Chapter 5

DETERMINATION OF THE STRUCTURE

The tungsten vanadium oxide is composed of tungsten, vanadium
and oxygen which étomic numbers are 74, 23 and 8 respectiveiy. Since
~ the atomic nunber of tungstenm is much larget than those of vanadiuﬁ
and oxygen, the sF;ucturé of tungsten vanadium oxide can 5e‘determined

by heavy atom method.

Numefical compugations were méde én IBM 3031-008 systemr(OSIVSI)
using standard crystallographic program.(32) All programs weré written
in FORTRAN IV. The details of the programs used are listed in Table 5.1
Computations with these programs were carried out at the Computer

Service Centre, Chulalongkorn University.

Table'5.1 Programs used din performing the crystallegraphic calculations

on IBM 3031-008 system (0S/VSI)

Prograﬁ Calculation ' Authors

ABSW - .lorentz;polarization and absorption i J-0 LUNDGREN
correctionsion, X-ray data collected in a
two-circle (WEissenberg) geometry c;ystals

" can be of shperical,cylinérical or general
shape.

UPALS Calculation of structure factors and Idem.

full-matrix least-square refinements.
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Table 5.1 (continued)

Program Calculation ' Authors

FORDUP | Fourier syntheses maps can be calculated in Idem.
planes parallel to unit cell axes or in
p}anes defined by three non-colineaf points,
arbitrarily cﬁosen in the unit cell. Fo’Fc?
difference maps : reflexiqn input is from
aﬁ ﬁPALS output file. Pattersom maps :
reflection input is from a standard file or
an UPALS output file.

DISTAN Calculation off distances and angles with Idem.
E.S.D.'s. An-input file for this program

may be writtenin UPALS.

Intensity Pata Reduction

Froﬁ Weissenberg intensity data of 238 reflections of hol, hol
and 231 reflections of h21, h21l, lorentz and polarization correctién
as well as abso£étion correction using the Gaussian grid method
aﬁplied to obtain the square of observed:structﬁre factor amplitudes
b& using tﬁe ABSW program. Theglinear absorption coefficient of
W3V5050 for MoK,- (radiation is 287 cw | which wa& derived from the

Eq. 5.1 as follows :

s
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where LY is the linear absorption, (/p) is defined as the mass
absorption coefficient for the wavelength usced and taken from the

P

International Table, Vol.111, P. 162 and 755 is number of percent of

an element of a_compound. The transmission factors varied between

0.2576 and 0.3696

All of the 469 reflections were used for the calculation of

Patterson function, Fo synth951s and least square refxnements.

Determination of Heavy Atom Positions by Using Patterson Functiom

It is shown frém experimental data (chapter 4) that w3v5020
crystallizes in monoclinig sysEem. A anit cell consists of six atoms
of tungsteh; ten vanadium/atems and forty oxygen atoms. The space

group of W3 5 20 crystals may be one of three space grbﬁps (€2,Cm,C2/m).

B§ considering unit celidiparameters obtained from oscillation,
Weissenberg and precession photographs, it is found that these wvalues
' (3) -
are close to the unit, cell parameters of WV207 by Mondet > et al.

b
and of W3V5 20 by Kihlborg(')' et al. (Table 5.2)

Table 5.2 Comparing unit cell parameters from this work with the values

by Mondet et al. and the values by Kihlboxrg et al.

unit cell By "Mondet By pKiblber g, iy 0.0 s B rk
‘parameters et al. et al.

" la@ky 24.4 24.413 (3) 264,412 (2)
b R o T.44 7.446 (2) 7.4479 (8)
c R) 3.95 3.950 (1) 3.9506 (3)

B. (degree) 20 91.03 (2) 91.027 (7)
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In order to find out the most probable space group and the
structure model for this V-W-0O compound, the calculation of structure
factors of these t@g models using UPALS X-ray data from this work
were made. These yielded ap R value of 0.398 for w3V5020 model lower
than that of 0.447 for WV207 model. Since the space group.of WV207
is Cé and the space group of W3V5020 is C2/m, C2 should not be the
space group of the modellin this work. /Only two space groups, GC2/m

and Cm, therefore, would be used for W3V5020'in determining heavy

atomic positioms.

1

.The atomic positions ot W3V5020 were determined ffom the
Patterson synthesis; It is/seen from the interatomic vectors derived
from gengral positioné of C2/m and Cm as showﬁ in Table 5.3 and Table 5.4
that the ngker-planes (dow) and (u % w) occured enly in space group
C2/m whereas the Harker limes (ovo) and (% vo) appears both in space
groups C2/m and Cm. So it is mot poséible to find the coordinates

x and z from the Patterson sections with the space‘group Cm,

. The Patterson Zection P (uow), (u % W) and (uvb) were evaiuated
by the FORDUP prbgram using all of 469 reflections. The calculationé
were performed at séctions wow, u 0.5 wyg with the fractional grid
intervals of 0.02 along 'u" and "w" andcat the sectionluvo with the

wn

. fractional grid intervals of 0.02falong "y'" and "v''. These maps are

shown in Fig. 5.1

According to the program, the height of the origin peak is

. nofmélized to 999, the expected peak height for the various Patterson
maxima can be approximately determined. The Patterson's peak height'
maxima for a pair of atoms proportional to the products of the atomic

numbers of the atoms they join. The approximated peak height maxima



Table 5.3 Interatomic vectors denved from a general equivalent position 8j in the space group C2/m

X,¥,2 X,=%2 -X,¥,~Z | =Xy -y~Z Lax, by, 2 %+x,%—y,? L-x,ty,-2 L-x,l5-v,~2

—
X, ¥, 2 0,0,0 0,-2y,0 -2%,0,-2z “2%,-2y,-22 L k%,0 L, %~2y,0 afzx,%,-zz L-2x,k-2v,-2z
X,-Y,2 0,2y,0 0,0,0 —2#,2y;-22 -2%x,0,-22 ,%+2y,0 k. 5%,0 L-2x,%+2y,-22 | %-2x,%,~22 |
~X,V,~2 2x,0,2z 2x,-2y,22. 0,0,0 O,—Zy,Q L42x,%,2z L42x,%-2y,2z | %,%,0 Ly t=-2v,0
-X,-Y,-2 ?x,Zy,Zz 2x% b 2z 02y 0 9,0,0 %+2x,%+2y,22 La2x,%,22 L,5+2y,0 1,%,0 -
lebx, by, 2 |-Y,-%,0 ~1,-15,0 Cim2x,-lg, 02 Ao, YDy, 22z | 0,0,0 0, -2y, 0 -2x,0,-2z -2x,-2v,-2z ]
Ltx,-v,z |-%,-%+2y,0 -k,-%,0 -%er;-%,—2z ~l-2x,-%,<22 032y,0 0,0,0 -2x,-2y,-22 ~2x,0,-22
-, Yty , -2 | ~45+2x,~15,22 -!§+2x,-2y,22:' -%.-%,0 ~bg,=3-2y,0 2x,0;2z 2x,2y,22 6,0,0 0,-2y O
bex, Y-y, 2 |-lok2x,bst2y,22 ~L42x,~let2y, 22 | =l N2y, 0 =lgimds20 2%, 2y, 22 2% 0 22 0,-2v,0 0,0,0 ﬁ

T
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Table 5.4 Interatomic vectors derived from a gencral equivalent positions

4b in the space group Cm

X,¥,2 X,-y,z |tx,Mty,z | x5y, 2
Xy ¥y 2 0,0,0 0,2y,0 |%,%,0 5,%-2y,0
X,-Y,2 0,2y,0 040,10 L L+2y,0 |%,%,0
Lix, bty ,z | ~k,-%5,0 -1,-%,0 |.0,0,0 1 0,-2y,0
Lebx, by, 2 | ~ls,=8¥0y40 {=%,-15,0 | 0,2y,0 5.} 0,0,0

in ﬁhe Patterson map betwgen tuwo atoms are listed in Table 5.5

. Table 5.5 The approximated peak height maxima in Patterson map of

- W4V50,,

The approximated

Bpe—to-ataus. height maxima

origin peak 999
Wy 134

W~V 42
V2V 13
W-0 © | 15

v-0 5
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From the Patterson maps, there was only one peak that should
be correspond Lo tungsten-tungsten peak. This was the peak of height
373 on the Harker plane (u,o,w) and the other peak of height 999 on
the Harker line (s vo). These peaks should correspond to tungsten -

tungsten peak. Thus the following assignments could be drawn :

a. Section (u,o0,w),
peak found at 0.14 0 0.16
assigned + 2x, 0, + 2z S0 x.= 0.07, z =.0.08 and x = 0.93,

z = 0.92

b. Section (u,v,0),
peak found at 05 0.5, 0 and
assigned 0, # 2y, 0 and + %, + (s-2y), 0

. hence ¥y =0.25 ox 0.75

The coordinates of atoms obtained from the above aséignments
are 0.07, 0.25, 0.08; 0.07, 0.75, 0.08; 0.93, 0.25, 0.92 and 0.93,
0.75, 0.92., The last three coordinates are equivalent positions with
‘the first by symmetry. The coordinates of 8 tungsten atoms W1l obtained
from Patferson maps, therefore shguld be at 0.07, 0.25, 0.08 in 8j
position of space groﬁp CZ/m of assumed( |4 (tungstencatoms at 0.07,

0.25, 0.08 in pésition 4b of space group Cm.

Determination of Othexr Atoms by the Fo Synthesis

'Fourier calculations using the observed structure factor
amplitudes with the calculated phases as the coefficients are called

the Fo synthesis. This can be expressed in the form
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o s2m(hxtky+lz) +
0(xyz) Aoc cos2T(hxtky+lz)

sin2m -
BOC s1n2 7 (hxtky+lz) 5.1

where ~A__(hk1) |F_(hk1)| cos «, (hk1)

B, (hk1) = [Fo(hkl)l sin a_ (hkl)
“cosd _(hk1) = A (hk1)/ IFc(hkl)l
~sina (hkl) = B_(hkl)/ |Fc(hk1)|

=z ,

Ac(hkl? o fn cosZﬂ(hxn+kyn+1zn)-

. - I : Y
‘ Bc(hkl) o fn sinZ“(hxn+kyn+lzn)

Since the W3V5020 crystal has aa center of symmetry, Eq. 5.1
givés Bc'= 0 and . ‘

1z
| Abb cos2T(hxtky+lz) .......0iiiianl. 5.2

p (xyz) =
The sequence of finding fhe positions of other atoms by Fo

synthesis are as follows ¢

1. The structure factors Fc were calculated by prbgram.UPALS
using only the positions of tuﬁgsten atoms Wl obtained from ﬁhe Patterson
maps. The températuké’ fdctor lof 0)33°and| the scale factor of 2.0
obtained from the Wilson's plot were also used in the structure f;ctor

calculation.” The Tirst stfuctuxe FaétoY calculation |yialded the R value

of 0.57 for space group C2/m and 0.34

2, The F0 synthesis was then performed by FORDUP program and
taking the phase from c¢alculated structure factor based only 8 tungsten
atoms Wl for C2/m and 4 tungsten atoms for Cm. The first electron

density map on sections (010) were performed at y=0, 0.25, 0.5 for both
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space groups. The Fo synthesis of these two space groups were prepared
only in one asymmetric unit which was one-fourth of cell volume, i.e.

x = 0-0.5, z = 0-1.0. These maps were shown in Fig. 5.2

The maximum electron density is proportional to the atomic number
of the atom. For W3V5020 the atomic number 74 corresponds to electron
density peak 999, therefore the atomic number 23 and 8 should approximately

correspond to peaks of height 311 and /108 respectively.

By considering the electron density peak'from thélmap it was
found 28 ﬁetal atoms (Table 546) for'spacé groﬁp "Cm" wﬁich are much
more than the number of.metals of W3V5020 (16 atoms) in a unit cell.
-So ihis space group is got/fit for these intensity data. For space
group C2/m_on1y 3 peaks /(Table 5.6) are obtained. Thus space group

C2/m was used for later ¢alculations.

Table 5.6 Coordinates of peaks obtained from P, maps of space group of

.C2/m and C2? were shown.

.calculated

space group | peak height coordinates atoms from
. Fo map
Cm | an 999 0,07 ,0+2540.08 L
999 0.32,0.50,0.08 2
999 0.07,0.75,0.08 4
246 0 /47,0700 Jo 24 2
246 0.22,0.25,0.24 4
246 0.42,0,25,0.92 4
246 - 0.47,0.50,0.24 2
246 0.17,0.50,0.92 2
246 0.22,0.75,0,24 4
c2/m 999 0.07,0.25,0.08 8
999 0.18,0.00,0.92 4
999 0.18,0.50,0.92 4
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From the F0 map better coordinates of atoms were obtained. The

shifted atomic positions were determined by the Booth's method.

Pable 5.7 8¢ as a function of x coordinate in the Booth's method

bp 0 P p

From Table 4.6 the highest peak obtained from the electron
density map is at the podnt x=1l. Ap'is the differenée between electron
density of each point amd that of the lowest point, i.e. at x=0. The

electron density is assumed to be given by the equation.

R, = ax2+bx

L I B A L U R B RN RS B B 5c3

Substituting the value of X% corresponding to 2y and Py from table 5.7
Eq. 5.3 gives

P_-2p

The position of the maximum electron density is obtained by differentiating

Eq. 5.3 and equating, the result to ‘zero

x = 22
m 2a
) 02-491
292-401

*
Paffy) - 8 -
(2p2/01) - 4
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where X is the distance to be shifted from x=0. The y and z coordinates

are also calculated by the same procedure as the x coordinate.

The coordinates of atoms obtained from the first electron

density map are listed in Table 5.8

Table.5.8 The coordinate of atoms obtained from the first electren

density map and refined by Booth's method.

peak height [ atomic coordinate | position in C2/m

999 §.071,0.,25,0.078 . 8j

999 0.479,0.50,0.922 44

999 "10.179,0.00,0.,922 4i

3. All of the three 999 peaks were first assigned as positions
of "W". The calculations then were performed as in stepZ. The second
Fo map obtained show that no peaks corresﬁondedrto ny positions. By '
considering the number of atoms in a unit cell of "6/ W.,10 V and 20
oxygen atoms, the assignments of the three peaks were 8 wl in 8j
positi;n (.071, .25, .078)5~4 V2 in 419179, 0, .922) and 4 W2 in 41
(.179, .5, .922); The .stricture.factof calculation obtained from these
assignments gave the R value of 0.311. Howéver the number of "W"
-positions ip this'assignment was‘more than that expected in,W3V5020
and that of "V" positions was lower than that expected in WjVSOZO. Thus

the position (.071, .25, .078) must be occupied by both W and V and the

occupancy factors of "W" and of "V" should be 0.25 and 0.75 respectively.

4. The same procedure was repeated as 'step2" to obtain the

third F maps (Fig, 5.4) using (w]vl) in 83 (0.7, 0.25, 0.078) with
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occupancy factor of 0.25 and 0.75 for wl and Vl respectively, w2 in
41 (.179, .5, .922), v, in 41 (0.179, 0.5, 0.922). These gave the
positions (8 coordinates) of 8 independent oxygen atoms. The better

atomic coordinates were made by Booth's method -as tabulated in Table 5.9

Table 5.9 Coordinates of ail atoms of W3V5020 in an asymmétric uﬁit.

P“?;?-: inl tom |peak height | atomic coordinate
8j W, W) 999 6.071 ,0.25 ,0.078
b W, 999 0.179 ,0.50 ,0.922

b Vo 471593 0.179 ,0.00 ,0.922
Lg | off 3R o.qo ,0.25 ,0.00
b :';.02_ , 52 9.0895,0.00 ,0.00
8j | o, 52 0,161 ,0.25 ,0.00
Li o, 54 0.0895,0.50 ,0.00
4 o, 33 | 0.250 ,0.50 ,0,00
8i | 0 87 0.073 ,0.25 ,0.507

W o, —87—{ 04172 30.50 ,0.493
b | 0, 87 0.177 ,0.00 ,0.493

Least Squares Refinement

The structufe was<finally refined.by the full matrix,least
squares method using the UPALS proéram'with Cruickshank(gs) ‘'weight
scheme. The individual isotropic teﬁperature factors were assigned |
as 0;35 obtained from Wilson's plot for every atoms,  The refinemenf

of structure in this work was the refimement of atomic positions and

isotropic temperature factors. The 469 observed unique reflections
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were used to refine atomic positions and isotropic temperature factors.
The scale factors, k1'k2 for hol and h2l respectively were refined in

- every refinement.

The refinements of atomic positions were separated into 4 steps

as follows.

At first only coordinates of Wl and Vl_were simuitaneously

refined by resetting V. and the other atomie positions were fixed. Three -

1
cycles of refinement led to the value of R=0.136 Second step, thg
coordinates of Wz, Wl and V1 were simultaneously'réfined by fixing the
other atomic positions. Jhree eycles of refinement were made. This

led to the better k value/of /0,114, Third step only the coordinates

of V2 was refined by fixing other atomic positions. Three cycles of
refinement ied to the value of R=0,113. The forth step, coordinates

of B oxygen atoms were refined. Firstly .only the coordinates qf an
oxygen atom V03 in 8j position was refined and three c?cles of refinément
were made. Then theiatomic coordinates of 03 and 06 both atoms in 8j

" position were simultaneouslylrefined and again with thrée cycles. The
coordinates of indepeﬁdent oxygen atoms simultaneously refined were

added one at each refinemenit until alliéoordinates of eight independent
atoms were siﬁultaneousiy refined'excéptrol, Because (the poéifioniof

01 is 0., 0.255, 0. and ¥y coordinate can.not be refined due to limited
‘data. Again three cycles of refinément werel made.. The final R Qalue

was 0.113.

The isotropic temperature factor of each individual atoms was
refined in later stage by fixing all of atomic positions and the isotropic
temperature factors of other atoms. Three cycles for each refinement

was made. The refinement of isotropic temperature factors was also
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separated in 4 steps.

Isotropic temperature factor of Wl was refined first by resetting
isotropic temperature'factor of Vl' The second step was refinement of

W The third was of V2 and finally refinement of overall isotropic

2.
temperature factors of all eight oxygen atoms were made simultaneously.

The R values of 4 step were 0.112, 0.114, 0.113 and 0.112 respectively.

The final parameters are listed/ in Table 5.10. The obsefved:

and calculated structure factors are listed~in Table 5.11.

Table 5.10 The final atomic goordinates, thermal parameters and their .

standard deviatdons in the last digits given within parentheses.

Atom |- X Y 2o sk’
W, (V) | 0.0744 (@) J0i25 [ 0.0867 (17) |0.472 (44)
W, 0.1793 (1) |0:50 | 0.9285 (8) |0.278 (4)
v, 1o.1755 @y lo. | 0.9229. (24) {0.260 (3)
o, [o.0. 0.250 | 0.0 0.320 (4)
0, - |0.087271 0.0 |0.01451 107320 (4)
0, 0.1590 (12)]0.25 0;0189'(48) 0.320 (4)
o, - (02929 (xbo. 501 000262 (15031 0320 (4)
o, 0.2508 (13){0.50 | 0.9616 (76) |0.320 (4)
06 0.0776 £9)<0:25 05079 (58) 0:320 (%)
0, ¢ 0.1767 (17)]0.50 "|0.4712 (111){0.320"(4)
og No.is1312 oo |0.5175 (106)[0.320 (&)




Table 5.11 The observed and calculated structure factors

of 469 reflections
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443 .91
451 .09
198.66
365.48

49.86

236 .40
99.0L
152. 70

- 153 .59

67 .84
119,67
89.47
40.72
34,33
403,88
LELTT
64, 13
245052
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95,84

" 43 .21

31.82
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260387
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43,11
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66%79
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236499
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35.13
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535 .48
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218.19
366.22
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153404

159 a4
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Table 5.11 (continued)
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Table 5.11 (continuéd)
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Table 5.11 (continued)
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Table 5.11 {(continued)’
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-52 0 5 12.52 Thel2 .
-52 0 b 29 .31 28.82
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Table 5.11 (continued)
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Table 5.11 (continued)
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Table 5.11 (continued)
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OO NS RN, SR~V NP LW~ O D

YQE
112.05
B87.60
350.53
285.45
63.066
57.12

174.85
187 434

197421

111,08

Stz
95‘86
194 .50
238.83
283.42
227.42
183.97
56.26
93 .29

87499

282.62
288. 24

‘18 L .59

120.60
59.04

108, 147

16571

1300895
101 .20

11929
14067

180 .37
212.50

136 .96
85,56
50.98

‘181.08

249,36
235,52

‘179.16

b4 +18
97.91
118.14

109.09-

152.24

109+ 03
97 .46

176.56
152.56
138.88

62.82

513.50
58.89 °

LLz.57
184.56

YC
113.73
83.34
375.07
313.71
51.23
43.38
180.5%
168.75
173.41
92.70

50,07

L19.11
227+54

- 319,42

280057
221 .82
109 .14
52.72
81.52
8B9.37
320,81
323.04
175.40
80 .25

% 162.39
" 106.10

150.t¢2
113.31
B84.9%

Lla.69

138.17
165. 65
195.5¢4
125,97
79.40
38.58
217.30

259,10

219.61
150.87
46,408
91.37
LO2.9%
96.52
161.15
105 #59

191,33

152.00

116.06
48..22
455 .05
59,74
119.54
158.07

144



Table 5.11 (continued)

H K L YOE YC
-38 2 4 163.00 133.22
-38 2 5 106.62 88 .95
=38 2 8 88.69 13.70
—-42 2 1 163.48 159.93
-42 2 2 L34.56 140 .61
-42 2 3 69.88 56. 12
-42 2 5 84,87 78.63

2 6 ‘ 96 .45
2
2
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