences between strongly
and weakly bonded H atoms. An approach which
analyzes the explicit effects of cations around
each individual oxygen atom in terms of valence,
coordination number, electronegativity, and
distance will likely be more successful. Gopal (46)
has shown that an analysis similar to Baur’s (27)
made on tetrahedral V-O distances can predict
individual V-O distances to within 0.01 A.
Because this approach considers only valence
and CN of the cations surrounding each oxygen
atom, it suggests that comsideration of electro-
static bond strength alone or in combination with
electronegativity might be more effective than
¥ as a parameter.
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