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The crystuf structures of M*VO (M + = K, NH,, Rh, and Cs) have been refined using three-dimensional
counterdiffractometer X-ray dntn and full-matrix least-squares methads. The structure of these
compaunds is charncterized by o (V*+0%-);, chain extending along the c-axis {Pbemt orientation), with
adjacent chains finked by the alknli metal cation. The structure may be considered as a varfant of the
pyrazene structure, ond standard atom nomenclature is proposed in order to facilitate comparison with
silicale pyroxenes. Structurn] variotion ncross this series is discussed in detail and is compared with the
analogous M +AM8],0, (M* = Li, Na; M+ = Al, Cr, Fe, Sc, In) scries. ’

Introduction

The pyroxene structure is one ol extreme
fexibility and a wide variety of compounds
oystallize in one or more variants of this
sricture type. Although the basic structure
has been known for many years (1), it is only
*'fff_ﬂ'll‘ly that the diversity in structural
‘#alion has been recognized. Because of the
Mportance of pyroxenes as rock-forming
mlnera}ls, the silicate varieties have been
;S::‘S'VE}Y. invc:stigated (2, 7). However,
Y .[er insight into this structure type is
dilable from the wide variety of nonsilicate
gi Ig:t‘”:nes, which ;r}qw extremes of structural
hat E:Uﬂ and additional strucnfral v_anan.ts
e sih‘e not preﬁer!t {(or as yet dlscgvered) in

Cate varieties, Recent studies {(¢—7)

indicate that the tetrahedral oxyanion
(V3*OI"¥- is particularly responsive to
changes in local environment. Thus the vanad-
ate pyroxenes M*VO, (M = Li, Na, K, NH},
Rb, Cs, T!) would appear to be particularly
appropriate for a systematic examination of
topological variation in a marphotropic pyrox-
ene series,

The crystal structure of NaVO, was deter-
mined by Serum (8) who showed that the
structure was similar to that of diopside.
Despite the suggestion by Feigelson, Martin,
and Johnson ({9) that Weissenberg photo-
graphs indicated that the space proup could be
Ce as well as C2/c, the C2/c structure has

‘recently been confirmed by structure refine-

ment ({0, 11). On the basis of cell dimensions
and space group, several recent studies have
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(12, 13) and this has been confirmed by
Shannon and Calvo (14). Different cell para-
meters were obtained for LiVO, by Feipelson,
Martin, and fohnson (9), but these were later
shown to be in error (/3). Lukesh ({6, {7)

showed that the structure of NH,VO, was an

orthorhombic pyroxene variant, and this was
independently confirmed by Synecek and
Hanic ({8). The same structure was also found
for KVO, (19, 20) and structure refinements
of both compounds were later reported by
Evans (2{). The crystal structures of RbVQ,
and CsVO, were solved by Calvo (22) who
showed them to be isotypic with KVO,. On

~ the basis of space group and cell dimensions, |

this structure was also proposed for TIVO,
(23) and this has recently been confirmed (24).
As recent refinements are available only for
LiVO,, NaVO,, and TIVO,, the structures of
KVO,, NH,VO; RbVO,, and CsVO, are
refined here to provide accurate parameters for
a systematic examination of the structural
variation in this series.

Collation and comparison of results would
be greatly simplified by adoption of a consis-
tent atomic nomenglature for the meta-
vanadate structures, similar to those adopted
by Megaw (23) for the feldspar structures and
by Burnham, Clark, Papike, and Prawitt (26)
for the silicate clinopyroxenes. The alkali
metal coordination is completely different in
the orthorhombic and monoclinic meta-
vanadate structures; however, the single meta-
vanadate chain is fairly similar in each
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Fra. 1. Recommended atomic uomenclatuce for the
alkali-méetnl metavanndntes,

structure, and all the crystaﬂographwa
unique anions are bonded to the vanadi
Thus the anions may be labeled with respecs
their configuration in the chain; the prop{') ;
nomenclature is illustrated in Fig, |. Thig igi
same as that used by Shannon and Calvo@L ;
for LiVQ,; and Marumo, Isobe, and [waj (—;, :?
for NavQ, but is differeat from &

nomenclature previously used for the offf
rhombic alkali metal metavanadates (21), _
nomenclature also has the advantage:
allowing direct comparison with the silig
clinopyroxens that have comparable mé%
silicate chains. With regard to the monog)
metavanadates, the cation nomenclature y
is that of Shannon and Calve (/4); thug
NaVO, (i1), Na, becomes Na(2) and N
becomes MNa(l). This facilitates direct cg
parison of these sites with the correspondid
LiM3+5i,0, clinopyroxenes (27-32). i

Experimental

Crystals of ammonium metavanadate w
grown by dissolving powdered NH,YO,
water at B0°C and allowing the solution
cool to rcom temperature. Crystals of .
other orthorhombic metavanadates w
grown from a stoichiometric mixture’
MICO, and V,0, that was heated in a:
crut:lble at 750°C for 4 hr, cooled to 300“C?
5°C/hr and allowed to cool to room tempe};u_'
ture in the furnace. Single crystal precessiuﬂ
photographs exhibited orthorhombic S %
metry with systematic absences consisteizt :
with the space group Phem. The crystals weig|
mounted on a Syntex P1 automatic four-Cift Tﬁé
diffractometer using graphite mono::hrcmlfm’-d :
MoKa radiation (4 = 0.71069 A) ﬂﬂd;;;
scintillation” counter. Cell dimensions- welt
determined by least-squares refinement of: B3
automatically aligned reflections. Intensl“e‘ j
were collected in the 6-28 scan mode
variable rates from 2.0-24.0%/min depend
on the peak count through an angle of 2° ¥
the a,—a, separation. Background counts wet
made at the beginning and end of each scat
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TABLEI
CRYSTALLOGRAPHIC DATA FOR THE METAVANADATE Pynoxenes

LiVO, NavO, KvO, NH,VO, RbVO, CsVO, TIVO,

a (A} 10.158(2) 10.552(3) 5.176(2) 4.309(1) 5.261(1) 5.393(1) 5.16(1)

HA) CB.ALB(1) 9.468(2) 10.794(3) 11.786(2) 11.425(2) 12.245(2) 11.22(2)

(A 5.885(1)  5.879(2) 5.680(2)  S.830(1)  S5.715(1) 5.786(1) 5.73(1)
: By [10.48(2) 108.47(3) —_ —_ — —_ —

¥{AD) 4714 5571 317.3 337.3 343.5 3822 3318

z B 8 4 4 4 4 4

Spuce group Ce C?/c Phem Pbem Pbem Pbem Pbem

o 2.985 2.907 2,889 2.3103 3.565 4.028 6.070

Reference (1) (n Thisstudy  Thisstudy  This study This study (24)

standard reflection was examined every 50
reflections to check on the crystal alignment;
no significant variation was nated in any of the
data collections. Reflections were collected
over one asymmetric unit out to a 28 value of
60°. Intensities were corrected for absorption,
Lorentz, polarization, and background effects
and were reduced to structure factors, A
reflection was considered as observed if its
magnitude exceeded that of three standard
deviations based on counting statistics. The
fumbers of observed reflections for each
crystal resulting from this procedure are given
in Table I

'Crystal Structure refinement was initiated
with the positional parameters obtained in
Previous studies of these compounds. lnitial
efinement was performed using the full-matrix

least-squares program CUDLS (33) and the
final stages were accomplished using the
program RFINE (34). Scattering factors for
neutral atoms were taken from Cromer and
Mann (35) with anomalous dispersion, correc-
tions from Cromer and Liberman (36). Refine-
ment of all variables for an isotropic thermal
model resulted in R factors (37) given in Table
IL. At this stage, the temperature factors were
converted to anisatropic of the form

] 3
(-~ 3 3 i),

=1 J=1
and a correction was applied for extinction
with the extinction coefficient included as a
variable in the refinement (38). Full-matrix
refinement of all variables resulted in con-
vergence at R factors given in Table IL In the

TABLEII

SUMMARY OF CRYSTAL STRUCTURE REFINEMENTS

KvOo, NH, VO, RbvO, Csv0,
Total no. ol unique reflections 387 642 604 512
No. of observed reflections 475 569 460 487
R* (observed)% 6.8 3.9 7.2 5.1
R (all data)% 8.7 6.7 9.6 5.6
R." (observed)% 7.2 6.2 8.1 6.0
R.,7 (nll data)% 9.1 6.9 9.8 6.3
R® (observed)gs 5.6 4.5 4.9 3.0 -
R* {all data)% 74 5.4 10 33
R (observed)® 5.6 5.0 5.8 4.6
R.P (all data)% ‘ 6.9 5.8 1.6 4.7,

* Isatropic temperature Mctors.
* Anisotropic temperature factors,
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TABLEYV

> INTERATDMIC DISTANCES (A) AND ANGLES {°} v THE ALKALI METAVANADATES

KVO, NH,VO, RbVO, CsvO, TIVO,
v 1.643(6) 1.640(4) 1.618(8) 1.633(9) 1.61(3)
o) - - 1.639(6) 1.647(4) 1.625(8) 1.640(9) 1.62(1)
v-0(3) x?2 1.806(32) 1.8031) 1.803(3) 1.805(3) 1.79(1)
) 2.691(9) 2.648(5) 2.664(11) 2.669(12) 2.66(4)
a(1-003) x2 2.853(7) 2.816(4) 2.836(9) 2.827(9) 2.78(3)
0(-003) x2 2.824(5) 2846(3) 281X 2.821(8) 2.80{2)
o3-0(Ma 2.840{1) 2.915(1) 2.858(1) 2.893(1) 2.865(5)
0l)-v-002) 110.1(3) 107.3(1) 109.5(4) 109.3(5) 107(2)
V-003) x2 111.5(Q2) 109.7(1) 111.0(3) 110.6(3) 108(2)
0(2-v-003) x2 110.0(2) INTOR 110.2(2) 109.9(2) 11D
0{3}-v-0(3)a 103.7(2) 107.9(1) 104.9(2) 106.6(2) 108(2)
M-D(1)h 2.778(7) 3.041(7) 2.909(8) 31.122(9) 2.93(3)
M-0{1)e 2.906(7) 1.0237) 3.080(8) 3.275(%) 2.94(3)

. M-001)d %2 3.105(3) 3.215(3) 3.143(3) 3.225(4) 347(0)
W-0(e 2.728(7) 2.838(6) . 2.936(B) 3.242(9) 7.94(3)
H-0{2y 3.151(7) 2.946(2) 1.239(8) 3.316(9) 1.02(3)
1-0(2)g x2 3.413(4) 3.452(3) 3.416(4) 3.437(6) 3.42(2)
¥-0(3) x2 2.175(4) 2.976(5) 2.922(5) 31.091(6) 2.88(2)
v-0(3)-V 142.5(4) - 142.7(2) 145.3(5) 147.2(6) 145(2)

Equivalempositions:a=x,y,§-—z;b=—~x,§+y,§-—z;c=1+x,y,z;dﬁl+x,§——y,-—z-,e=‘?.—x,}+y,{——z;
Jr=lmx,y.l—z;g=x,{~—y,-—z;h=1—'x,-‘1+y,{—z;i=x«— l,i—y,{+z;j=x§—y.l—z;k=l+x,y,

!‘111——I,i+y,z;m=2.—x.y—~i.z;n=1—x,y—i,z;owx—l.y,z;p=x— I i—p -z

*Data from (24).
TABLEVI®

InTERATOMIC TNSTANCE {A) AND ANGLES (=) anounND NH, N NH,VO,

i

| -5y 082(8) H()-O@K 2128
N 3
'u ~H{2)e 0.54(8) H(2)}-0(Dh 1.91(8)
B ~H(3) x2 0.97(5) H{3)-0(3) 2.37(5)
(N-1h) 093 H{I0(1Y 2.31(5)
X E(i)-H(z)c 146(9) HURN-H2)}  111(6)
) H‘u}-H(l)c 1.44(7) H(-N-H(3) 10603
_ H(])C—Hmc 1.54(8) H(De-N-H@)e  107(3)
M he-Hik 1.68(9) HQ)-N-H@k  119(5)
:LH) 1.54 (H-N-H) 109.5
N:g(l)d 3215(3) N—H(1}e-0(1)d 153¢4)
N_O‘(?e 2.838(6) N-H(2)c-0(De  169(6)
N-ouv 2.946(6) N_H(-0QY  176(D)
o ) 2.976(5) N-H(W-0() 1208
B n(ll})::l 1.640(4)  OQ)FV 1.647(4)  O))RV %2 1.803(1)
_ Ul!ml © 3p41()  O(FNI1 2946(2) O(FN x2  1.976(5)
0“)—ND 1.023(7)  O@2rNm - 2.838(6)  O(FHOk x2  237(3)
" Ok x2 3215(3) O(Ng - 3.452(3)
' By %2 231(5)  O@-H(n 2.12(8) !
' O)-H(Dn 1.91(8)

P Eaus -
Quivalent positions as in Table V.
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TABLE VIL

MAGNITUDES AND ORIENTATIONS OF THE PRINCIPAL
AxEes oF THE THERMAL ELLIPSOIOS

rms
displacement Angleto  Angleto  Angleto
{AD a axis b nxis ¢ oxis
KvQ,
0.125(3) 61(3)° 29(3)° 50°
K 0.178(3) 490 90 0
. 0.174(3) 203 11903} 90
0.0B0(3) 90 30 0
v 0.113(3) 139(12) 49(12) 90
0.021(3) 49(12) 4112} 90
0.126{11) 13(12) 77(12) o0
o)} 0.161{10) 90 g0 o
0.167(10) 103(i2) 13(12) 90
D.014(11) 114(B} 24(R) 90
o{D) 0.157(9) 90 90 0
0.17E(10) 24(B) 66(B) 90
0.087(13) 90 LI6(7) 26{7)
O[3} 0.150(9) ¢ 90 490
0.157(%) 90 26(7) 64(7)
' N, VO,
0.107(2) 90 90 0
v 0.114(2) 9m 11T} 90
- 0.123(1) N 93(7) 90
0.128(6) 1n  101(n 90
o) 0.167(8) w17 169(7 90
D.1BB(f) 90 90 0
0.119(T) 61(8) 151(8) 90
0(2) 0.153(6) 151(B) 11HR) 90
: 0.181(6) %0 90 0
0.122(6) 90 1A 277
0(3) 0.159(5) 0 90 490
S DI6NE) 90 27(7) 63(T
RLVO,
. 0.138(2) $7(2) 13(2) 90
Rb 0.177(2) 147(2) 57(2) 90
0.183(2) 90- 90 0
0.125(3) 19(10)  .109(10) 90
v 0.134(3) 50 90 0
0.137(3) TI10)  19(i0) 90
0.142(12) 413 93(12) 90
o{1) 0.579(13) 90 90 0
0.1R9(12) B6{12) 4(12) 90
0.156(12) 15y 91(s2) 90
o) ' 0.168(11) 91{52)  179(52) 90
0.190(12) 90 90 o
0.113(14) 90 108(9) 18(9)-
0(3) 0.169{10) 0 %0 90
C.L7T(10) 90 1B(9) 72(9)
Csv0, :
CASL() 61(2) 29(2) 90
Cs 0.163(2) 90 90 0
0.182{1) 29(2) 119(2) 90
. 0.130(5) 50 90 0
v 0.143(3) I56(33) 6833} 90
0.14B(3) 6B(33) 22(33) 20
0.137(15) 8(11) 82(11) 90
o{L} 0.199(14) B2(11) - 172(11) 90
0.215(16) 90 90 0
0.143(15) 100(14} 10(14) 90
o(2) 0.193(13) 110{1a)  100(i4) 90
0.2 19{16) 90 90 0
0.105(23) 90 102010) 1200}
o) 0.176(12) 90 16R{10)  102(10)
0.182(13) 1] 90 a0

final stages of the refinement of Ny Vo
difference Fourier maps in the Vlclmty Ufl
NHj ion revealed small maxima in 4 e,
hedeal arrangement around the N atop The i
were inserted as H positions and rcﬁneme“t o
all variables (with the exception of ty,
temperature factors which were fixed 13
A?) produced a reduction in the weighteg X
factor from 5.4 to 5.0%, an improvemen ﬁla
is significant at the 0.005 significancs lnvﬂ'
(39). Observed and calculated structure ¢, -
tors from the final cycles of refinemep; m
given in Table IIL' Final atomic positions ang!
anisotropic temperature factors are listed ; mi
Table V. Interatomic distances and angy,’
and the magnitudes and orientations of y,,
principal axes of the thermal ellipsoids gy,
calculated with the program ERRORS (jﬂi
and are presented in Tables V, VI and VII.

g —

Discussion

Two pyroxene structure types occur in th
alkali metavanadates of the form M*vQ,
Figure 2 shows a type [ stability diagram (40][
for this system. [8]-coordinate cation rali,
were used to construct this figure, with th:
exceptlon of NH,VO, where the {ﬁH
coordinate radius was used It has been shawi
(50) that for isostructural ammonium
potassium compounds, the coordination aun’
ber of the NH{ ion is always smaller than ﬂwcr
coordination number of the K* ion despite th
fact that the Kt ion is significantly smaliﬂf

than the NH; ion. This feature is apparenti’

the alkali-metal metavanadates where the k.
coordination number is [8] (or [10]) whileth’
NH} ion coordination number iz [6]. T
division into. two structural felds is i,

mediately apparent. As expected, there is Ilﬂ.

' Toble [II has been deposited ns Document ‘\'l‘
NAPS 03030 with the Mational Auxiliary E’ubln:tlllﬂm
Service, ¢fo Microfiche Publications, 440 Park Avent’

South, New York, New York 10006. A copy maf¥

secured by citing the document number and by remmu'lf

$5.00 for photocopy or $1.50 for microfiche. Advast
payment is rcqulred Make check or ‘money order pf
able to Microfiche Publications. -
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Fic. 2. Type 1 stobility diagram for the alkali-metal
metpvanadates.

solid solution between neighboring compounds

in different fields. However, double meta-
vanadates do occur in this region; Perraud
{42) showed that NaK(VO,), and
Na,K(V0Q,), occur as discrete phases in the
system NaVO,-KVO,. The cell dimensions
and space group for NaK(VO,), given by
Perraud (@ = 5.80, b = 10.04, c = 10.54, I =
103.8°; C2/c) suggest that the structure could

be a pyroxene variant; the crystal structures -

for these two compounds have recently been
solved (49), showing them both to be vanants
of the pyroxene structure. :

The structureé of LiVO, and NaVO, are’

illustrated in Fig. 3. Edge sharing chains of
M(1) octahedra extend in the ¢ direction, and
are linked by sharing corners to the infinite
corner sharing chains of Vi+O, tetrahedra.
Lying between the chains are the highly
distorted M(2) sites that provide additional

linkage between the octahedral and tetra-

hedral chains. This produces a staggered layer
motif; these are stacked (by the C-centering
operation) on top of each other up the a axis to
produce the overall structure. The structure of
the orthorhombic metavanadates is shown in
Fig. 4. As with the monoclinic phases, the
structure is characterized by infinite tetra-
hedral chains. The alkali metal cation co-
ordination is now [8] (or possibly [10]) and the
octahedral chains of the monoclinic structure
are replaced by edge-sharing chains of ir-
regular [Bl-coordinated polyhedra parallel to c.
However, whereas the chains in the mono-
clinie structure are separated in the b—c plane
by a doublé band of edge-sharing octahedra,
the chains in the orthorhombic structure are
separated by a sinple band of edpe-sharing
polyhedra. The stacking sequence.is com-
pletely different from that in the monoclinic
phases; Fig. 4b shows that successive layers of

chains in the orthorhombic structure are

Fig, : -
3. The structures of the monochinic alkali-metal vanadates, (a) LIVO,, {b) NavOQ,, projected down the a axis. -
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lal

FiG. 4. The structure of the orthorhombic alkali-metal metavanadates (KvO
those tetrahedra with fulf apical edges point along +a, those with broken apical edges point along —a. K-
indicated by broken lines; those bonds terminated by arrowhends connect to atoms removed by one g-axi
from those shown in the figuse. {b) projection along the ¢ axis, showing the way in which the alkali~meta

adjacent (V¥*03-)7 chains.

repeated by a simple lattice translation
whereas in the monoclinic structures, the layer
is repeated by the C-centering operation, thus
producing a staggering of the layers in the x

- direction.

Thompson (43} showed that the (SiO,)i-
chains in silicate pyroxenes have two distinct
configurations with respect to the octahedral
chains in the structure; a detailed examination
of possible geometrical models for silicate
pyroxenes later (44) revealed that three dis-
tinct configurations could be recognized.
These are illustrated in Fig. 3. When the tri-
angular faces (those approximately normal to
a*} of the tetrahedra are similarly directed to
the triangular faces of the octahedral strip to

configurations: (a) O-rotated chain; (b) S-rotated chain; (¢) E (extended) chain

(b}

FiG. 5. Some geometrical stacking possibilities far pyroxenes structures, illustrating the three diffesent chal g

(b) b

3 () projection down 1 4 g

4] thds an s
S translatjgy,
I cation lipg

ah:

| allg

which they are linked, the tetrahedral chyjy is[
designated as S rotated. When the trianguly; ~ ha
tetrahedral face is directed oppositely to th|
triangular faces of the octahedra, the ety
hedra is designated as O rotated. Thy va
complete S rotation (see Fig. 5b) results in o¥
hexagonal close packing of anions wheres 1o
complete O rotation results in cubic clos: + wl
packing of anions. In addition, a third variami su
may be recognized (Fig. 5¢), the extendedorE | (L
chain. Thus in terms of the O(3)}-O(3)-0(3)" - he
angle and the amount of O rotation, the 0 LW
rotated chain has 0(3)}-0(3)-0(3)" = 10> {
and an O rotation of 60°, the E chain has[" bi
O(3}-0(3)'~0(3)" = 180° and an O rotation ', T
of 0% and the S-rotated chain has O(3}-00)- | ¥

| I

>
>

{c} C

g



o = 240° and an O .rgtation of —60°.
ynough structures exhibiting nearly com-
| paely O-rotated chains do occur, for example

+ (sGe04 (51), the vanadates and silicates

jscussed here correspond most closely to the

z.chain model. However, many of these

: pmpounds exhibit partly rotated chains, and-

i 1is the direction and amount of this rotation

| ‘pat has been the subject of several recent
A . udies (43, 44). In apreement with previous
wage, chains with positive O rotations will be

! ferred to as O-rotated chains irrespective of

+ e amount of O rotation; it should be
i mghasized that this does not indicate that
¢ they correspond to the completely O-rotated

t ' model ilustrated in Fig. 5a.

" Examination of the alkali metal meta-
", unadate structures (Figs. 3a, b, 4) shows that
, dll types of chain configuration oceurs in this
¢i woup. LiVO, has-an S-rotated chain; NaVQ;
¢ has an O-rotated ‘chain, and all the ortho-
+| hombic structures have E chains. Several
-| mplanstions  have been proposed for the
¢t various chain configurations in the silicate
1 pyroxenes. Papike er al. (44) note that S
+ mtation decreases the size of the M(2) site
] wheress O rotation increases it, and they
i1 spgest that the Li pyroxenes spodumene
[_(LWSHOE) and LiFeSi,0, show S rotations
' “because Li requires a sixfold coordination
- . Whereas the sodic pyroxenes NaM*+8i,0
' , (M= Al, Fe3*, Cr’*, In) show O rotations
i bﬂ‘fnusﬂ Na requires eightfold coordination.
1. This cannot he considered as satisfactory for
L lr“;l” fensons: LiScSi,04 (32) shows an O-
' dinitt?d tetrahedral chain with a Li coor-
ot ion number of [6]; thus S rotations are
- di:etfessary for Li to achieve sixfold co-
- sup ut{Dn. In addition, there is no reason for
nu“f;:mg that Na requires a coordination
SiXTu]dr of [8.]; in NavQ, (11),_Na(2) is in
Eﬁajn Icoordmatlon and has an O-rotated
displ'c;cet can be shown (32, 45) that the
. ment of the “back to back” chains in
P-Dntf:ﬁpxene' structu_re is the major fac.tor
/ T ang thaTg the coordination of the M2 site,
Chpangy this dlSpla_cement is effected by an

1 and rotation of the 02-02 edpe of
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TABLE VIII

ROTATIONS AND DIiSPLACEMENTS [N THE ALKALI
PYROXENES

LAY 200p  3(AF 40

LivO, 1927 &1 1408 182
LiAISi,O4 1535 48 1410 9.3
LiFeSi,0, 1531 -03 L1721 0D
LiSeS8i,04 1609 ~33 1892 44
NaVO, 1435 29 1831 5.6
NoAISi, O, 0895 B85 1240 54
NnFeSi,0, 0982 80 1350 &0
NnScSi,04 1063 69 1433 64
NalnSi,0q 1075 50 157 9.2

a Tetrahedrnl chain  displncement = 2{cz , —a cOS
J0.5 — xp3)- i )

b ()3-072 rotation = sin~! (2 axg, sin AH{02-02)) —
54.74°,

¢ 02-02 displacement .along Z=2elz,, — 0.25) -~
(0.5 — xq;)a cos ) :

4 O—rotation = 180° — (03-03-03). A negative
vnlue indicotes an S rototion.

the M1 octahedron together with O rotation of
the tetrahedral chain. These parameters have
been calculated for the alkali pyroxenes and
are shown in Table VIIL It is immediately
apparent upon inspection of this table that
those pyroxenes exhibiting a (6]-fold co-
ordination of M2 are characterized by large
chain displacements (1.44-1.93 A) whereas
those exhibiting an [8]-foid M2 coordination
have smaller chain displacements {0.90-1.08
A), irrespective of the identity of the M2
cation.

Figure 6 shows the variation in (M2-07} as
a function of the ionic radius of the M1 cation
in the alkali pyroxenes; 2 strong positive corre-
iation is exhibited for both {6]- and [8]-fold co-
ordination. Although this would suggest that
the increase in the (M2-O) bond lengths
(Table IX) is the result of the M2 cavity
expanding because of the increase in size of the
surrounding M1 -octahedra, this would not
appear to be satisfactory as the mean bond
lengths may be adjusted by rotation and shear
of the tetrahedra irrespective of the size of the
M1 octahedra. There is; no apparent Ex-
planation of the deviation in ‘bond strength
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Al, Felt, Sc, Li; X' = 8i, V**) and NaMX,0, (M = AL, Fe'*, Sc, In, Li; X = §i, V**) for dilferent CUdeinaﬁuu[
numbers of the M2 cation. ! \;'m
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sums around the M2 cation in the alkali
pyroxenes. [n this connection, examination of
the environment of the O3 atom in the silicate
pyroxenes shows that a bond strength model
cannot be ideal if a specific bond length
corresponds to a particular bond strength.
Table X shows the O3 coordination in the
silicate pyroxenes. For a given M2 cation, the
O3 coordination remains the same across the
series as the O3 anion is not bonded to the A1
cation. As the size of the M | cation increases,
each of the bond lengths involving the O3
anion increases. Thus, if a ;Sarticular bond

TABLE IX

(M2-0) BonD LeENGTHS® AND BOND STReNGTH SUMs
FOR THE ALKALI PYROXENES

(M2-0)" (M2-Oy™  ¥§, o
LiAlSi,0, 2211 (2.445) 0.890
LiFeSi,0, 2249 (2.481) 0.856
LiScSi,0, 2.289 (2.541) 0.852
LivO, 2.285 (2.581) 0.876
NoAlSi,0, (2.378) 1.469 1375
NaFeSi,0, (2.414) 2.518 1276
NaScSi,0, (2.454) 2.564 [.184"
NulnSi,0, (2.457) 2,568 1186
NaVo, 2.513 (2.695) 0.928

* Values not in parentheses correspond to the generally
oceepted coordination number; the bond strength sum
around M2 is for this coordination number.

strength is associated with a particular pog| df
length, the sums around.the O3 anion cangy{ ™
be ideal across the series. i

It has been suggested (/4) that the p ”1
cation in the pyroxene structures is positiop|
ally disordered, and that the poor bonf P
strength sums arise as a result of constraining[
the M2 cation to occupy the special position zl
4e. Numerous arguments can be marshaled for
and against this proposal, but this question s
at present inconclusive’ and low-temperatur
structural studies are needed to resolve this »
point.

The variation in-cell dimensions with ioni
radius of the alkali cation for the alkali meta }
vanadates is shown in Fig. 7; in order that the
dimensions may be compared directly between
the orthorhombic and monoclinic structures.
the variation in a sin f/2 is shown for the
monoclinic structures. As the ¢ axis is control
led by the repeat distance of the tetrahedrd |
chain, the geometrical changes of the chain it
response to increasing alkali cation radius ﬂ"[
of great interest. In the silicate pyroxenes, thf‘l
principal mechanism of accommodation of the |
tetrahedral chain c-axis expansion is expaﬂﬂff” [
of the Si-O3 bord lengths from 1.624 A B
LiAIS;,05 to L6BB A in CaMnSi,04 I
contrast to this, the (V-03) bond length &

ol — it

* constant across the alkali metavanadate sent



CRYSTAL CHEMISTRY OF MtVQ; PYROXENES 167

] TABLEX
} O3-CATION DISTANCES IN THE ALKALI METASILICATE PYROKENES
4 ll,n . Li Na
: P
M1 Al Fe Sc Al Fe Sc In
T ;S i.622 1.626 1,628 1.628 1.637 1.653 1.649
L 018 1.626 1.627 1.632 1.636 1.646 1.653 1.635
T 0-M2 2,251 2.459 2.651 2.363 2.430 2.461 2.510
03-M2 (3.144) (3.178) (3.299) 2.741 2.831 2.894 2.899

where differences of 0.2 A in the c-axis oceur.
As shown in Fig. 8, the principal method of
weommodation is by angular distortion of the
vinadate tetrahedron. The similarity of the
© V-0 bond lengths in the orthorhombic meta-
- vanudates would appear to result from the
i diference in interchain linkage between the
* monaclinic and orthorhombic structures. The
* incrense in alkali cation coordination (from [6)
! in the monoclinic metavanadates to [8] or [10)

in the orthorhombic metavanadates) is accom-
. panied by an increase in anion coordination

| 55 |

[ 2.0 —&D/e—/ | M
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l. o c

.r 4am NH, VO,

: —r— T T

i 08 1.2, 1.6

r (A}

= ra‘;:;-n;{'t:h" varition in cell dimensions with ionic
o the Drlhe olkeali-metal cation in the metavanadates;

ber way ¢ orhombic structures, the coordination nurm-
aken as [8], except for MH; where [6] was used.

(see Table V); this produces a much greater
fexibility in the structure, as evidenced by the
incorporation of the NH} ion into the struc-
ture. The alkali metal cation is surrounded by
eight -anions between 2.73 and 3.13 A (for
KVO,) with a further pair of anions at 3.41 A.
Bond strength tables (see Table XI} are
slightly better for an alkali cation co-
ordination number of [10]. The longest inter-
action is fairly weak but increases with
increasing alkali cation radius and may be
significant in CsVOy; in this regard, in the
structure of the Cs-rich beryl (48), Cs is
surrounded by 12 oxygen anions at a distance
of 3.43 A, indicating that this is a reasonable
Cs-0 bonding distance.
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Fig. B. The varation in the O-V-O angle as a
function of the c-axis length in the olkali-metal meto-
vanndates. :
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Fig. 9. The structure of NH, VO, in the vicinity of the N
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H, position, prajected along the b axis: (a) the hydrogen

boeding arrangement; donor-hydrogen bonds are indicated by the broken lines, and hydrogen—acceptor bonds are
indicated by the dotted lines; (b) linkage of adjucent chains, showing the hydrogen—acceptor bond lengths involved in

this linkage.

The environment of the NH} ion in
NH,VO, is given in Table VI and is illustrated
in Fig. 9. Despite the lact that the hydrogen
ntoms are affected by systematic error due to
delocalization of efectron density along the N—
H bond, the geometry of the NHJ ion
corresponds well with that exhibited in struc-
wres examined by neutron diffraction. As
shown in Fig. 9, the NH; ion forms two single
and two bifurcated hydrogen bonds with the
sirrounding anions. The acceptor anions are
not the six shortest (NH})-O distances; the
O{1)s and O(1)c approaches-of 3.04 and 3.02

ire considerably shorter than the observed
d0l19r acceptor distances of 3.22 A to O(i)d.
It is apparent that the acceptor anion
tonfiguration is controlled by the requirement
that the NH ion be approximately tetra-
hedral. As indicated in Fig. 7, the individual
el dimensions for NH,VO, are not linear
With the variation of the other alkali meta-
;-':Eadates despite the fact that the cell volume
2 ;ﬂar on a type I stability diagram (see Fig.

. Kﬂrfunation of Fig. 9 shows that the two

. Sﬂlgns_ involved in hydrogen bonding to
trans] I'|14 fon are separated by one cell

o ﬂtl9n in .the_x direction. In order that

und_manlons be w1th§n the range of hydrogen

e co & of the NH{ ion, the a dimension must
o, :t‘faCth with respect to that expected
While - cation™ the size of the NH} ion (30),

-~ 0 order for the cell volume to reflect the

isostructural nature of the alkali metal meta-
vanadates, the other two cell dimensions
expand.
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