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ABSTRACT ) ‘

Cation substitution stud1es in several vanadate-phosphate
A

) N
systems have hevea]ed/gubiiif}Jﬂl,5ubst1tut10n between pentavalent
\.

V and P in tetrahedral sites In both ring and chain structures. The

phase Zn,V has been prepared and its structure has been

3'0. 5 1. 5 8 .
determined and found to be similar to that of a-Zn (POA)Z' It crystal-

lizes in the space group C2/c with rings of Zn(])O and (V, P)O tetra-
hedra shar1ng corners to form chains,-which are linked to neighbouring
chains by Zn(2)04 tetrahedra. The edge-sharing between Zn tetrahedra

which is found in a-Zng(PG), is absent in ZnVy P, Og.. There is no

evidence of long-range or&ering of V5+

Three pyroxene -1ike phases, re]ated to NaVO3 and characterized

by tetrahedral chains, have been prepared. The NaV structure

2/31/3 3
closely reSembTes that of NaV03, and. shows no long-range ordering of

5+ 5+
and P~ . The mixed phases Na.875 ]25V03 and Na0 5K0 5VO3 were

prepared in order to study the effects of M* substitution on the NaVO3

v

struc?ure. The structure of Na_é75 ]25V03 resembles that of NaVO3 and

Ko SVO3 has the true diopside structure, with

aV2/3P]/303, while Nao_5
Na and K qrdered in two nonequivalent.sites, All three structures were
refined iﬁ\the space group C2/c~and the effects of cation substitution

on the configuration of the tetrahedral ‘chains are discussed.

i1

and P5+ catiohs in this structure.
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CHAPTER 1
[NTRODUCT ION
1.1 Scope of Work
Vanadium V is known to assume both tetrahedral and distorted
octahedral coorgination. Mixed oxides\of the type nMO:V_ 0. have been

2°5
extensively studied. The vanadium is octahedrally coordinated when

»

the ratio of divalent méta] oxide to V205 is 1:1, and is tetrahedr§11y
coordinated when the yatio is greater than one.‘ Isomoréhish between

the arsenates and vanadates is common, but it is very rare beéween pﬁos-
phétes anq either vanadates ag%/or arsenates. The graftonite structure
type (Calvo, 19685)Has been found to be common to the phosphates and the
vanadates énd/or the arsenates, and sliti3V04, whjch ha§ an ordered wurt-
zite structure (Shannon and Calvo, 1973b) is isotypic with that of

‘ ot in

s]]L13P64 (Tarte, 1967). Therefore, substitution of V5+ for P

tetrahedral sites, although possible, rarely occurs over a wide compo-
sition range. Brixner, Flippen and Jeitschko (1975)-éound 1imited sub-
stitution of the pentavalent ion at either end of,tﬁé FB3(P04)2-Pb3(V04)2
join, but they have not reported the strucpures of the solid solutions.
There js also some evidence of limited solubility of excess vanadium in
tetrahedral P5+ sites in bot*sa—VPOS (Jordan and Calvo, 1973) and BVPO5
(Gopal and Cé]vo, 1972) where the V5+ environment is a highly distorted
o;taheéron wjth one long and one short axial V-0 bond. In view of the

Tack of structural similarities between phosphates and vanadates, mixed

phases containing tetrahedral V/P-are expected to adopt structure types

. 1 .
- r
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different from those of their end members.

Two systems, one showing substantial substitution of V5+ for

5t '
" have been chosen

P5+, and the other show}ng substitution of P5+ for V
for study in this work.

The first system is Zn3(V,P)208 and the secong system is Na(V,P)O3.

_ Metal cation substitution in the latter system was also studied for

reasons which will be discussed later.

1.2 _The Zn,(V,P),0, System

The phase relationships and Tuminescence of several compounds
with the stoichiometry M3P'208 have been extensively studied. The crystal

\
structures of several mixed phases have been determined, but with em-
.- 2% N . \ )

phasis on M~ substitution. In their study of the Zn3(PO4)2-Zn3(VQ4)2
join, Brown and Hummel (19G65) found a solid solution stable between 18
and 28 mo]e‘perceﬁt\2n3(V04)2 and below 835°C. The simplest molar ratios
in this region are 152n0:4P205:Y205 and 122n0:3P205:V205. The latter
phase, hereafter reférred to as Zn3V0’5P]‘§98, has . been prepared and its.
crystal structure determined during the course of this work.

The purpose bf this structure determination is fwo—fo]d: firstly,
to discover if the structure adopted by the mixed phase is new or pre-

viously known; and secondly, to determine whether the distribution of V~

and P is random.or ordered.

1.3 The (Wa,K)(P,V)0, System N

1.3.1 The pyroxene structures ' . .

The alkali metal metavanadates are structurally related to the

group of minerals known as pyroxenes, which are chain silicates with

/,.,/’

&
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the general formula M]MZXZOG. In nature, X :z §i4+, M1 . MgZ+, Fe2+,

Fe3 ndt, AT and M2 - a2, mZF, Felt, Mndt, Na® and Li'. They

comprise the most important grdup of rock forming ferromagnesium silicates

L)

4
(Deer, Howie and Zussman, 1963) and are common]y found in lunar rocks.

This’ accounts far the Qons1derab1e 1nterest which geologists have - shown

g ~ LN
in these systems in recent years The first pyroxene structure that

[

of dlops1de (CaM951206), was determ1ned by Harren and Bragg in 1929.

In the" %?st ten years, a Targe number of pyroxene structures have been

-determ1§éd for a review, see, for example, Pap1ke Prewitt, Sueno and

¥
Cameron, 1973).

In nature, the most conmon pyrexenes ace found in thes ternary
a -

system MgSin—FeSiO3-CaSiO3 (Figure 1.1), ang they fall into two c]asses;

the ¢rthorhombic or orthopyroxenes, which are only found near the MgSi03-

] A}
FeSfO3 join, and the monoclinic or clinopyroxenes, with which this work

S, s so]ely concerned. The prototype structure for the clinopyroxenes

is that of diopside. It contains SiO4 tetrahedra, which share corners

to form a single type of chain running parallel to the c-axis (Figure 4.2).
Chains sepa;g;ed by half of b form layers parallel to (100). These
layers‘are separated by one-half a, and the,metal cations M1 and M2 form
layers sandwiched between them. Using the nomenclature of Burnham, Clark,
Papike and Prewitt (1967), the smaller, apuroximatedy octahédra] sites

are labelled M1, and the larger, more irregular sites are labelled M2.

2t and is eight-fold coordinated.

In diopside, the M2 sjte is occupied by Ca
The bridgigb oxygen in the Si-0 chain is labelled 03 and the non-bridging
oxygens are called 0] and 02. The M] octahedra share edges to form chains

parallel to c. Each M2 polyhedron shares edges with three adjacent Ml

- L



Figure 1.1 Océurrence of Silicate Clinopyroxenes
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octahedra 15cated in the same chain.
The space groups so far observed for clinopyroxenes are C2/c,

“CZ, le/c, and -P2. $tarfing friom the prototype C2/c diopside structure,’
the pyroxene structuréévcéﬁ‘vary in one of several ways with cation sub-
stitution. SuSstitution may result in a change in unit cell parameters
and some distortion or displacement of the silicate chains without faltering
the space group Eynwetry; Substitutions in the diopside—hedénbergi e
(CaFeSi 06) series fa]] 1nto this category. Distortions of the silidate

cha1n to accomodate small cat1ons may result in the production of twoﬁ

e

types of tetrahedra and reduction in the space group synmetry Spodumehe

prp e

(LiA1Si 06) which is reported to have space group C2 (Clark, Appleman}

us—

-~

L
and Papike, 1969) is an example of this. Small cations on the M2 s1te

cap. result in displacement of the metal ions from the diads, with the pro-

duction of two types of silicate chains as a result. Clinoenstatite

(
f 1d coordinated M2 site (Morimoto, Appleman and Evans, 1960).

MgSiOB) is an example of this, having the space group P2]/c, and a six-

N\ 3.2 Previous work on metavanadate clinopyroxenes

Prior to this work, two alkali metal metavanadates were found

to adopt clinopyroxene structures These were Navdé (Prewitt et al.,

1972, and Marumo et al. 1974) and LiVO (Shannon and Calvo, 1973a).

A number of other metavanadates: KVO NH4VO3, RbVO CsVO3 (HaWthorne

3’ 3’
and Calvo, 1977) and T1V03‘(Ganne et al., 1974) were found to be ortho-

rhombic, witﬁ space. group Pbcm. Both Liv0. and NaVO3 have been refined

3
* in space group C2/c, and both space group assignments have been questioned.

Reflections in violation of the c glide symmetry have been noted in the(



6
case of LiV0, (thnnbn;and Calvo, 1973). Similar viotations were found
in the case of spodumene (Clark, Appleman and Papike, 1969). These
authors claim that only those pyroxénes in which M2 is eight-fold co-
ordinated have the C2/c¢ structure, and that all pyroxenes with six-fold
coordinated Mé sites have‘different space groups. However, the r?finement
of spodumene in C2/c is almost identical to those of "true" C2/c pyroxenes.
Positiona% disorder of the Li+ jon has been proposed to account for the

space group violation in LiVO3 (Shannon and Calvo, 1973). N
S\

\
The structure of NaV0, has been refined by Prewitt et al. (1972). ‘\

3
and'Marumo et al. (1974) in the space group CZ}c. It has essentially E:i’////

diopside structure with both Ml and°M2 sites six-coordinated. Ramani

et al. (1975) refined the structure at 550°C in space group CZ2/c, but
choge the spéce aroun Cé for the room temperature sfructﬁré*ﬁacause of

the reported ferroelectric hehaviour of NaVO3 below 380°C (Séwada and
Momura, 1951). They found no significant changes in the atomic positions
from room tempe;ature to.SSOOC. There a}e,some discrppancies in the |
1att§ce,qu€ﬁeters repoﬁted\by these éuthors. They are’listed in Table 1.1
togegher with those measured in the present work.

There would seem to be some doubt that the room teﬁperature phase
of NaVO3 is ferroelectric. Although the domain structure and hysteresis
loop charac?eristic of ferrpelectric mater{a]s were observed, the loop
flattens. near room temper;turq and the application of electric fields
and mechanical stress has no effect on the domain structure (Sawada and

Nomura, 1951). The dielectric anomaly near the Curie point at 400°C was

not reproducible (Matsuda, 1974).



space
group

this work

10.538(9)

. 9.444(7)
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Some cation substitution in NaV03‘has been reported. In their

study of the HaVO3—NaPO3 join, Bergman and Sanzharova (19/0) indicated

no compound or solid solution formation. However, Ohashi (1964) i1eported
the existence of some mixed phases. Perraud (1974), in his study of the

NaV03-KVO3 join, reported the existence of two monoclinic double vana-

.dates, NaK(VO3)2 and Na3K(V03)4. Glazyrin (1975), however, found only

one compound at 50 mole percent KV03. ‘The (Na,K)(V,P)O3 system was
se]ected'for study to determine whether or not cation substitution on
the tetrahedral site results.in new structure tyﬁés. In‘pakticular, it

f
was deemed necessary to determine whether there was ordering of V and P,

and, if so, whéther this ordering resulted in the formation of two in- -
equivalent tetrahedral chains. Furthermore, NaK(V03)2 would be expected
to adopt the diopside structure~with ?" ordered di;tributionfpf Na+ and

K+ in the Ml and M2 sites, respectively. = It was also intended to study
Eﬁe effeéts of the introduction of a larger cationh, K+, into the NaVO3
lattice on the M1 and M2 sites and the chain configuration. The effects‘
of this type of substitution have been found to lead to changes in the
space éroup symnetry and in the coordination aumber of M2 in the diopside-
enstatite-pigeonite series. N\

In the prasent work, three different compounds and solid soldlions
in the (Na,K)(V,P)fJ3 system have been synthesized and their crystal
structures determined. Site population analysis showed their compositions
to.be NaV2/3P]/303, Nay oKy V05, and Na o76K 1,5V05. A1 three structures
have been refined satisfactbri]y in the spéce group C2/c. No violations of

7/
the ¢ glide were found.



CHAPTER 11
STRUCTURE DETERMINATION BY X-RAY DIFFRACTION
This roview offtﬁe methods of structure determination will be
Timited to those methods actually used in the course of the present

work.

2.1 Structure Factors

The most important information derived from the measured
diffraction intensity is the structure factor modulus or structure
factor amnlitude, !Fhkzi' If a cryvstal has mosaic spread, as is

generally the case: .

|F /T - (2.1)

kel
The observed structure factors, the F ‘s, are derived from the measured -
intensities by a process of data reduction. The relationship between

the observed structure factors and the intensities can alsa be written:

IF | = J/Kki7lp ' (2.2)

ol
k is normally a constant for any set of data, and depends on such things

as crystal size and beam iniensity. k is often omitted and relative
-structure factors, }Frell’ are calculated instead:

IFrel' b «ﬁ?}]i
ar 2 (2.3)

kllFrell ) IFo|



A compari%ohiof the IFre]I'S with the [Fcl's, the structure factors
calculateqion the basis of the model structure, gives the scale factor
k' and allows one to determine the lFol's. L is the loventz factor

and p is the polarization factor.

2.2 Applied Corrections
2.2.1~_The polarization factor, p

The polarization correction must be applied to diffractometer
data because of the partial polarization of the X-ray beam by the
crystal monochrorator and the sample. This polarization is due to the
manner in which the ref]ectiop efficiency of the X-ray beam varies with
20. If the incident X-ray Seam is unpolarized, then the electric vector
associated with each photon can point in any Qirection normal to the
direction of vropagation. Each of these electric vectors can be
resolved into two components, one parallel to the reflecting plane, L, >
and one perpendicular to it, I, . ialf of the beam intensity is associated
Withlll and half with 1, because of the random orientation of the
electric vectors. The reflection of Iy, deQends only on the electron
density in the reflecting olane. However, the reflection of {L depends
both on the vlectron density and on cos2 20. The polarization factor is
then:

p = 1/2 + 1/2 c052 20 ' (2.4)

For crystal monochromatized radiation the incident beam is already
partially polarized before it strikes the sample, and the polarization

factor also denends on the Bragg angle for the monochromator, 200. The
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polarization correction then becomes:

2 5. 2 ‘
1 + cos” 20 cos ZOQ (?.5)
2

p =

1 + cos” 20

2.2.2. The Lorentg factor, L

The time required for a reciprocal lattice point to pass through
the sphere of reflection varies both with its position in reciprocal
space and with the direction from which it approaches the sphere of
reflection. The Lorentz factor, L, is used to correct for this depend-
ence. Consider a reciprocal lattice point r, at a distance d* from
the reciprocal lattice origin, 0. If the crystal and the reciprocal
lattice are rotated at a constant angular velocity w, and r is descri-
bing a ¢ircle of radius d* around the origin, then the linear velocity

v at which r approaches the sphere of reflection is:

*

dw (2.6)

<
W

bi

(2 sin O)w

The time t required for r to pass through the sphere along a path of

length & is:

t = 2 (2.7)
v

il

'l
7 (20)sin 0

¢ depends on the angle between the surface of the sphere and the path

followed by r, and:

g ] (2.8)
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Omitting the constant o,

t -« ) B (?.9)
2 cos O sin O
and: o
2 c0s 0 sin @ = sin 20 . (7.10)
50!
Ct« 1 (2.1)
sin 20

Y

Tne lonsentz factor is related to equation (2.11) by a constant factor:

w o

L= 1 : o {2.12)
sin 20
This is not the most general form of the lgfentz factor, but it is

appTicable in the case of diffractometer data.

2.2.3. Anomalous dispersion

The scattering factor, fo, is the scattering power of a given
atom for a given reflection. It is expressed in terms of the scattering
power of an eqdﬁva]ent number of electrons located at the site of the
atomic nuc1eus.-

v

For a point atom fo is only a function of atom type. However,
for a spherical atom fo is a function both of atom type and sin 0/\.
At sin /3= 0, fo is gqual to the number of electrons in the atom. As
sin /A 1Increases, the séattering from different parts of the atom
bocomchincreasingly'but'of phase, so that fo decreases as sin 0/

increases,

-
1y
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‘i~ .
) . - 13
. The scattering factor pust often be corrected for the effects

of the phenomenon kndun as anomalous dispersion or anomalous scattering.
° L - . . *

‘If the froquency of the incident beam falls near a natural absorption.

v

fregquency of one of, the,scatterers, an anomalous phasé change occurs

-

during scattering by the ejocfrbn‘associated with the Absorption edge.

- 3 -
. \ . . . anom ¥
“This is inomalous dispersion. The corrected scattering factor, f° ., = .
’ o . i
is a complex number: .
anom . "
o O s f A+ iaf : (2.33)
. = 1+ iaf K

2.2.4 Temperature factors -
Any increase in the effective size of an atom's ejectroh cloud
' Wil resuLi_in a moreé rapid réducgion in the.scattering factor with '
s increasing sin O/x. Thus §t is .necessary to make some cérrec£i2n for
the ;jbratiohq of the atoms Zbout ;heirvequ11ﬁbriumvpositions.‘ The

amount of vibration depends on the temperature, atomic mass, and the

"stiffness" of the interatomic bonds./ The amplitude of vibration

.

increases with temperature. Any increase in the Vib?atign will spread

“out thé electron claud. .

-

Atomic vibrations are initially assumed to be spherically

syimetrical, and the change in scattering power is:

T - oBlsinfeind - (2.14)

where

gnul (2.15)

'}.\B

u2 is the mean-square amplitude of atomic vibration. Thus for isotropic:

vibrations: 5
~ . 2 2 - . ¢
£ = foe—B(s1n oMYA~ (2.16)
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| ater in the refinement the atomic vibrations are ascumed to be
3

ellipsoidal rather than spherical. The anisotropic temperature

faclor is:
33

~

) :
(;% 54 Ujshihbsbs)] (2.17)

T = nxp[—ZnZ

where Lhe bi's are reciprocal lattice vectors,. the Uij.s are the
thermal paramelers cxpressed in terms of mean-square amplitudes of

vibration in angstroms,and the hi's are Lthe Miller indices of the

&

reflection.

2.2.8. Absorption corrections ;
In general a correction nust be made for the absorption of X-rays
by the crystal. The intensity of the beam after passing through a region

of thickness 1 is:

(2.T§)

Where I0 is the intensity of the incident beam and N is the linear
absorption coefficient of the materijal for & particular fype of radiation.
Absorption is less of a problem for shorter wavelength radiation, such as
Mo, than it is for longer wavelength radiation suéh as Cu. The absorption
coéfficient can also be expressed in tcrms of the density, .o, of the
crystal, and the mass absorption coefficients, (p/p)k, for the elemeﬁts

present in the crystal.

by = p(u/p)A : ,@2»1?)



If the composition and unit cell parameters of the material

are know, then:

by = pg (P,/100)( p/p)A,E (?'/ZQ)//'

?

1’ 2,'...En are the elements present in the materi{qd;nd Pn

is the weight percent of each element. The mass absorption coefficients

E,, E

are found in the International Tables for X-ray Crystallography (1962).

A transmission factor A is usually defined as:

A = - (2.21)

When the various path lengths in a érystéi are unequal, the above
-expression has to be integrated over the various paths in the volume

of the crystal, so:

fV1av

Vi qv ' (2.22)
0 «

=g
]

fve- A dV
The transmission factors for crystals with spherical and
cylindrical; shapes and radius R have been calculated in the form of
*
absorption correction factors A , where:

(2.23)

* - .
A is tabulated as a function of 0 and uR in the International Tables

for X-ray Grystallography kkfsg).
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{

2.2.6. Sccondary extinction corrections

Absorption of the X-ray beam- by the crystal results in a decrea§e‘
in beam intens{ﬂy which is independent of 0: Hogever, there is an
additional loss of intensfiy which occurs only when the Bragg reflection
conditians are satisfied. 15 general, therq are two possible reasons
for this intlensity loss, primary and secondary extiﬁctioni Only secondary
extinction causes significant infensity 1oséuin‘most-c§;es. R

Primary extinction is an interference process involving multiple
ref]octjons within the crystal. The effec{ is small for most i”QSIFOCt \\///
) crystals and primary extinction corrections are rarely’applied.

Secondary extinction is 6ften‘encountered.in single crystal
.studies, ahd the effects are often important, particularly at low sin O/x *
and for large crystals. - Secondary extinction occurs when a reflection
"is of such intensity that an appreciable amount of the beam is reflected
by the first planes encountered, so that the deeper planes reflect less
strongly than they should. Crystals with misaligneg mosaic blocks have -
fewer planes in the réf]eciing position at any one time than do those
crystals with well aligned mosaic b]ocks. Thus secondary extinction
effects are less serious for cnysta{s which have badly aTigned mosaic
blocks. Crystals for which sebondary exXtinction effects are negligible

are described as be{ng jdeally impeffect. In this$ work corrections for

.secondary aextinction effects were calculated using the method of Larson

(1967). The corrected structure factors are given by the equation:

FEOTT R (1 + gaF )/ ‘

c (2;24)
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g is a function of both the 20 angle for the reflection and the Bragg'
angle of the graphite monochromator (Zachariason, 1963), and ¢ is the

secondary extinction parameter incorporated in the least squares refine-

ment,

2.3 Structure Determination and Refinewent
2.3.1. Structure Factors and Fourier Series

Assuming that the scattéring power of the electron cloud of
cach\atom can be equated with that of the pgoper number of electrons
located at the center of the atom, it is po;sib]e to derive an expression
for the structure factor, Fikgs in terms of superposition of waves. If -
the unit cell contains j agpms, then Fhkg is the resultant of the j waves
scattered in the direction of the reflection hke¢ by the j atoms. The

amplitude of each wave is oroportional to fj, the scattering factor for

each atom. FEach wave‘has a phase shift, &, relative to a wave scattered

.by hypothetical electrons located at thghunit celil origin. The ph%se

difference for a wave scattered by an atom at a point (ax, by, cz) is:

2n(hx + ky + 22) (2.25)

o
1]

[y

The magnitude of the structure factor, thkzl’ is:

.

. 2
‘ 'Fhkgl = ({Zfj cos 2n(hxj + kyj’+ sz)}

j -
y . 2,1/2
+ {ij sin 2n(h><J + kyj + sz)} )

(2.26)
3 .



where

x>
]

hkg = %fj §os 2n(hxj + kyj + sz) (2.27)

= Tf. si .+ ky. + 2z,
Bhkz ng sin 2n(hxJ kyJ . 123)-

is:

The phase of the resultant Fhkz

B
g T arctan hkg (2.28)

Ankg

Since the structure factor can be represented as a wave, it

can reasonably be expressed as a complex number in rectangular form:

Fhkl = Ang + iBhk2 (2.29)

i .+ ky., + 2z,
. zf'e2n1(hXJ kyJ QzJ)
SN
J
The structure factor can also be thought of as the sum of
wavelets scattered by the elements of electron density, p(x,y,z), in
the. unit cell, without considering the nature of the distribution of

the electron density.

2ni(hx + ky + Rz)dv

Frig 6p(x,y,z)e. (2.30)

During structure refinements it is often necessary to calculate

electron distributions based on a set of structure factors. Since
crystals are periodic structures, they can be represented by periodic
functions such as Fourier series. The electron density, p(x,y,2),

can be represented by a three dimensional Fourier series as follows:

18 .
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where h', k', 2' are integers between -» and =. Substituting equation

2.31 into equation 2.30 gives: ‘
- 2ri(h'x + k'y + 2'z)
Foke = 1 Lo Ghwenee (2.32)

« e2n1‘(hx + ky + Qz%v

3 f T 5T Cup,, e2milh#hi)x+ (k tky + (2 + 2")zlyy
h'k'g' h'k %

This integral vanishes unless

h' = -h (2.33)
k' = -k ]
L' = g
Then:
Fhk£ = 6 CHEE dv = V CHKE (2.34)
and A
1 : -
Chis =V Fhke (2.35)

-

In other words, the structure factors are proportional to the Fourier

coefficients of the three-dimensional Fourier serigé\ equation 2.31 and:

D(X,y,Z) = :i.tz] E Z Fhkf.e
£

2ni(hx + ky + 2z) U

(2.36)

The electron density is said to be the Fourier transform of the structure

factors, and vice versa.
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Several different types of Fourier series are used in crysEa]— -
loyraphic studies. The resq1£s depend oﬁ tﬁé\type of coeffic%ents used.
The electron densjty can be calculated using equation 2.36. The moduli
of the structure factoré,\thkll ar |F0| can be\found from the intensity
data, as has been previously described. Unfortuhately, the Fhki in
equation 2.36 dre not the phaseless moduli, sa tiiat phases must‘be'

determined somehow.

' Once a pre]iminary model has been chosen,|it can be used to
calculate a set of FC, complete.with phases. Thege phases can be used,
with the values of IFol obtained from the intensity data, to calculate

an electron density map.

2.3.2. 'The Patterson Function
One of the most %mportant ways of deriving model structures is
through the use of the Patterson or |F]2 fynction.{ A.L. Patterson (1935)
showed that the IFOI 2'3 can be used as coeffigienﬁs of a Fourier series
whose peaks represent, not atomic positions, bu%\{ﬁe terminal points of
interatomic vectors drawn from the origin. Thus there is a large peak
at the origin which represents the zero vectors resulting from the
interaction of each atom with itself. The Patterson function has the
property that its space group is the same as\233§ of the crystal, with
the addition, if necessary, of a center of symmetry. The interpretation
of the Patterson function involves -the determination of the positions of
all of the atoms relative to some fixed origih. The Patterson function

has the form:



P(u,v,w) - 3,}21 Z X]Fhmlz cos 2n{hu + kv + 2w) (2.37)
2

2.3.3. The Difference Synthesis

The last Fourier synthesis which will be considered here is the
difference synthesis or difference Fourier. The Fourier coefficients
are tﬁe AF's jFol - IFCI. The phases derived from the model structure
are use? with both the Fo's and the Fé's. Thus the difference synthesis
consists of an FO synthesis, calculated using the phases due to the
model, minus an Fc synthesis calculated with FC phases and FC moduli.
This type‘of synthesis is very ugefu] for locating new atoms:dnd correcting
the positions of .those present in the model. The difference synthesis is
calculated as follows: '

z 22 AFe-Z'n"i(hk + ky + QZ)

(2.38)
h k 2

< |—

. dolx,y,z) =

2-3:9:‘!$¥¥iﬁd§ﬂHﬁfﬁ§.J?%fiﬂ@ﬂ@ﬂ?

Given some reasonably correct model struc;ure, it is possible to
refiné atomic, thermal, and scale parameters using the method of least
squares. The percent occupancy of a site by different a;o&s can also be
determingg.

Consider the function |F|, whose value is determined by the Miller
indices, H, for each ref]gctionl where H = (h,!f&), and by the n independent
parameters Py» Pps ---Pp which défine the function. The pi's include the
atomic positions, temperature faétors, scale factors, and site occupancy.

The Miller indices are known as "location" variables. The value of [F]

i
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can be weasured aﬁ cach of the N different Bragg peaks, where N - n.
The principle of least squares §tates that the best va]ues.for Py» - oPpy
are those which minimize the sum of the squares of the weighted differences

between the Fo's and the Fc's for alt reflections. Thus one wishes to

minimize the function:

D = g (N LF (H) |- [F_(1)]2 ) (2.39)

.w(H) is the weight assigned to cach reflection. Minimizing D implies

that 3D_ =0 for each p..
- i
Thus:

L) [IF(H)] - [F (M) DalF ()] = 0 (2.40)
P,

(i = 1,2, ...n)

,IFCI is a transcendental function and can be expanded as a Taylor

series. Ifp = (p, Py -..P,) represents the “true" value for independent _

parameters, and q = (q1, q2 ...qn) is close to p, then 65 =Py - ay is

small for all i. Expanding to first order only gives:

-~

n
PP = |F(Ha)] + JalF (Hiq)|s; (2.41)

i=1’~bpi

Now the function is linear in 8 with coefficients aIFC(H;q)|

e e

v " 3 api
Substituting equat}on 2.4] into éﬁuation 2.40 and simplifying results in

a system of n equations of the form:
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-

Lw()(a]F (Ha)]) (a[F (H:a) | )

AI. ~1 3

J=1 H oP; ap.
J
R CIAC [Fe(fa) 13 |F () |
Gpi
(i =1,2, ...n (2.42)

This set of n equations in n unknowns, the 655, is the set of
normal equations. The normal cquations are linear and solvable in the
6j‘s. Starting the refinement with the approximate parameters q will
give a better, but still approximate set of parameters atlthe end of
the first cycle of refinement. The process can be repeated until there

is convergence, and further refinement leads to no significant change

" in the parameters.

2.3.5. Yeighting functions,
When using the method of least squares-it is necessary to assign
a weight to~eaeh reflection based on the precision of measurement. A
good weighting scheTe adjusts the contribution of each reflection to the
normal equationé so as to produce the most reliable results, The weighting

scheme used has the form:

w= [A+ B (k[F ) + C(leo|)2 + o(o[Fo]/lFol)ZJ‘] (2.43)

where A, B, C and D are weighting coefficients and k is the scale factor
relating F0 and Fc. The coefficients are adjusted so that the square of
the difference between the observed and calculated structure factors,

2 ..
HF I=1F 1%, is independent of F_.



; 24
Initially, those reflections with I < 30(I) are considered to
- be unobserved and are excluded froﬁ the refinement. In the last stages
of refinement they are flagged as observed and included in the calculations.
The justification for this is that the 30(I).cut-off is arbitrary, and that
the results are less biased by the use of a good weighting scheme, which
will minimise the contributions aof the weak reflections, than by their
exclusion from the refincment. It has been observed, however, that in-

-

cluding the unobserved reflections produces a slight increase in R.
/

The residual index, R

The residual index, R, is defined as:

R = LIfol - IFcll . (2.44)
LIF, I -

R random, centric = 0.83 (2.45)

R random,, acentric = 0.59

In general, acentric structures will have lower R values than centric
structures at the same stage of;réfinement.

It is possible to calculate an R value as Tow as 0.2 to 0.3 on
the basis of an.incorrdct model. In general, however, a structure which
refines to an R value in this range within a couple of cycles is probably

a good approximation to the true structure. All the present structures



. ) . 25
are ceutric, with space group C2/c. .The R values at the end of the
final cycle of refincment were all below 0.08, showing good, agrecment

Lietveon the observed and calculated structures.

The weighted residual index, R, is defined as:
¢ - 2\ 1/2
Tw([F_|-]F 1)

- (2.46)
Iw IF |2

W

It is calculated along with R and can be used to estimate the effectiveness

of the weighting scheme.,

2.3.7 Site Occupancy and Composition

In cach of the current structure detgrminations it was necessary
to calculate the percentage oécupancy of one site by two atom types.
This problem is dealt with in different ways by different refinement
_programs. Given the possible atom types and the total site occupancy,
the program RFINE (Finger, 1963) will determine the amount of one element
present and adjust the amount of ;he other e]enwnt‘accordfngiy., Fhé’CUPLS
full-matrix least squares program (Stephens, 1974) can also be used to ‘
determine the occupancy of a site by two different chemical species. Given
a reasonable idea of the composiiion of a crystal, based on the comdosition
oﬂ the reaction mixture, a previously determined phase diaqram, or:aﬁa1ytica1
data, it is possible to calculate a composite scattering curve. For instance,

if a crystal is grown from a reaction mixture with a% A and (100-a)% B, then/,

the composite scattering factor is given by:

fc = (afAA+ f}?ﬁl?)f&) ‘ (2.47)

100
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for cach value of sin 0/X. .Hhi1é'such a mixed scattering curve may be ‘
useful during the preliminary. stages of refinement, its usefggness
depends upon the re]iabi]ify of the information on which it is based. o
In a situation where two species share a common site, good ana]jtica]
tha will completely determine the problem. However, if two species
can'occupy two sites, then even the best analysis will not determine
the occupancy of individual sites. A quite satisfactory way of,deter—
hi%ing site occupancy and overall composition is to assume that a given
sjte is occubied exclusively by one type of atom. If the site mu1ti1
plicity shéws a signif{cantcchange on refinement, then it is bossib]e
to esgimate the percent occupancy of Fhe site by the two species. For
example, if V, with 23 electrons, and P, with 15 electrons, both Qqcup;
asite which‘is found to contain the equivalent of 0.80 V, then Xx, the

5 <
fraction of V present, is found as follows:

0.80 x 23 = 23x + 15 (1-x) T (2.48)

Here x is 0.425, so the site occupancy is 42.5% V and 57.5% P.

The positional and thermal parameters are réfined for only one
of the atoms, and only half of the ca]cu]aied correction is applied to
avo id overcompe;satigg. The pos{tional and thermal parameters of the

second atom are adjusted before the next cycle of refinement. -

2.4. Computer Programs
2.4.1. The'X-ray 71 System

The X-ray 71 system {1971) is a collection of related Fortran

programs designed for 2 in all aspects of crystal structure determination,

-~
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funn setting {he diffractometer and initial data reduction to calculation

»

~ . 3

of Fourier synthoses, Teast squares reflnements, and direct.methods of
phase deternination.  The X ray,71 prograis uh1ch have been used in’ th]S

“work afe:.

. DATCO} - DATC93 is used in the preprocessing of difgnaetometer
data.' It sorts the data,‘averages equivalent ref1eetiens, and flags
ref]eétionséas "less-thans" according to specified criteria. The sorted,
averaged data may be punched on cards, or placed in a file in preparation

" for data |eduet1on .

2. JOATRDN - DATRDN can be used for processing raw intensity data.
It~ca1cuTates /1 énd applies the Lp corrections appropriate to the method

of data collection. There are provisions for applying absorption and

anomalous dispersion corrections.

~

if‘ ' pUMpOEd-ADUMCOP will dump, copy, or punch on cards the contents

of a‘binary dita file. It is normally used to brodqee‘card output for
Use ey dne of the. Fourier §ynthesis or least squares refieemeni_programs.
It can also be used to examine~a-bingry.dqté file. .
/,4//’ . Fourier sydthese;, of the aF, F02 end Patterson types can bet
" produced by using the program sequence. DATRDN, LdADAT FC and .FOURR
‘4. LOADAT ~ LOADAT loads qtom parameters in the binary data f11e

" It must be used before any_program which ca]cu1ates structure factors,

FC, for example.
- . ¥
5. FC - FC reads the "atomic parameters from the binary data file

and'generateé the complete unit cell contents.: It then calculates the

AN
’

. structure factors.

LS (£
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6. FOURR - FOURR calculates scveral types of rouricr'ﬂnries';

including Fo’ Fc’

difforencc and Patte%son‘synthosqf,'und E Waps, and
prints them as maps suitabte for contouring. ‘ o

The combination of DATRON and NORMSF can be used to ca1cu%ate
normalized structure factors for use in direct methods. The expected
normalized struéture'factors are calculated for centric and aaentric.
models and compared yith the éctua]fva]ues to determine whetﬁer or not
thexstructure has a centre of symmetry. )
7. NORMSF - NORMSF calculaies the quasi-normalized structure factors,
E. Four methods‘are used to estimate scale and thermal parameters,
‘resulting in four values of E.

8. PARAM - PARAM is used in the least squares refincment of urit

cell parameters using two -theta data.

CUBLS calculates structure factors and refines the independent
parameters of a model structure by full-matrix least squares methods.
The program ;as written by J:S. Stephens of McMaster University (1974).
It will accept up to 44 gloms per asymmnetric unit, ten species, sixteen

scale factors and it will do up to five cycles of refinement. Isotropic

and anisotropic temperature factors, are given as Uj's or Uij's respectively.

~ (o]
The U's are theé mean square amplitudes of vibration in A2. The program is
capable of refining the scale FTactors, positional and thermal parameters of
the atoms, site mu]tib]icity and a parameter used to correct for sec&nd--

ary extinction. It will also calculate bond anéles and distances for,up

-

%

to fifteen neighbouring atoms,

“

&Q



2.4.3. "RFLIE

RFINE (Finger, 196@) is a full wmatrix least squares refinement
program written by L.W. Finger. It js very useful in dealing with
structures where disorder or multiple site oécupang; is suspected.
The program will accept up to sixty atoms, twenty cpnmica] species,
ten scale factors, two hundred parameters and forty parameter depend-
encies. Any combinption of isotropic or anisotropic thennal'pdrameters
is allowed. . - -

The program can handle constraints of positional and thermal

parameters for atoms in special positions. Given the total occupancy

. ¥

of a site and the species present, the proardm will refine the per-
centage of each soecies present. In the case of a disordéred structure
where several positions may be occdbied by one snecies, the chemical -

composition may also be constrained.

¢



CHAPTER I11

THE CRYSTAL STRUCTURE OF Zn3 0.5P1.508

3.1. Results
32]J. _Ixperimental ’ ; .

A reaction mixture containing 56 mole percent Zn3(V04)é‘¥nd 44
role percent Zn3(P04)2 was finely ground and calcined in a Pt crucible
at  600°C for one day. It was then quenched in air, reground, and held
at 1000°C for one day. The melt was then cooled rapidly to 900°C,
cooled at a rate of 3°C/hr to ‘about 775°C and quenched to room temper-
ature. A colourless crystal with dimensions 0.10 x 0.08 x 0.04 mm was
chosen for intensity measuraments. Accurate unit cell parameters were
obtained by refining the 20 values of 15 ref]eétions having 20 values
falling between 25 and 30°, ‘

Intensity data were measured on ; Synte* Pl four-circle automatic
diffractometer using graphite monochromatized MoKa ;adiation and a
0/20 scan mode. In the 0/20 technique the crystal is rotated to carry
the”reciproca1 Tattice point from the outside of the sphere of reflection
to the inside, while the counter rotates at twice the angular frequency
of the crystal. Thus it is possible to scan along the line cbnnecting
the lattice point with the reciprocal lattice origin. The 0/20 scan
mode is’used hecduse it enables one to scan over white radiation streaks
as well as over the Bragg peak, so that one can measure the background.

The background is scanned‘before and after‘scanning each Bragg peak.

30



A total of 910 symeetry independent reflections with 1:0
were collected within a sphere defined by 20<60°. Absorptian
corrections vere applied assaming the crystal to be a sphere of

radius 0.04 wm (LR = 0.49),

3.1.2. Crystal Data at 21°C

Vo 5P1..% FM. = 396.04
Monoclinic

o ©

a :15.981(6) A b =5.314(2) A ¢ = 8.265(2) A

g+ 106.96(3)° .
V - 669.59 AS
7 -4

D, = 3.92 g/cm’
Snace group = C2/c¢
Systomatic‘absences: h-+ k odd, in general

hOg2 ¢ odd .
The structure was derived frow the Patterson function. The

final discrepancy factors were:

R = 0.0/3
Rw = 0.056
. The final weighting scheme was:

= 10,7 +0.073 k[F |+ 0.0005 (k[F [)° + 3500(olF 1/ IF, )91 (3.7)

\

The refined secondary extinction parameter was 4.1(7) x 10-6‘ The final

position and thermal parameters are listed in Tables 3.1a and 3.1B
; o .

-

respectively.



Positional parameters for In

TABLE 3.1a

3V

0.5°1.8

with

estimated standard deviations in parentheses

Atom

Zn(1)

0
0.18558(6)
0.1209(3)
0.6021(4)
0.6491(4)
0.4601(4)

0.2964(4)

- - - e = —m———

X = 0.25(2)V + 0.75P

Y

0.0587(3)"

0.7929(2)
0.292(1)
0.672(1)
0.931(1)
0.747(1)

0.638(1)

4
3/4
0.7137(1)
0,5294(6)
0.3456(8)
‘0.0253(7)
. 0.9089(8)

0.8495(7)



IABLE 3.1b
her oy Py L0, with
Thermal parameters or zn3v0.b 1 +9% with

estirated standard deviations in parentheses

Atom Uy U Usy P U U, 5
/n(1y 13.1¢6)  14.7(6)  19.0(7) - 6.5(5) .
In(2) 16.3(4)  93(4) 18.2(5)  2.1(4) 5.5(3)  0.7(8)
X nE 0@ e 2(2) 32 -2
0(1) 20(3) 19(3) 21(3) -5(2) 8(2) -2(2)
0(2) 21(3) | 16(3) 16(3) 5(2) 3(2) 2(2)
0(3) 16(3) 25(3) | 19(3) -2(2) 6(2) -/(2)’
0(4) 16(3) 9(2)  « 14(3) 2(2) 1(2) -3(2)
N

X = 0.25(2)V + 0.75p

* % '
The temperature factor expression is

2 4 2, 2
(U]]h b] +...2U]2hkb]b2+...)] where the pi's

are reciprocal laltice vectors.

exp[-2%“ x 10~

L.,

¥
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3.1.3. Description of the Structure

. ]
Although the structureof Zn3V0_5P1.508 differs from those of

both its cnd m&mbnrs, it most resembles that of a-2n3(P04)21 ix—/n3(Pﬂ4)2

' o] .
is ronoclinic, with space group C?/c and a = 8.196, b = 5.634, ¢ - 15.00/ A,

8 :105.0°, and 2 = 4 (Calvo, 1965, and Calvo and Faggiani, unpublished

results).  ATT the cations are telrahedrally coordinated. a—7n3(V04)2,

on the other hand, is orthorhombic with space group Cmca and a = 6.088,

b = 11,489, ¢ = 8.780 R (hopal-and Ca]vé, 1971). The 7n ions are found

in two types of octahedral sites and the vt s tetrahedrally coordinated.
In the present structure, as in a—Zn3(PO4)2, all the cations are

tetrahedrally coordinated (Figure 3.1). The Zn{(1)0, and XO4 tetrahedra

4
(X = V,P) are linked, cach at two corners, to form four-membered rings

about the centers of symmetry. These rings form chains parallel to the

¢ axis, which are generated by the two-fold axis through Zn{1) and the

action of the centérs of symmétry. ,Adjacent chains are'joined by Zn(2)l
tetrahedra, The Zn(2)04 groups form chains parallel to the b axis. 0(4)
is the bridging oxygen. Adjacent tetrahedra are related by the two-fold
screw axis. FEach oxygen in the Zn(2)04 tetrahedron is shared with a
different XO4 group. .

_ The average X-0 bond length is 1.575 A. If Vegard's law holds,
then the composition weighted average oF.the <P-0s (1.537 K) and <V-0>
(1.721 K) (Gopal, 1972) for tetrahedral coordination should be 1.583 ;.

The X-0 bond lengths reflect the environments of the oxygen atoms

/ ,
(Table 3.2). TWe shortest X-0 bonds are those to 0(2) and 0(3)}.



Figure 3.1  The Structure of Zn3\10;5P].508






Bond

In(1)-

in(2)-

0(1)
0{3)

0(1)

-0(2)
-0(4)

-

X-0(1)
-0(2)
-0(3)
-D(4)

0(1)-2n(2)-0(2)

0(4)

’

2.007(6)  2x
1.

-0(4)"

TABLE 3.2

3o 5P 5%

Distance o Bonds

(A)
0(1)-X-0(2)
902(7)  2x -0(3)

-0(4)

.960(7)
.911(8)
.976(5)
.948(6)

.593(8)
.541(8)
.539(9)
.626(5)

Angle
(deg)

104.6(3)
116.5(3)

114.7(3)
111.3(3)
103.7(3)

Angle
deg )

. 109.6(5)

108.1(4)
106.2(4)

101:4(3)

116.6(3)

102.2(2)
113.6(2)

111.6(2)

115.7(5)

107.8(4)

108.9(5)
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Poth 0(?) and 0(3) are <haved by X and only one /n, O(T).and a(4) are
cuch uhd;ﬁd by X and two /nm ions.  The average 7n 0(1) bond is
lwn:J«:r ().1134 ?\) than the average /0 0(4) _ bund (1.962 7\) and as
a result the X 0(4) bond (1.626 R) is longer than the X 0(1) bond
(1.%93 ?\) The avirage Zn 0(2), 7/n 0(3) and X-0(2) and X 0(3) " bond
dictonces are not significantly diffaent.  The major angular dis-
tortion of the X0, group involves a large 0(2) X 0(3) bond angle,
veflecting an enhanced repulsion belween the two nxyg;n% because of
the <hort X O bond lengths. )

Both ZnO4 groups show a larye range of 6—Zn—0' angles, although
the /n(?)O4 group is more régular. The Zn(1) atoms are displaced towards
the 0(3) - 0(3)' edge. The 0(n)-Zn(1)-0(n)’ ané]o is 116.6° for n-3 and
104.6° for n=1. The 0(3) - 0(3)* and 0(1) - 0(1)"' edges are iwisted
about the two-fold axis so as to subtend an angfé deviating by 10° from
the orthogonality required for a regular tetrahedron.

The range of bond lengths and bond angles is smaller for the
Zn(Z)O4 group than for thq‘Zn([?04 group. The mean Zn(n)-0‘bond lengths
are 1.955 Z for B:I and 1.948 R for n=2. These differences are hardly

siyhificant, although Zn(1) has six neighbouring cations and 7n(2) has

only five.

3.2. Qiscqssipg

- Previously, a-Zn3(P04)2 was thought to_ be the only compound with
M3X208 stoichiometry in which all the cations displayed tetrahedral co-
" ordination (Calvo, 1965). In B-Zn3(P04)2 (Stephens and Calvo, 1967)



there are three independent 7n sites and tuo independent P osites.
(1) is bonded to four oxyguns to form an irregular tetrahedron,
n(?) and M(3) are both bonded to five oxygens, P(1) and P(2) are

Fethoy o ghly tetrahedral,  In y-/n3(l’04)2, which is really a solid

2+ A

wolution (M',M”)3(P04)2,-whnre M' 7n and M" can be Mn™ Mng, Ca

or l‘dm (Calvo, 1968a) the PO groups are approximately tetrahedral

4
and the M cations adopt five and six-fold coordination, with the

added cations preferring the octahedral site (Calvo, 1963).

In both 4-7n3(P04)2 and Z"3V0.5P].508 the Zn{1) lie on the

two-fold axes. In u—Zn3(P04) the Zn(])O4 and PO4 groups form spirals

2
running afong b, with a pitch oqua]lto b. The spiral axis caincides
with the twp-fo]d s;rew axis. These spirals form sheets parallel to
a. The c glide plane relates groups in adjacent sheets. [In the
present structure the ¢ glide plane relates groups within the same’
sheet. The Zn(2)04 group lie in general positions in both structures,
and serve, to join adjacent an1)04¢P04 (or XO4) sheets. However, in
a~Zn3(PO4)2, adjacent groups edge-share across centers of symmetry,
while in Zn§V0.5P1.508 they form spiral chains generateq by the two-
fold screw axes,

. ° o
The <Zn-0> distance is 1.956 A in u—Zn3(P04) and 1.950 A in

2

In,V, P The discrepancy falls within the uncertainty limits

n3V0.5P1.5%:"
on the bond distanceés, so no significance can be attached to it.

The XO4 tetrahedra in Zn3V0.5P]-508 and a-Zn3(PO4)2 show

similar angular distortions from ideality. The angle subtended at

th%i; atom by’ those oxygens bonded to only one Zn and one X is 115.4(3)°

o
\

38



39

in 1-7n3(P0 ), and 115.7(5)° in the present structure. In'u—2n3(PO

2 4)2
the 0(1)-2n(1)-0(1)"' angle is 102°, where 0(1) is three-fold coordinated .
0(4) is two-fold coordinated and the 0(4)-Zn-0(4)' angle-is 130°. In

0(1) is threc-fold coordinated and the 0(1)-Zn{1)-0(1)".

7n3Vq 5P1 5%

The two-fold coordinated oxygen is 0(3) and the.

It appears thqt V and P are distributed at random throughout
the present structure. Precession photograpﬁs showed no signs of long-
range ordering'énd the thermal parameters are not abnormally large.

The question 6f why Zn.3V0 5P1 508 adopts the present structure
instead of that of a—Zn3(P0 )2 may be at least partially answered by
considering Pauling's rules concerning. the nature of cat1on coordination
polyhedra (Pauling, 1961) Edge-sharlng between the coordination poly-
hedra of small, highly charged cations should decrease the stabitity of
the structure according to.Pauling's ihird rule. In the a-In (PO )
structure the Zn(2) tetrahedwsa share edges, while in Zn3V0 P 5O8 there
1s no edge- shar1ng between tetrahedra This absence of edge-sharing

should balance the tendency of cation substitution to destabilize the

structure.
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" CHAPHER TV
. THE CRYSTAL STRUCTURES OF 1HREE M{MBERS OF THE

(Na,K){V,PY0, SYSTEM

4.1, Results
a) “Na¥2/394/393 - A mixture with a 2:1:1 wolar ratiq of NaP0,, V205,

and Na2C03-H20’was heated to 900°C in a Pt crucible and cooled slowly

. to about 500°C. A clear, colourless, needle-1tke crystal with dimensions

v

0.0 X 0,15 x 0.30 mm was used to collect intensity data. Intensities

were collected on g Syntex PT automatic diffractometer as has been

" previously de{tr?bgd (Section 3.1.1), Accurate cell parameters were found:

by centering 15 reflections with ?p.vélues lying between 20 and 40°. 604

. symmetry inaépendent reflections with I > 0 were collected: within a

sphere defined by 20 < 55°. _Absorption corrections were applied assuﬁkng

’

a cylindrical crystal shape (uR = 0.58).
A2 ’ * > v

) » - o . w o
b) NEOISKO.SYQS - A melt containing §pprox1ma§e1y 50 mole percent
KVO3 and 50 mole percent NaVO3 was cooled slowly from 560°C to 460°C

in a Pt cricible as sugges ted By the phase diagram (Perraud, 1974).

A clear, colourless, fibrous crystal with dimensions 0.06 x‘O.b% x 0.3%

mm was used to determine the unit cell parameters and diffraction

»

intensities. The accurate unit cell parameters were found by centéring

i : )
15 reflections with 20 between 20° and 40°. 772 reflections with . > 0

4

¢
o
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were collected within a sphere defined by 20 < 55°. Absorption

41

corrvections were made assuming a cylindrical crystal shape (uwR.--0.33),

’

mole ratio of %:3:1 was heated to about 600°C in a Pt crucible, held

c) Na_

] at 549-552°C for a couple of days, and then quenched in air. A clear,
colourless, needle-1ike crystal with dimensions 0.32 x 0.13 x 0.11 mn,
was used Lo collect intensity data and determine unit cell parameters.
Intéqsity data were co]1éctéd_using a Syntex P2] four-circle automatic
. difﬁrqctometer, using graphite monolhromatized MoKa radiation and a
0/20 scan mode. The accurate unit cell parameter; were found by
centering 15 reflections with 26 betQEbn 23° and 41°. 505 symmetry
independent reflectionstwith I > 0 were collected within a sphere
defined by go < 55°.

The crysfal used in data collection was later found t& be

twinned. The twin components were related by a two-fold rotation

*
around a . The intensity data used were those of the major twin\\

component , which was found to have a volume 4.7 times that of the minor.

twin component. Only Fhe hk0 reflections were superposgd by this

twinning. The Fo:S for these reflections were reduced by a factor Pf
4, 7 before being uséd in the refinement, One reflection was ex-

clad;d from the refinement as the result of a probable accidental

superposition.

<

nJ

t



4.1.2. Crystal data at 21°C

a) “{aV?/3P]/3O__3

Honoclinic

a
b
c
B8
v

'Z

4

W

10.421(1) A
9.475(1)

o IO

5.715(1) A

2 107.62(1)°

- 537.83 A3

8

Dx = 2.85 g/cm’

! Space group: (C2/c

’

F.W.

= 115.27

Systematic absences: htk odd, in general

hOg 2 odd

The pbsitions of the cations were derived from the Patterson

fdnetion, and the pasitions of the oxyyehs were based bﬁ/those in

NaV03'as determined by Marumo et al. (1974). The final discrepancy

factors were:

RN
Weights were set equal to:

w=[1.0+ 0.010k|F_] +'o.00008(k|F0|)2 + 300(0[F0]/IFOI)2]'I

R = 0.035

R = 0.032
W

(4.1)

The finmal positional parameters are listed in Table 4.1a. The thermal

parameters are Jisted in Table 4.1b.

»
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1]

01

02

03 -

Na
Na

43 .

IABLE 4.2
Positional parameters for pr?/3P]/303

with standard deviations in parentheses

X Y. | z
.29158(5) i .08864(5) ~ .25990(9)
0 .9086(2) 1/4
0 .2918(?) 1/4
.1299(2) .0982(?) } .1690(4) i
.3561(2) .2816(2) -, .3226(4)
.3510(2) .0087(35- .0336(5) l

Y

.658(4)V + .342P

|



A4

IABLE 4.1b

X

*
> ~ ) t i
rl]_(,l mal pag amete rs for _la_V ?/3P1/30~3 w1 trl

standard deviations in parentheses

ATOM  U(1,1) U(2,2) . U(3,3) u(r,2) u(1,3) U(2,3)
X* .0112(3)  .0141(3) © .0129(3) -.0016(2)  .0022(2)  -.0010(2)
Mt 0235(9)  .0230(9)  .0218(8) 0 ©.0045(6) 0
2T 0aa(1) .028(1) .033(1) 0 -.0063(9) 0
0] .021(1) .026(1) .019(1)  -.0029(9)  .0032(8)  -.0001(8)
02 .031(1) 030(1)  t.029(1)  -.011(1) .009(1) .+ -~.0024(9)
03 022(1)  ..035(1) .062(1)  -.001(1) .007(1)  -.011(1)
P o= Na
ouz = Na
¥ X = .658(4)V + .342P
3 3.
**_ The expression for the temperature factor is expt-2n2(z ) Uij hihjbibj)]
. i=1 =1

where the b1's are reciprocal lattice vectors.
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.58 5V05

MonocTinic ) F.W., =129.98

b) M

0
a - 10.533(1) A

b = 9.997(1) A
¢ < 5.804(2) A
B = 104.17(1)°
V : 592,56 AS

Z =8

‘ .3

Bx = 2.92 g/cm

‘Space group: C2/c
Systematic absences: h+k odd, in gencral
hOg ¢ odd
NaV2/3P]/303 positional parameters were used to initiate the
refinement. The final discrepancy factors were:

R = 0.049
Rw= 0.042

and weights were set equal to:

w = [2.0 +0.02k|F_| + o.oooos(leol)2 + 600(o[F 1/ [F,1)%)]"" (4.2)

The refined secondary extinction parameter was 6{5) x 10'8. The final
positional and thermal parameters are listed in Tables 4.2a and 4.2b

respectively.



H¥

M1

M2

1]

it

]

MI

M2

0

02

03

P

IABLE 4.7a

Positlional parameters for Na, K

0.590.5

Vo

3

with

standard deviations in parentheses

X

.28614(6)

N

1254(3)
.3441(3)

/

.34f1(3)

Y

©.08586(7)

.9048(2)

.3077(1)

.0888(3)

.2364(3)

.0153(3)

.2240(1)
174
/4

1524(5)

.2874(5)

,f'014](5)

46
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TABLE 4.2b

k%
Thevmal parameters for Nag Ky (V04 with

standard deviations in parcentheses,

ATOM u(1,1) u(2,2) U(3,3) u(1,2) U(1,3) u(2,3)
N .0]19(3) .0154(3) .0091(3) -.0009(3) .0020(2) -.0002(3)
Myt .019(1) .019(1) .018(1) 0 .0025(9) 0
me! ! .0311(8)  .0193(6)  .0203(6) 0 ~.0036(5) 0
01 .015(1) .026(2) .018(1) .002(1) .003(1) .002(]1//
02 .034(2) .019(1) .023(2) -.009(1) .005(1) ;.00](1)
03 .017(1) .027(2) .013(1) .001(1) .004(1) -.004(1)
’v\‘)
M= Na
"t -
* A ) . *
The expression for the temperature factor is : '
2 3 3 ‘
exp[iZn §§1 §=]Uijhihjbibj)] where the b,'s are .
reciprocal lattice vectors.
N "
r/
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) Mo gk 19503
Monoclinic ~ ., F.W. - 123.94
a - 10.533(2) A
b - 9.580(2) A
c = %LSHO(]) A
g - 107.56(1)°
V567,83 AS ‘ ‘
Z=8

Dx = 2.93 g/cm3
Space group: C2/c .
Systematic‘absences: htk odd, in general
h02 ¢ odd
Na0'5K0'5V03,positional parameters were used to initiate the refinement.
'The final discrepancy factors were:
R = 0.032
Rw = 0.039
and weights were set equal to:
1

w = [3.0 + 0.03k|F | + 0.0004(k|F_1)? + 300(olF I/IF 217~ (4.3)

The refined secondary extinction parameter was 2.7(7) x 10_7. The
final positional and thermal parameters are listed ip Table 4.3a and

Table 4,3b respectively.



IABLE 4.3a

Positional parameters for Nq;B/bK.I?S 3

standard deviations in parentheses

1

o)

M

M2

ATOM X' Y. z

v 29110(7)  .08893(8)  .2528(1)
i . ' ’

M1 0 .9104(3) 1/

[ -
Pt

M2 0 .2980(4) 1/4

01 .1280(3) .0984(4) 1643(6)

02 .3533(4) .2048(4) .3165(

03 .3508(3) .0108(4) .0248(

= Na

= 0.75(3) Na + 0.25K



IABLE 4.3b

-
.

* ok . .
Thermal parametlers for Na.S/SK ]?5V03

with standard deviations in parentheses,

ATOM U(1,1) 1(2,2)

v 0129(4)  .0194(5)

M1 017(1) .023(2)

me' Tt .033(2) .0278(2)

01 013(2)  .030(2)

02 ,027(2) .029(2)

03  .021(2) .035(2)
. ~

¢ M} = Na

tE

M2 = .75(3) Na + .25K

Kk

U(3,3).

.014(5)
.020(1)
.028(2)
.021(2)
.031(2)

.021(2)

u(1,2) u(r,3) « U(2,3)

-.0015(4)  .0041(3)  -.0007(3) "

0o T .003(1) 0

0 -.008(2) 0
0002(14)  .004(1) - .002(2)
-.008(2) .008(2) | -.002(2)
-.002(2)  .006(1)  s-.006(2)

The expression for the temperature factor is

3

3
exp[~2n2(2- 7 U,hhob.b)] where the bi'j are reciprocal lattice

i1 g I

vectors.
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4.1.3. Description of the Structures
a) ‘J-)V?/3P]/303

NdV2/3P1/303 has a mudifind diopside strqeture, similar to that
of x-NdV03 (Mavumo et al., 1?74). V0, tetrahedra share corners to
form infipite hains par;]lol to ¢ (Figure 4.1), The Na lie on two non-
equivalent special positions, which are Lﬁﬁra(tvri%tic of the monnulini&
pyroxenes (Section 1.3.1). _The ;maller Ml sites are octahedrally co-
ordinated and form chains parallel to ¢. Adjacent octahedra share an
01-01 edge. The tetrahedral and octahedral chains are linked by corner-
sharing between every third octahedron and every third tetrahedron.

fhe larger M? sites are irregularly six-fold coordinated and serve as

&

a further link between the octahedra] and the tetrahedral chains. *
The structhre is based on stagQ@red layers, roughly perpendicular
to a”. Both the M1 and the M2 sites lie on the saﬁe Tevel, and they are
linked to tetrahedral chains aé slightly higher and slightly lower levels.
The layers are stacked on top of each other by the C-centering operation.
The average V-0 bond distance is 1.681 A (Table 4.4). .The V-03
distﬁnces‘dre the iongest at 1.765(3) and 1.759(3) R,.despite the fact
that both 03 and 02 are bonded. to three cations and 01 Vs bonded to four
cations. r(V-01) and r(V-02) are sibpificant1y shorter at 1.608(?) and
1.592(2) A. The tetrahedral angles range from 105.4(1)° to 111.6(1)°.
The average Nal-0 bond distance is 2.349 A The shortest bona is
r(Nal-02) at 2.303(3) A, and the Tongest bond is r(Nal-01(1)) at 2.3/7(3) A,
a spread of 0.074 A,

The average Na2-Q bond distance is 2.507 A, counting only the six

o

oxygens lying within 3 A of the cation. Bond distances vary from 2.407(3) A



ligure 4.1  The Structure of NaV2/3P]/303



52

unit cell origin

A



TABLE 4.4

Bond distances and bond angles in HQ_V2/3P1/303

with standard deviations in parentheses

Pond Distance (A)

M -01(2)  2.368(2) 2x
01(1)  2.377(3) 2%
02 . 2.303(3) 2%

M1-0> . . 2.349

M2 .01 2.407(3) 2x

-02  2.469(2)  2x
-03(5) 2.646(3) 2x

© M2-05 §2.507

X" -01 1.608(2) » -
-02 1.592(2)
-03(1)  1.764(3)
-03(4) 1.75?(3)
<X -0> 1.681
’ Ml = -Na .
T M2 = Na .

\

* X = .658(4) V + .342 P
Note: The position of atom A(n)
is derived from that of atom A{1)

by'thé'nth symmetry operation

as it appears in the Internatiopal

Tables: for X~ray Crystallogrdphy,

_ Vol. I, 101 (1965). For example,
01(2) is related to 01(1) by the
operation of the center of

symmetry at the origin.

<

' Ronds, Angle (deg.).”
01(2)-M1-01(4)  1/6.9(1)

s -01(1) . 90.49(8)

-01(3) 91.8/7(8)"
~02(5) 87.68(8),
-02(7) 90.17(8) .
61(1)-M2-01 (3) 80.7 (1)
-02(6) = . 83.35(8)
-02(8) 85.45(8)
~03(5) ° 141.90(8)
. -03(7) 113.41(7)
01(1)-x-02 110.6 (1)
,-03(1) . 110.7 (1)
-03(4) M1.6 (1)
02-X-03(1) 109.7 (1)

-03(4) 105.4 (1)

03(1)-X-03(4) 108.6 (1)
_01(1)-M1-01(3) ~ 81.87(9)
-02(5) 174.1 (1)

- -02(7) 92.53(8)
02(5)-M-02(7) 93.1 (1)
02(6)-M2-03(5) ' 131.0 k]) ]

- .03(7) . 62.77(8)
-02(8) " 165.3 (1)
03(5)-M2-03(7) 78.08(9) . .
e

. 03(4)-03(1)-03(4) 173.4 (1)

. &
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. ° o
for r(Ma2-01) to 2.646(3) A for r(Na2-03(5)), a range of 0.739 A. The

. difference between the longest bonding distance and the shortest non-

bonding distance, vr(Na2-03(6)), "is 0.537 A.

d )

b) My oKy V05
NaO.bKO.bVOB has the true diopside structure, and.differs from
u-NaV03, L1VO3, and NaV2/3P]/3O3 in that,the.MZ site is irreqularly

eight-fold coordinated. The calion distributiqn is ordered, with Na+‘
occupying ghe M1 site and k* occupying the M2 site (Figure 4.2). The
average V-0 bond distance is 1.722 R (Table 4.5). The V-03(4) distance
is thé largest at 1.808(3) Z, and r(V-02) is the shortest at 1.632(3) K.
In this structure 91 and 03 are bonded to four cations ana 02 is bonded
to only th;ee. The range of tetrahedral angles in the VO4 tetrahedron:
is 106.8(1)° to 110.8(1)°. ] )

The average Na-0 bond distance is 2.398'3. The bond distances
vary from r(Na-01(2)) at 2.386(3) A to r(Na-01(1)) at 2.417(4) A, a
spread of b.OZS‘R. Thus the M1 octahedron is larger but more regular
than that in NaV2/3P]/303.

The mean K-01 distance is 2.780 R, averaged over the six shortest
bond distances only, and 2.822 R including the next two bond distances.
The six shortest bonds range from r(K-01) at 2.687(3) A to r(K-03(5)) at
2835(3) A. r(K-03(6)) is 2.946(3) A, whith is only 0.111 A greater than

r(K-03(5)). This is much smaller than the corresponding difference of

0.537 A in NaV2/3B]/303.
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Bond

T -01(2)

-01(
-02

M o=
2 =

N
'

1)

Na

. .
includes six shortest bonds

’

TABLE 4.5

Bond distances and bonﬁ,angjps‘jn_NqO.SKO'bVO

-3

with standard dpviation§ in parentheses

(]

Distance (A) _ Bonds_
2.386(3)  2x 01(2)-M1-01(4)
2.411(8)  2x -01(1)
2.398(4)  2x -01(3)
-02(5)
2398 . -02(7)
2.687(3) 2 01(1)-M1-01(3)
2.818(3)  2x _02(5)
2.835(3)  2x -02(7)
2.946(3)  2x
et 02(5)-M1-02(7) _
2.780 _
01(1)-M2-01(3)
2.822 -02(6)
1.642(3) -02(8)
1.632(3) - -03(8)
1.804(3) -03(7)
1.808(3) -03(6)
-03(8)
1.722
02(6)-M2-03(5)
Tt T -03(7)
-03(6)
£-03(8)
-02(8)

*
: inclydes eight shortest bonds

Angle

176.9
87.3
90.3
83.1
99.1

80.
169.
95.

o o o-

90.

o

70.9
82.63

" - 82.74
136.51
117.81
92.21
160.0
138.7

106.2
84.73
162.0

Continued

58 .58
4

oooooo



IABLE 4.5 (Continued)

r

Bonds

03(5)-M2-03(7)

v © . 03(4)-03(1)-03(4)

01(1)-v-02
-03(1)
~-03(4)
02-V-03(1)
-03(4)

03(1)-v-03(4)

57

Angle (deg.),
85.92(9)
168.0 (2)

10.3 (2)
110.6 (1)
110.8 (2)

110.5 (2)
106.8 (1)

107.8 (1)



c) Na g76K 125V93

The structure of Na.875K.T?5V03 is of the a—NaVO3 type (Figure -
4.3), having both M1 and M2 six-coordinated. A1l M1 sites are occupied
by Na+, with the rest of the meta] cations in M2 sites. The average
V-0 distance is 1.717 K (Table 4.6). The actual bond lengths range from
1.628(4) A for r(V-02) to 1.801(4} K for r(V-03(1)). 01 s bonded to
_ four cations, two M1, one M2,l and V. 02 is bonded to Ml,rMZ, and
V, and 03 is bonded to M% and two V. The tetrahedral angles range
from 106.0(2)° to 111,2(2)°. The average M1-0 distance is‘2.37] R,n
with M1-02 the shortest bond at 2.328(4) R and M1-01(2) the Tongest
bond at.2.393(3) A, a range of 0.065 A. All four M1-01 bonds are
identical within the limits of uncertainty.

The average .M2-0 distance,‘inc}uding‘only the six shortest
bond;, is 2.572 K. These six bgﬂd distances range from r(M2-01) at
2:476(5) A to r(M2-03(5)) at5.667(5) A. r(M2-03(6)) (3.151(4) A)
is too 1png to allow 03(6) to be included in the M2 coordination poly-
~hedron, The difference between the longest bonding and the shortest

- Q
non-bonding distance is 0.484 A.

4.2. DISCUSSION

The effect of cation shbstitution in the alkali metavanadate
c]inopyroxene§ may now be discussed, using the structural data obtained
QUring the presént ;;hdy and previous sFudies of LiVO3 and NaV03, The
NaV0; data of Marumo et al. (1974) were used since their refinement
seems to be the most satisfactory. Data peftinent to the fo]]owjng
discussions are summarifed in Table 4.7.

]

>
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- Figure 4.3 The StrL.acture of Na_875K_]25V03






IABLE 4.6

Rond distances and bond angles in NagalsK.IZS 3

with standard deviations in parentheses

-]
Bond - Distance (A)
miTo01(2)  2.393(3)
01(1)  2.392(4)
.02 2.328(4)
M1-0> 2.371
M2’ F-01 ?.476(5)

-02 2.573(3)
-03(5) 2.667(5)

‘Na -
.75(3) Na + .25 K

2%

X

2X

C2x

2X
2%

Bonds _
01(2)-M1-01(4)
-01(1)
-01(3)
-02(5)
)

~02(7

01(1)-M1-01(3)
-02(5)
-02(7)

02(5)-M1-02(7)

01(1)-M2-01(3)
-02(6)
-02(8)
-03(5)
-03(7)

» 02(6)-M2-03(5)

-03(7)
. -02(8)

03(5)-M2-03(7)

03(4)-03(1)-03(4)

01(1)-V-02
-03(1)
-03(4)

02-V-03(1)
-03(4)

03(1)-V-03(4)

VO

Angle (deg.).
176.0(2)
89.
93,
86.

90.

82,
173.
9.

9.

78.
82.
83.
140.
114,

134.
63.
161.

80.
171.

109.
110.
111,

110.
105,

109.

7(1)

00
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Starting with liVO3, the most obvious effect of substitution by

a targe vation in the M? site is an increase in the size of the site,

This is s<hown by a progressive increase in the average M2-0 distance

o

o
from 2.784 A in LiVO3 to 2.780 A in Na 0 Although the avergge

0.5%0.5
M1-0 distance increases from 2,153 A in LiVD

3

(o]
to 2.364 A'in Ma V0 the

3 3’
introduction of a larger cation k" results in only a slight increase
in “M1-0> since K' is found to preferentially occupy the larger M2
site. Presumably the Ml site expands slightly to accomodate the
expansion of kheyMZ site. This expansion of the M2 site can be shown
to be accomplished by two simultaneous movements of the rather rigid
tetrahedral chains characteristic of the pyroxene structures. These
involve the rotation of the tetrahedra to adopt a diffcreng,chain,con-

s

figuration and the decrease in the so-called back-to-bagk chain dis-

placement in the ¢ direction.

C

Thompson {1970) showed that the tetrahégfal chains in pyroxenes

can adopt two distinct orientations with réspect to the octahedral chains,

Beginning with a straight, or extended efiain, with ¢03-03-03 = 180°, the

tetrahedra are rotated about axes negimal to the layers and passing
through the oxygens 1inking the,tétrahedra to the octahedra. If the
tetrahedron rotates so that the trianqular face normal to the rotation
axis‘is oriented similarly to the nearest parallel faces of the three
octahedra to which the tetrahedron is jeined by the oxygen on the
rotation axis, the chain is termed S rotated (Figure 4.4). éotation
in the opposite sense results in an 0 rotated chain. Rotation of each

tetrahedron by 30° in the S sense results in hexagonal close packing of

foXygens (ABAB), and rotation by 30° in the 0 sense results in cubic close

4

el



Figure 4.4 S, 0 and E Rotated Pyroxene Chains
a) an 0 rotated chain
b) an S rotated chain

¢) an extended or E chain

After Hawthorne and Calvo (1977).
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packing of oxygens (ABCABC) (Papike, Prewitt, sLuno and Cameron, 1973).

A romp]eie]y tinked or rotated chain of ;ither type: has a ch&in angle

of 120° and the ratio of the tetrahedral to the oc tahedral edge is 1:1.
Papike et al. (1973) have pointed out that the extended, or E chain
represents a tnird Qgssible oricntation of tne octahedral and tetrahedral
chains. The E chain has a chain angle of 180° and‘the'rafio of the
tetrahedral edge to the octahedral edge is /3:2 (Figure 4.4).

Hawthorne and Calvo (1977) have pointed out that drthorhombic,'
metavanadate pyroxenes have £ chains, while the previously known monoclinic
metavanadate pyroxenes have kinked chains. '

It 1s - possible  to differentiate quantﬁtdtive]y between S:gnd 0
rotatgd chains by'detcrmtning the orientations of octahedral and‘tetra-\
hedral faces with*resnect"to the ¢ axis. The criterion used is i11d§trated'
by Figure 4.5, The‘ﬁng]e ¢ is gubtendgd by the 01-01(4)" edge of the M
octahedron and a vector para]]e] to the ¢ Q}ig. § is subtended by a vector
parallel to the c axis and, the projectlon of the 01-03(4) edge of the
tetrahedron on the be -plane. 0T(4) and 03(4) are re]ated to 01 and 03 by
tﬁe ¢ glide operation For & cha1ns §-¢ ts 0°, for complete 0 rotation
§-¢ is 30°, and for comp]ete 5 roﬁbtlon §-¢ 1s -30°.  For real structures
6-¢ ranges between 0 and 30° for 0 rotation and between 0 and -30° for'@
.rotatwan It can be seen From Tab]e 4.7 that L1VO3 is the dniy compound

‘}n this ser:es with ap S rotated chawn :This is consistent with the
observatidn by Paplke gl_ (1973) that in the si]icate pyroxenes, an S

_rotat1on tends to decrease the size of the M2 51te while an ) rotat1on

tends to’ increase it.

-\k“ :
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Figure 4. 5 Criteria for Differentiating Between
S and 0' Rotated Pyroxene Chdins

a) angles character1st1c of a complete
’ 0 rotation

b) ang1es character1st1c of. a complete
S rotation

* »

¢) angles characterast1c of an extended
or E chain . N

N

—d
LI
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Figure 4.6 shows the correlation between the size of the M2

site and the cha%n rotation as measured by‘é-c and the deviation of
)103;03-03 from 180°. llowever, as was pointed out by Hawthorne'and
Calvo (1977), an S rotation is not necessary to achicve six-fold co-’
ordination for M2, since.NaO.sKO.SVO3 is the only nember of this series
having an eight-fold coordinated M2 site. The increcase in chain
rotation should result in an increase in the b axis. This is borne
out by the changes in the b axis across the series,

tOhashi and Burnham (1973)'have compared the effects of chemical
substitution and thermal éxpansion on the unit cell parameters of
séveral c]inopycoxenes between ferrosilite (FeSiO3).and hedenbergité
(CaFeSiZOG). While raising the calcium content produces the same over-
all results as increasing the temperature, the detailed effects are
different. If the degree of deformation due to either chemical sub-
stitution or increésed temperature is mucﬁ smaller than the original

°

unit cell parameters, then it can be specified by a second rank tensor

o

(Nye, 1957) which describes the transformation of a sphere in the

unstrained body to an ellipsoid in the strained body., The principal

66

axes of the strain ellipsoid are constrained in systems with orthorhombic

A

-

or higher smmneiry. Measurements of the changes in lattice parameters '

will give the principal strain components exactly. In monoclinic systems

one of ihe principal axes of the strain ellipsoid must be parallel to b.

* The other two axes, however, are not'necessarily parallel to the other.
. \ _

two crystallographic axes. Thus measurements of changes in lattice

parameters are not sufficient to describe the change in the lattice.

o



Figure 4.6 Correlation Between Chain Rotation, as Expressed

as 180° - £03-03-03 and é6-¢, and <M2-0>

- .



20 -

10

Angle (°)

67

4

§-¢

2.2




. ) - 68
‘The method of Ohashi and Burnham (1973) has been used to ca]culété the ,
’principal coﬁponents of the strain tensors for NaV2/3P]/303, NaOfSKO.SVOB’
and Na,gisK,]25V03’ using NaVO3Tas the unstrained material. Fn view of
the slight but significant disckepancy in the lattice parameters reported
by different authors, crystais f NaV03,werg grown and~the lattice para-
meters were measured and used in the calculations. The results are shown
in Table 4.8. In ecach case the greatest lattice expansion lies along b.
Z_‘Ihis expansion i1s aécompﬁnied‘by a contraction of the a axis relative éo’
NaVO3 in all ‘three structures. The a!agis decrecases from 10.538.3 in
*'NaVO3 to 10.421 K in NaV2/3P]/303. The decrease upon substitution of
12.5 percent and 50 percent K for Na is of doubtful significance. - The
b axis shows the greatest increase from 9.444 R in NaVO3 to 9.997 K‘in
Na0_5KO.5VQ3 while ¢ shows-a small but dgfini;e decrease from 5.865 R
to 5.804 A. -
Although the size of the cation sites must increase when a,
larger cation is introduced into the structure, the size of the tetra-
hedron remaihs essentially the same, The <V-0> distance varies between
1717 A in Na oK 1,0, and 1.225 A in LivO

.8757.125" 73

[+
of 1.681 A in Nav2/3P1/303

V in one-third of the tetrahedral sites, a point.which will he dealt with

3 The short <X-0> distanée

undoubtedly reflects the substitution of P.fér

later,. The differential expansiop of the cation sites in the metavamadate
c1inqpy%oxene structure Qould result in’a structural misfit between.the’
tetrahedral and oétahedral Mayers {f chain rotation were the oﬁ1y
mechanism by which the structure é&uld deal with subétitut{on. This -

was realized by Cameron et al. (1973) in their study of the effect of

I3
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TABLE 4.8

Principal Components of the Strain Tensors for

VO, and Na K VO

NaVo 3Py /3030 Nag 5Ky 503 and Na g76K 125V05 :
per 1% substitution (x107)  (deg) .
* Ce *
€3 €9 €3 Q] @2 03
oV, Py 30y 1.7 1.0 80 715 b 1675
Mag Ko V0, 9.0 1.7 6.8 '56.8 b 146.8
Nag oK ,s¥0y 1.0 1.5 9.8 37.5 b 127.5

-
e = —— o A A—— i — - o

* '9] and 04 are ‘measured from the positive ¢ direction to the positive

3

a direction,

Y.

— T
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thermal expansion of some-silicate clinopyroxcnes. A COHCUmiEdnt dis-
placenent of the tetrahedral chains is necessary to accomﬁdate this
differential expansion. This mechanism is the so-called "back-to-back”

- displtacement described by Hawthornme and Grundy (1977). It is the
relative displacement in the ¢ direction of the chains'in _adjacent layers.
This i;ﬁugdsurod by the separation.of the mid-points of the 03-03 tetra-
hedral edges'projected onto the bc plane. There is a definite trend in

this displacement, which decreases from 1.927 A in LiV0, to 0.625 A in

3

Na0.5K0.5V03 (Table 4.7).

Since the two chains in quest{on are related by a two-fold
rotation in the C2/c structure, a decrease in the chain displacement
should be accompanied by a reduction in the g8 angle. This waslfound
to be true (Table 4.7).‘ The relationship Petween g and <M2-0> is plotted
in Figure 4.7. A similar correélation in the silicate pyroxenes has been °
pointed out by Papike et al. (1973).

‘ The principal result of P substitution is a decrease in the

average X-0 bond distance, from 1.723 A in-NaV0, to 1.681 A in NaV2/3P]/303.

and a decrease m <M2-0> and <M1-0>. <Nal-0> is 2.364 A in Nav0,, and

d © ]
2. 349 A in NaV <Na2-0> is 2.513 A in Na¥0, and 2.507 A in

2/3 1/3 3 3
2/3 1/3 3. Thé displacement of the back—tofback tetrahedral chains

-] ’ [~}
drops from 1.435 A in NaVO3 to 1.324 A in NaV This trend in

2/37173%-
tetrahedral chain displacement’ accompanies a trend towards eight-fold M2

coordination. The shortest non-bonding M2-0 distance F(M2-03(6)),.drop$

- from  3.239 A in Nav0, to 3.183 A in NaV , although 03(6) 1§

3 2/3 1/3 3
st111 too far from Na2 to be included in the coordinatIon po]yhedron.

The tetrahedral chain becomes more, kinked, as is shown by the trend in

the values of §-¢ and L03-03-03, R
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The facf that decreasing the average size of the tetrahedral
site produces effects similar to those resulting from 1ncreasin§ the
average size of the M2 site suggests that there may be some correlation

between the ratio <X-0> and some of the observed properties of the

, ’ < Mm>
pyroxenes. There would seem to be a definite correlation between
:Mgfgz and g, (Table 4.7) 03-03-03, and the tetrahedral chain dis-

placement, Figure 4.8 shows a p1ot of 8 versus :M%E%i' B, ¢03-03-03,

and the tetrahedral chain displacement all decrease as:ﬁ%f%: decreases.
This correlation would explain why B decreases going from NaVO3 to
NaV2/3P]/3O3 despite the normal trend of increasing g with decreasin§
<M2-0> .

Tﬁe mechanisms for the expansion of the M2 sfte discussed
previously predict an E chain configuration for somé intermediate
phase on the L1'V03—NaVO3 Join. Such a phase~wou1d represent the
transition from an S rotated chain in LiVO3 to an 0 rotated chain in
NaVO3. "The Na 1s expected to occupy preferentially the M2 site in
such a mixed phase, and the b axis should be shorter than that found

in either of the phases having kinked chains. This hypothetical phase

might well be orthorhombic, és are most of the known alkali metal

L]
»

metavanadates.
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Figdre 4.8 Plot of 8 versus:J<X—O>/<M2-0>
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CHAPTER'S ~ .
CONCLUSTONS AND PROPOSED WORK
5.1. Conclusions N '
< §ubstantia1‘5ubstitution between pentava}ent V and P in tetra-

hedral sites has been found both in chain and ring structures.

A stable phase with a V:P ratio of 1:3 was found on the
Zn3(V04)2$Zn3(PO4)2 join. The structure is related to that of_a—2n3(PO4)2,
but différs from it by the absence of édge—sh?ring between cation Eptrahgdra.
This may account -for the ‘choice of the present structure over that of

SNe
Q‘Zn3(PO4)2.

Substitution of P for up to one-third of the V in NaV04 has been

'

observed. The mixed phase has a modified diopside structure and is very. -

-~

4
simitar to that of NaV0;. Mo evidence has been found for Towering of thé

space group symmetry or for ordering of V/P. -Y

Substitution of K" for Na© in the NaVO3 structure has also been
studied. A distinctive phase with a Na:K ratio of 1:1 has been found on
the NaVO3-K\{03 join. It has the true diopside structure, N§+ and K+ are

ordered in the M] and M2 sites respectively, and the M2 site is irregularly g

\

eight-fold coordinated. AN

The distinctive phase Na3K(VO3)4 reported by Perraud (1974} was

not found.‘ Instead a solid solution having the composition Nq8753125V03

i

was found.. This structure resembles that of Navo,, and K* occupies M2

-

sites only. N

74
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Similar structural changes produced by substitution in both the >/’

M and X sites in MXO3 suggested that the ratio <X-0>/<M2-0> was imBortant ///

in the determination of the characteristics of the structures.

5.2. Proposed Work ‘ . - ‘ !
Aﬁileast one other solid solution- phase, Zn3V0'4P].6008, has
been.found ‘on the Zn,(V0,),-Zn3(P0,), Join (Brow:. and Hummel, 1965).

The structure of this phase remains to be determined. It would be most

interesting to determine the composition at which the Zn3 0.5?1.508

structure type go€s over to the a-Zn3(PO4)2 stpucture type. The
. . ’ . N
determ1natjon of the structure of Zn3V0_4P].6008 might g1vg some clug

as to where this transition takes place.

The MX03-system presents more sgope for future work. ‘Structure

determinations on the NaPO3 side of the NaP03—NaV03 join are hindered

by glass formation (Ohashi, 1964) but there is evidence of some crystal
formation at high NaPO3 concentrations. Glazyrin (1975)‘has indicated

that there is compound formation on both the CsV03~LiV03 and the CsV03—KVO3

’

, Joins. If these compounds exjst their approximate formulae are C52/3L1']/3V03
and K2/3Cs]/3V03. Several phase changes were indicated in the CsV03~LiV03

system. &It is not unrealistic to expect that solid solutions may exist in

£

these and other mixed systems. !

The next 'step in the study of the MXO3 system is.tﬂe production of

non-equivalent X-Q chains by substitution in the X and/or the M sites. The

most likely candidate to partially rep'lace'Vfr)+ in the X sites is A55+,

isomorphism between the arsenates and the vanadates being well known.

5+ 5+ 5+

Comparing the ionic radiidf V P, and As™ , it would seem that



yo \ 5
‘ N

5+

substitution between As™ , with an jonic radius of 0.46 A, and V

with an fonic radius of 0.59 R,is much more likely than substitution
botwcen V2 and P*, which has a radius of only 0.35 A.

Jhere are many ?ossib1e combinations of M cations which may
give rise to solid solution phaées. It may be possible to duplicate
the structure of ferropigeonite ((Ca,Mg,Fé)Si03) by prepanng a mixed
phase cdntaining Na® and L1+. .

Ferropigeonite is a clinopyroxene with spacé gro;p P2]/c and
'_two'types of crystallographically distinct chains (Morimopp et al.,

2+ 2+

1960). The M catfons are Ca™ , Fe2+, and Mg The ratio of the ionic

radii of these cations is 1.5:1.2:1.0. A phase containing Na* and Li"
would have a ratio of 1.4:1.0:1.0. There is some possibility that the

relative sizes of the M and X cation sites also influence the choice

2+:Siﬂ'+ radius ratios are 2.24 for Ca2+, 1.81

3 ratios in the hypothetical '

of structure type., The M

2+ 2+

for Fe?*, and 1.55 for MgZ*. The M*:v
Na/Li phase wpuld be 1.66 forVNa+ and 1.15 for Li*. If this large
difference in the M:X ratios makes it fmpossib1e.to duplicate the
ferropigeonite structuie using V5+h substitutfon of P5+ for some V5+
may lead to a successful synthesis. v

Such a stries of s&ntheses and strucfure determinations should
present an excellent opportunity for determining which factors are

most important in determining the choice of 'structure type.

>
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c) Nao.bKO.SVO3 Structure Factors
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