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1. INTRODUCTTION

1.1  TRANSITION METAL B~KETOENOLATES

B-diketones, which exhibit keto-enol tautomerism
[fig. (i) ] react with metal cations to formysix-membéred :
chelate rings in which the metal replaces the enolic

hydrogen. [fig. (ii)l]. . o
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fig. (ii)

Divalent transition metal ions react with two
enolate ions, each enolate .ion carrying a single negative
charge, to yield neutral molecules ML, (LH = B—dikéténe).

In these complexés, the metal ion has a coordination

number of four. (The quasi-aromatic character of these
rings is indicated by the dotted curve.) [fig. (iii)].
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The three-dimensional arrangement of -the oxygen atoms about
the metal ion may be square planar or tetrahédral; It is
noteworthy that,iin both cases, either cis-or Zrans-isomers
may result.

With relatively large metal io6ns,.the neutrak:
molequ.es-ML2 may: behave as Lewis acids, forming adducts with
bases -such as”ammonia,_pyridine, water or:additional~enolate
ions, -

.Many-of~these compounds form crystals whose molecular

structures-may be investigated by X-ray diffraction technigques.

1.2 TRANSITION.METAL._ACETYL .ACETONATES

The B-diketone which has been studied most extensively

is acetylacetone. (ACAH), in which R = R' = CH, [fig.(i)]..

3

The crystal structures of -several metal acetylacetonates
have been. investigated.

X-ray single-crystal analysis has shown'!, for example,
that bisacetylacetonatozinc(II) is trimeric in the solid state.

The,crystél structure and molecular configuration of
trisacetylacetonatomanganese (III), [fig.(iv)], have.been
determined by X-ray diffraction_techniqueéz.- Originally it was
predicted (Dunitz & Orgel, 1957) that this Mn(III) complex,
susceptible to é&Jahn—Teller mechanism, mighf‘distort its
immediate octahedral configuration to- four shorter and two
longer (or two shorter. and four longer) metal-ligand bond:

lengths.

'M.J. Bennett, F.A. Cotton, R. Eiss and R.C:. Elder,
Natune, 213 (1967) 174.

’B. Morosin and J.R. Brathovde. Acta. Cayst. (1964) 17,
705. | “”



fig. -(iv)

The X—ray énalyéis of this structﬁpe did reveal an
linteresting distortion'from octahedral symmetry, butvthe
conciusiénéféached was-that-tﬁis‘distortion'may ndt.be_the
.reSﬁlf,of'é‘Jahn-Teller méchanism,

The distorted octahedral coordinaﬁion‘found-abOut
Ithe.Mn,atom appears to gxplain the compound's infrared
absorption spectrum irrespectivé of whethef-a Jahn—?eller
mechaniémvis operative. or not. This is a typical example of
how:X-ray diffraction methods:may be ﬁsed to. support or
disprove pérticular structural features which may have been
deduced ffom indirect evideﬁce;such as- that dbtainéa.from
_infraréd‘spéétroséopy; | |

A three-dimensional X-ray diffraction analysis of
cfystalline‘vanadylbisacetylacetonate has shown?® that there
are two VO(ACA)2 molecules in the crystal unit cell,‘these.
two molecules being related by‘a‘centre,of inversion. The

structure of this compound is of special interest as the

3Dodge,aTempletonvand“Zalkin.aJ,Qham.Phyé.-géf(lgﬁl) 55.



compound investigated in the present work is:a derivative

of VO(ACA), .

1.3 THE OXOVANADIUM(IV) ION OR.VANADYL.ION; vO''

The species Monfuand M02n+, mononuclear oxycations,
occur mainly . among the lighter transition elements.

The uranyl ion U02+ or dioxouranium(VI) ion is the
most extensively studied and best characterised of these ionsq-s.
The next best characterised oxycation is the onvanadium(IV)ion
or vanadyl ion®/7, in which vanadium has an oxidation number
of four and is bound to an oxygen atom by a mﬁltiple covalent
bond. |

The cation VOT*-+ may complex>wit? a f-diketone (LH),
to produce a neutral,complex_[VOsz.

Thus, .in addition- to the normal V;Q bonds found in.
such a complex, there is the multiple bond between vanadium-
and oxygen. This bond is-an additional feature, the study-
of which may lead to information regarding bonding and structure
in these . compleXxes.

That  the VO++ species exists in_solid complexes,
has been clearly demonstrated by X—ray»diffraction studies - of
the solid compounds VOSO4=5H208, vanadylbisacetylacetonate?, .
vanadylbisbenzoylacetonate® and the 2:1 vanadylacetylacetonate

: 1,4-dioxan complex'?’. The  vanadium tofoxygen bond distance

in the vanadyl ion has therefore been determined in these cases..

*McGlynn, Smith and Neely., J.Chem.Phys. 35 (1961) 105.
*R.L. Belford and G. Belford., J.Phys.Chem. 34 (1961) ‘1330.
®J.M. Haigh Ph.D. Thesis. University of Cape Town (1970).

’J.Selbin and L.H. Holmes Jr. J.Inorg.Nucl.Chem. 24 (1962),
1111. o —“

°C. Lundgren, Rec.Trav.Chim. 75.(1956) 585.
*Hon, Belford and Pfluger. J.Chem.Phys. 43 (1965) 1323.
!’Dichmann, Hamer, Nyburg and Reynolds. Chem. Comm. (1970) 1295.



1.3(a) Infrared Spectral Data

It has been reported'' that v M=0, the stretching-
frequencies. of .metal-oxygen double bonds, may generally be
located between 900»ana 1100 cm-l. The following V=0
stretching frequencies were reported:
L1 for VO (ACA) ,, 976 cm~ L

1020 em t in VOsO,, 995 cm
for a complex vanadyloxinatevand'967 cm_l.for a complex vanadyl
malonate: = Vanadium(IV) hydroxide had earlier been formulated
as VO (OH), on the basis of its infrared spectrum!? which shows
a strong band at 955 cm_l} attributed to the V=O stretching
vibration.

Clearly, the value of v V=0 is strbngly dependent on
the species to which the vanadium atom is attached;. This is
expected, since the V=0 bond character and hence v V=0 would
be expected to vary depending on. the electron-withdrawing or
electron-releasing nature of the coordinated species. By
studying the variation in v V=0 in vanadyl complexes, as the
iigands are varied, one might thus deduce impértant.information
regarding- the structures of these'compouﬁds.

The vanadium atom in complexes of vo't may be either
five coordinate (as in-[VO(ACA)z]) or six coordinate. (as in
[VO(ACA)zfpyridine]).

The vanadyl bond; V=0, in vanadyl complexes, is.a
muitiple éovalent bond formed by the donation of pm electrons
of oxygen to drm orbitals of vanadium superimposed upon the V-0
§ebond. . The extent of pm > dm donation Aepends both on the

capacity of oxygen to donate and. vanadium to- accept electrons.

''C.G. Barraclough, J. Lewis and R.S. Nyholm., J. Chem Soc.
(1959) 3552.

12C.Cabannes-0Ott. Compt. xrend; 242 (1956) 2825.




Because the Vanadium atom has a single‘d—elecfron,'
itfisvexpected to,be‘affected considerably;by the'b;esence of
coordinated ligand$i~ Thus, coordinafed ligands which donate-
their electron-pairs will increase the:eleoofoﬁ density in the
metal d-orbitals; pm = dmn donation from.the;oxygen_to vanadium:
will be reduced to an extent which depends on the donor ability
of the ligand. -~ As a consequence, the~bond-order of the V=0
bond will be reduced and henoe;v V=0 will'be:reduced,“ That
this argument is.truevis-oest illustrated by means of: the following
- example. On adduction of a pyridine molecule to [VO(ACA)ZJ'
one would expect a decrease in the V=0 bond order and hence in
v V=0, Comparison of the infrared spectra of [VO(ACA)Z] and
[VO(ACAlzvpyridine] shows that this is true, the values of the
V=0 strétching frequencies being 995 cm_Al and-964’cm—l res-
pectively!?®. A decrease in v V-0 is also-expected. All

bands assigned as v V-0 modes do show a decrease. -

1.3(b) Vanadyl B-Ketoenolates : X—-Ray Analyses

The crystal structure of vanadylbisacetylacetonate,
VO(ACA)Z,-has been elucidated by a three~dimensional X-ray-
diffraction analysis?®. An idealised drawing of a single mole-

cule is shown in fig. (v)..

fig. (v)

C13g. Nakamoto, ‘¥, Morimoto and A.E. Martell. J,Amen.Chem.Sac;
83 (1961) 4533. '



Thevpurposé of the analysis was to establish the
geometry of the bonds about the five-coordinate vanadium(IV)
ion.

Previously, Jonesl“~assumed'a,squarglplanar-arrange—
ment of four oxygen atoms about the vanadium atom,. with the.
fifth V to O bond presumably-perpendicularvto this plane.

An alternative bipyramidal arrangement of the oxygen atoms-
about vanadium was suggested but was indicated as. improbable
from electron spin-resonance spectra'?® of VO(ACA)Z._

The X-ray analysis referred to'ébove-showed that the
structure consists of discrete molecules and that there.afe
two such molecules in the crystal unit cell. The five oxygen
atoms are situated at the -corners of an approximately square.
pyramid; the vanadium atom, however, is near the centre of‘
gravity of this pyramid, rather than at the centre of its base. -
) ~ The bond distance of the vanadyl ion, that is the
V=0 distance, was found to be 1.56 + 0.01 R This bond
length had not been measured previous to this analysis and was
therefore of special interest.

The average value of the other four V-0 .bonds, which
are chemically identical, was found to bexl;97‘£;

More recently, the crystal structure of vanadyl-
bisbenzoylacetonate, [VO(BZA)ZJ, was established by X-ray
diffraction.techniques§.~ (In this complex, R=CH,, R' = CHg-

fig.(i)),, The possible isomers are drawn in fig. (vi).

'*M.M. Jones. J.Amexn.Chem.Soc. 76 5995 (1954).

15 '
R.D. Feltham. Ph.D. dissentation; University of .
California, Berkeley (1957)..
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fig. (vi)

From steric considerations alone, ohe mighf expect
the trans-form to be the preferred arrangement, but in this
analysis, it was found that the two phenyl subétituénts are
eis to- one another. -

‘A molecule of VO(BZA)2 is structuraliY-quite similar:
to one of VO(ACA),, except for tﬂe leﬁgth»of the V=0 bond.
which is 1l.61 £ 0.0l & in the'former compound andil.56ui
YO.Ol R in the latter. |

1.4 VO(ACA), : BASE ADDUCT FORMATION

2

1.4(a). Base Adducts of Vanadylbisacetylacetonate

'Tﬁe qoordination.number“of~the vanadium atom ‘in- a
mdlécule*of'Vd(ACA)z_ié-five,A This‘iS'increa;ed;to'six on
adduction of a.single basic molecule B,.éﬁchfas-water, ammonia
‘or pyridine'™*.

The reaction taking place“may be written:.

VO(ACA), + B - VO(ACA)z%éB'

Garvey and Ragsdale!® examined the solution infrared

spectra of a series of 4~ substituted pyridine N-oxide adducts

16 .
R.G. Garvey and R.O. Ragsdale;, Inoig.Chem.Acta. 2 (1968) 191.



of - vanadylbisacetylacetonate, vanadylbistrifluoroacetyl-
acetonate and vanadylbisbenzoylacetonate.

| They found a linear relationship between v V=0
and o (substituent parameters derived specifically for pyridine-
N—oxidesl7) for the adducts of VO(ACA)2 and_of-VO(BZA)2 which
indicated a decrease in the V=0 bond strength with increasing
electron-donating capacity of the sﬁbstituent.

Increased electron donation by the substituent would
reduce the amount of pm -+ dm donation possible from the vanadyl
oxygen to the vanadium atbm; Consequently, the V=0 bond.
strength would be expected to decrease.

Since the present work deals with-the structure-

of a substituted-pyridine adduct of Vanaaylbisacetylacetonate,

complexes of this type are discussed below.

1.4(b) Substituted-pyridine adducts of Vanadylbisacetylacetonate:

The_Chemical Problem.

Haigh6 considered it to be of interest to observe whether
or not a series of substituted-pyridine adducts.of'VO(ACA)2 would
show similar results to those:obtained from the pyridine-N-oxide
adducts mentioned above. In this study, fourteen Variqusly
substituted pyridine complexes: of VO(ACAfz,were prepared and

574

examined. The relevant infrared absorption bands are drawn

the infrared spectra of these adducts, VO(ACA)Z'R—C~H N, were

up in Table 1. (Page-10.)
It is obvious from the infrared data that these compounds:
can be separated into two groups viz. one group of nine adducts

for which v V=0 is lowered by 42 + 4 cm_l (relative to VO(ACA)Z)
and a second group of five adducts for which v V=0 is lowered by.
29 + 4 em™ ', (W=0 in VO(ACA), = 995 cm %)
17 - 3 '

Nelson, Garvey and Ragsdale, J. Heterocyclic Chem,
4 (1967) 591.
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TABLE 1

VO(ACA)sz—C5H4N-:'infrared-stretching=frequenciesf

R . ox102" vC=0 wW=0  WwW=-0 wV-0 + vC-CH; 80-V-O0  w-0.

g , : —A— \ .
4-CO,C,H,  + 52. 1590 955 591 554 456 436 416 363 333
4-COC,H,  + 46 1580 957 589 554 453 437 414 358 357
4-C H, # 1 1590 955 591 551 460 431 418 348 332
3,5-di-CH, - 14 1597 959 588 550 458 431 410 347 -
4-CH, _ 15 1586 959 589-553 452 434 414 361 338
3-NH, | - 16 1586 959 592 551 459 435 417 349 -
4-t-C, Hy - 20 1595 962 589 550 450 436 416 345 =
4-N(CHy), - 60 1595 953. 589 555 455 434 406 348 336
4-NH, - 66 1572 958 593 551 458 438. 418 349 338
s-on + 63- 1590 974 603 - 466 - - 418 363 -
H O 1586 973 601 - 465 - 422 362 -
4-n-C,H, - 13 1588 971 606 ~- 465 - 423 363 -
|a-cH, - 17 1575 971 605 - 465 - 421 363 -
3,4-di-CH; - 24 1570 965 602 - 462 - 421 363 -

o-values are those of Jaffe.
H.H. Jaffé. Chem, Rev. 53 (1953) 191.

If the electron-density on the nitrogen atom of the.
substituted pyridine were to increase, then the'extent of
pm + dm donation from oxygen to-vanadium would be éxpected
to decrease, resulting in a lowering of the V=0 bond. order

and hence a reduction in V V=0." This reduction was observed
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for the group of five adducts, but in the case of the larger
group of nine adducts, no such effect was observed.

In the larger group of nine adducts, the value of
v V=0 had an almost constant value, independent of the
basicity of the pyridine.

Haigh6 then investigated the far infrared spectré
of these adducts.

The four V-O modes at 611, 488, 426 and 367 cm *
in VO(ACA)2 were lowered to 601, 465, 422 and 362 cm'-l in
VO(ACA)Z-éy. ‘These four V-O sensitive modes all occurred
at approximately the same frequencies in the group of five
substituted-pyridine adducts. In the group of nine substituted-
pyridine adducts, showing the larger reduction in w=0, these
same four bands occurred at approximately 588, 456, 413 and
350 cm_l. This was attributed to a greater decrease in the
stability of these complexes. o

In addition, the bands at 588, 456 and 350 cm * in
this series were split, extra peaks appearing at around 552,
435 and 335 cm L. To quote Haighs: "This would indicate a
reduction in the degree of symmetry of these complexes, which
would also explain the additional weakening of the V=0 and V-0
bonds. It is for this reason that it is suggested that these

compounds exist as c4{4 and frans isomers."

The structures suggested are -shown in fig. (vii).

fig. (vii)
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Haigh concluded that the series of complexes:
diéplaying greatest weakening of. the V=0 and V-0 bonds are
probably cis-isomers and the series of the five more stable
complexes are trans- isomers. A c{4- arrangement has been
verified for the complex-Ni(ACA)zf(py NO)2 and for some.
cobalt (II) complexes of acetylacetone!® and is therefore not
unreasonable. |

9

Da Silva and Wootton'® recorded the spectra of

chloroform solutions of pyridines and VO(ACA)Z'in the

approximate molar ratio of pyridine: VO(ACA)2 = 5:1.
Approximately fixed shifts of v V=0 of 31 * 3 em™ b or
51 =3 cm—l were observed in all cases, the more basic
pyridines giving only the v V=0 of larger shift. The
observation of two shifted bands for some of the substituted
pyridine adducts was interpreted as evidence for the existence:
of an equilibrium between two distinct types. of complex in
solution.. The independence of this equiiibrium of the ligand
concentrations for a particular pyridine furthef suggested
that these_compleXes'afe,isomers.» Thus, it was deduced that
there is an equilibrium between geometrical isomers in chloro-
form solution, these isomers being those shown in fig (vii).

It Qas stated that the fransr coordination of the
pyridine with respect to the V=0 bond (i.e. iﬁ the Lrans -
isomer) would be expected to have a larger effect on vv=0 than
the c¢i{4- coordination (i.e. in the ci4-isomer).

These ~authors did not invesfigaté,the far infrared
spectra and their final conclusion was that the complex in
the trans - formvis that with the lowest v V=0 value; that is,
the oppoéite conclusion to that-reached by Haigh®..

'®W.D.W. Horrocks, D.H. Templeton and A. Zalkin. Inoxrg.Chem.
7 (1968) 1552. .

1%3J.J.R.F. Da Silva and R. Wootton. Chem.Comm, (1969) 421.
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2. OBJECT  OF. RESEARCH-

The aim of the present work was twofold.

In the first instance, structural investigatioh by
X-ray diffraction techniques Of'vanadyl ¢omp1exes~has been
made in a few cases only. It was ‘thought to be of interest
to determine the effect on the geometry of the 'oxygen.
pyramid"referred to above; on the adduction of a substituted-
pyridine to VO(ACA)Z. |

Secondly,-x—ray diffraction being the ultimate means
of structural inveétigation, it was decided to usefthis.method
to establish ﬁhe.étructure of a’substitutedfpyridine:adduct'of

VO (ACA) in order to resolve the contro#ersy regarding cis -

or
trans - isomerism, mentioned above.

Samples of sevefal of these adducts were examined..
It was found that the-4—phenylpyridine adduct,of.vanadylbis-
acetylacetonate yielded crystals suitable fér-X-ray analysis.

For this particular adduct, a cis - configuration

Table 1). -

was predicted by Haigh®. [fig.(viii)l. (R = 4-CH,

fig. (viii)
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While the present work was being undertaken, it
was noted further that there is a possibility of enantiomorphism
invthe c{s- structure. That is, if the adduct were to exist
i;‘the Qié; form, it might assume either of the enantiomorphous
structures [fig. (ix)J in the crystalline state. Alternatively,

the crystal might consist of egual numbers of both enantiomorphs

arranged in a centrosymmetric fashion,

fig. (ix)

There are’thuslthree stereochemically feasiblé
structures for this adduct-viz. a tnané—"structufe and two
enantiomeric c¢{4- structures. _ |

This work was directed towards determiﬁing;fhe

crystal structure of the complex by X~-ray - diffraction methods.



15

3. PREPARATION AND

CHARACTERISATION

O F THE: COMPULE:IX-

3.1  PREPARATION °

Vanadylbisacetylacetonaté~(0.0026_mole) was dissolved
in chloroform (10 ml). It was necessary to heat the solvent
in order to obtain complete aissolution of ‘the -solid.  The.
solid compound, 4-phenylpyridine (0.0026 mole) was dissolved .
in chloroform (10 ml). No heating was necessary. To the
mixture -obtained by:adding the two solutions together, excess.
diethyl ether was added. The reaction vessel was left to
stand for twenty-four hours during which time the level of the
ether in the vessel was kept constant. After this period,
dark-green. crystals were obtained. These crystals adhered to
the ‘sides of thé»vessel; The supernatant liquid was decanted
and the crystals were washed several times with ether until- the
washings were clear. The crystals.were,filteréd~off at the-

pump, washed with ether and air dried.

3.2 CHARACTERISATION..

For the complex_[VO(C5H702)2:°4—C6H5--C5

H4N], composition
analysis gave:the following results.

(Microanalysis was performed by Dr. K.G, Fuhr of this department).

% C 3 H % N
Found : - 60,2 5.4 3.4

Calculated: . 60.0. 5.5 3.3
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The complex appéared to lose the adducted pyridine
on heating; the remaining solid then sublimed.
The infrared spectrum of the adduct is reproduced

in fig. (x).

Fig. (x). Infrared Spectrum of [VO(ACA)2-4—C6H5—C5H4NJ
100% N
|
vw=0
- U
V-0
+\)C-CH3
vC=0 vC=C | ' 0
' ‘ : w=0
+ v(cm-l)
) 1600 1400 1200 1000 800 600 400
O% i 1 1 T - =1 i ‘i




17

4. T HE X - R-AY GENERATORS

A-N D A-C CE.S.SORIES

The generator used 'in this project was a Philips
PW 1120/00/60 generator capable'of supplying an X-ray tube.
up to- 60 kV, 80mA, 3000 watts. The generator was operated
at 40mA and 30 kV and a copper target was used.

Weissenberg photographs were taken using: a non-
integrating Stoe (Heidelberg) goniometer, -

Precession photographs were taken using a-Stoe-
(Heidelberg) - Precession goniometer.

In the collection of intensity,dataL'Kodak fKodirex"
film was used. The fil@.was developed in. Kodak X~ray developer
for 5 minutes atHZOQC,fimmersed for. 5 secondé.in-a stop bath
containing 3%vacetic acid and was fixed for 5 minutes with
agitation in Kodak X-ray fixer. The film was suspended in the.
fixer for a further 10 minutes, washed in running water for

20 minutes. and left to dry.in .air.

5. PRELTIMINARY IN VESTIGAT I.ON

5.1(a) Linear constants-of the unit cell

The compound:crystallised in dark-green plates of
average. dimensions 0.08 x 0.04 x 0,0Ztcm; A single‘crystal
was selected and was mounted along the needle axis.  With the
crystal rotatiﬁg-abqut this axis, a rotation photograph was
taken using Ni—filteredeu Ka radiation. From measurements-
of the layer-line spacings on this photograph, the value of .

the cell constant b was determined using the formulae?°

20
‘C.W. Bunn Chemicat Crydtallography. 2nd E4.,
p. 149 (Oxford University Press 1961.)
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b = =5 7 veeen ceene . - (5.1)

and

tan'¢n,=.r/Yn‘ f.f,’ (5.2) -

where n is the number of the layer line,
A is the wavelength of the X~radiation used (1.5418*25,
r is the camera radius (3.00 cm),
y is the layer-line-spacing
and ¢n is the semi-vertical angle of fhe nth cone of.
diffracted rays.

Analysis of a zero-layer Weissenberg photograph
taken-withAthe crystal rotating about the needle axis allowed
the calculation of a - and c¢.  These parameters were evaluated
in the following way:  The above photograph was taken using-:
unfiltered X-rays. The axial reflections }n the directions of
a* and c* were. identified. For-each axial row, the film
coordinates X and X, of corresponding pairs of reflections on
either side of the centre line of the photograph were recorded.

Owing to K and K, splitting (A, = 1.5418 &, A, = 1.392 &), the

B B

use of unfiltered X-rays made it possible to obtain a larger.
number of individualimeasurementstof the film coordinates than
would have been the case in the absence of filtering.  The
values of the Bragg angle, 6, corresponding to each reflection

were calculated and the. reciprocal lattice constants.a* and c*

were evaluated from the Bragg-eqﬁation-

d*,= 2 sin 91 .;.a., (5f3)'
na

where d*.is the interplanar distance in reciprocal space.
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Upper-layer Weissenberg photographs confirmed that.

the space group was monoclinic with b the unique axis. The

following relations therefore hold:

a

1 .
——— sin B
a* :

6" . > e | (5.4)

V = abc sin B /// (Monoclinic 2nd setting)
In the calculation of d*, the measured 6-values
ranged from 10° to 53°. Through this range, no systematic

trend in the corresponding values of d* was apparent, these

values being distributed randomly about the mean. Hence,

refinement of d* by extrapolation techniques was not applicable.

5.1(b)

71.4°

2

The determination of B8

(i) From reciprocal lattice plots drawn by means
of a Weissenberg template, the average value of 8

was found to be 71 % lo.

(ii) From the_zero—layeereissenberg photograph,
the method of w-separations?! yielded a value,

g = 72° & 1°,

(iii) An accurate value of B was determined by
direct measurement on the a*cf reciprocal lattice
net, the‘latter haVing been photographed with a
single crystal precessing about b.

Five measured values of B yielded an average B of

with a corresponding standard deviation of = 0.2°.

. .
M.J. Buerger X-Ray Caystallography p. 372

(John Wiley 1942).
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The final values of the unit cell parameters were:

a = 24.29 + 0.01 R
b = 8.14 £ 0.02 R
c = 21.66 + 0.01 R

a = 90°, 8= 71.4 £ 0.2°, y = 90°

(The errors are standard deviations).

5.2 SPACE- GROUP- DETERMINATION

Precession photographs were used in conjunction with
zero-. and upper- layer Weissenberg photographs-in the
examination of the h k £ data. for systematically-present
reflections, all of which had been assigned -Miller Indices.

The conditions for-non-extinction-wére'found to be:

h k. & i h+FkR'= 2n '~ C-centred lattice.

h o 2 : K2 n; (h=2n) - (010) glide plane,

component Q/z‘

o k o : k=2n - [010] screw axis,

component b/‘2

Two-péssiblerSPace groups viz. Cc No. 9 (non-
centrosymmetric) and C2/c No. 15 (centrosymmetric) were
indicated by. these conditions??. There are four equivalent
positions in the former space group and eight-in the latter.
The space group C2/c was suggested by the fact that there were-
eight molecules in the unit cell. A three-dimensional
Patterson analysis and the subsequently successful structure-
analysis- determined the space group unambiguously~as,c2[c.

22

Intennational Tables for X -Ray Crystallography 1.
89 and 101. (1959) .
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5.3 THE NUMBER OF. MOLECULES - IN THE UNIT “CELL_

The flotation technique and a modification of this
technique were used to determine the density of the .crystals.

In the first instance, the crystals were suspended
in an aqueous solution of potassium iodide,; in which they:
were insoluble. 'ThisAméthodvyielded a value of p, the.
crystal density, of 1.36 g;cmf3.
| Secondiy, a density-gradient column®??® containing
an equilibrated mixture of carbon tetrachloride (p = 1.604 g.
cm °) and chlorobenzene (p = 1.107 g cmf3) was set up.  The
column was calibrated with-minute drops (c..o.01 ml) of
potassium iodide solutions of measured density. Thevimmersed
crystals settled at a position in the column liquid correspond--
ing to a density of p,= 1.360 £ 0.005 g cm—3.

The number of molecules per unit cell, Z, was
calculated from the formula?"

Vp x 0.6023 x 1024

z = Cerees (5.5)
' M

where V = abc sin 8 is the volume of the monoclinic unit cell,

3

)

M, the gram molar mass. of the compound C21H2305 NV
L

p, the measured density (1.360 * 0.005 g cm

(420 g;molei
From equation (5.5), n = 7.90, indicating that there.

are eight molecules in the unit cell.

For n = 8, the calculated density is 1.37 g cm >.

23
Low -and Richards. J. Amex. Chem. Soc.
74 1660(1952) . |

24 -
C.W. Bunn Chemical Crystallography 2nd Ed.,
p.198 (Oxford University Press 1961).
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6. INTENSTITY DATA COLLECTION

6.1 THE SELECTION OF:-A.CRYSTAL SUITABLE- FOR X-RAY ANALYSIS

All matter absorbs X-rays, of incident inténsity Io"
according: to the equation?®: I = Ioefut T (6.1)
where I is the intensity of .the beam.after it has passed through
a. thickness t of absorber and u is the linear absorption
coefficient. A different absorption coefficient may be defined
by rewriting equation (6.1) in the form

1=13%mt . (6.2)
where y, is defined as the mass absorption coefficient for the
particular wavelength of X-radiation and p is the density of
the absorber.

The linear absorption coefficient u, of.the hypo-.
thetical compound ABC is calculated from the individual mass
absorption coefficients of the elements A, B and C.

Thus: u=pZp"/0) = 0 Ipip

= o {pa("/0)p + pg("/0)g + Pou/ ) et (6.3)
where p is the density of the compound, p is the prdportion of-
each element by weight in the compound and u/p is the mass
absorption coefficient of each element.

For: the complex investigated and using Cu Ka radiation

of wavelength 1.5418 R,,p = 1.360 £ 0.005 g cm—3,
Uy (V) = 233 cngfl'
b (N) = 7.52 em?gt
M, (0) = 11.5 cngfl‘
u, (C) = 4.60 cm?gt
Mo (H) = 0.44 cngfl‘

2% X-nay Crystallography -M.J. Buerger. Chapter 9
(John Wiley 1942).
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Application of the formula (6.3) yields-.a value .of-

_ -1 HoO.) ed- —~C.H N
u = 45.4 cm — for the complex [VO(C5§702)2 4 C6H5.C5H4N] and

an optimum crystal radius for rotation photographs given by
2/4 = 0.44 mm.

| The cross—sections of the»plate-likevcrystals.
prepared were generally parallelograms in which the.length of
one side was approximately twice the. length of the adjacent side.
In order to minimise absorption effects, it was necessary to
select a crystal whose ' cross-section was as near a rhombus as:
possible. Such a crystal was choéenvand its size was
accurately measured. The cross—section.had the dimensions
0.006 x 0.012 cm which resulted in an average radius, R, of
the crystal, equal to 0.009 cm. with the corresponding value-
LR = 0.:40. .

The absorption correction A* for uR = 0.40 for
cylinders varies2?® from 1.95 to 1.81 for. 6 varying from 0° to
90°. Correction of-the measured intensity data for absorption
was not undertaken as the variation in A* was. thought to be
sufficiently small over the range of e—valués.

In the final collection of intensity~data»at,room
temperature, the above: crystal was used.

Attempts at crystal grinding and shaping failed,
since the crystals showed pronounced cleavagé.

Efforts to cut them with a razor-blade also failed

because they were extremely brittle and invariably shattered.

2% International Tables for X-Ray Crystallography

Vol. II. p295. (1959).
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6.2 ATTEMPTS TO OBTAIN- LOW-TEMPERATURE--DATA -

Initially it was decided to analyse the crystal at
low- temperature at which molecular thermal vibrations would
be reduced. It was feared that the thermal vibration,. at.
room-temperature, of the relatively heavy Vanadium atom-

(z = 23) might cause adjacent peaks (due to lightér atoms) in
the Fourier map to be overshadowed by. the Vanadium peak. The
cooling apparatus used?’ consisted of two 10-£. Dewar-flasks
filled with liquid-nitrogen, sealed with rubber~bﬁngs and
connected by means:of copper tubing. A heating coil in one
flask caused the liquid-nitrogen to boil and péssiinto_the
second flask:from which nitrogen-vapour -was emitted through a
spiral (condensing) copper tube.

The nitrogen-vapour was allowed to flow through a
double-walled glass tube at the end of which a thermocouple
was- situated. Thechystal under - analysis was made to
oscillate -in the nitrogen-vapour stream. - Using~thiS~System,
constant temperatures as low as<—1309c-were‘recorded.

Under these conditions, however, much difficulty was'encountered»
in attempts to collect h k £ Weissenberg data by the equi-
inclinainn»techniqge. It was found that. the crystals.
contracted and shattered at low temperatures. This procedure
was therefore abandoned and' it was decided to proceed with

data collection at room-temperature. .

6.3 THE ACCURATE ALIGNMENT OF CRYSTALS FOR X-RAf ANALYSIS

A two-circle optical-goniometer was-used to-align

well-formed crystals. The advantages of the relatively long

?’A. Rodgers. Ph.D. Thesis, (unpublished)
(University of Cape Town)
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needle-axis and the presence of near-perfect external faces
permitted quick and accurate:alignment of these crystals.
In cases where crystals were malformed, the alignment technique

developed by Weisz and Cole?®

was  used. This consisted of
irradiating the stationary, misaliéned crystal with unfiltered
radiation with one goniometer arc parallel to the X—fay beam. -
This was followed by a second irradiation made with the crystal
at 180° frbm its initial orientation.

From the composite zero-layerline photograph obtainea
in this way, both arc errors were deduced. The arcs were
then adjusted by the appropriate angles in the appropriate

directions. Excellent rotation photographs were obtained in

this manner. -

6.4 WEISSENBERG*DATA‘COLLECTION AT ROOM-TEMPERATURE'(ZOOC)

The crystal selected (6.l1) was mounted at the end
of a glass rod and was accurately. aligned as described above.
It was then set with the needle axis, Y, parallel to the
oscillation axis. A non-integrating Weissenberg camera was
used to collect zero- and upper-layer Weissenberg data by the
equi—inclination technique.

The standard multiple;film technique?g'was used in
order to record a maximum range of measurable intensities.

For each Weissenberg layer, two exposures were necessary.
Using four superimposed films, an average forty-hour exposure
provided three usable films. The top film wasldiscarded.since

- the dark background on. this film would have led to- inaccurate.

intensity measurements. - The second exposure of three hours

2%0.Weisz and W.F. Cole. J.Scd. Instr. 25. 213 (1948).

2°G.H. Stout and L.H. Jensen. X-Ray Structure
Detenmination pl60 (MacMillan 1968).
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(average) for each Weissenberg layer provided another four
films from which intensities could be measured.

Thus, for each layer, séven Weissenberg photographs
were available for intensity measurements.:

Data from the- layers hof, hl&, h2&, h3L, h4f and

h5L were recorded.

6.5 MEASUREMENT OF -INTENSITIES

A standard.intenéity-strip was prepared in the
following manner:. spots of the same  average magnitude as the
reflections on the Weissenberg photographs were produced on
film using an X-ray.collimator and Ni-filtered CuKa radiation
in the abseﬁce.of a crystal.

Twénty-four accurately timed exposures were taken,
the times- of these exposures being successively increased?? .
by a factor of 3/—', as this was considered to yield a finer-
comparison scale than éne in which the factor was v/2'.

The actual densities of the spots on the final scale
had the relative values: 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0,
6.5, 8.0, 10.0, 13.0, 16.0, 20.0, 25.0, 32.0, 40.0, 51.0, 64.0,
81;6, 102.0, 128.0, 161.0, 200.0, 256.0, correspondiné as.
cloéeiy as the measuremenf‘of time permitted to a geometrical
progression of common ratic approximately 1.26 and first term
l.0. ' The accuracy involved in the timing'proceaufej(t O.S sec.)
obviously prevented the achievement of a ratio eqﬁal to 3/?{
egactly, so that the'theoreticai times- were rounded offvto the
figures listed above.

‘'The intensities of the Weissenberg reflections were

3G.H. Stout and L.H. Jensen. X-Ray Structure
Determination p.166. (Macmillan 1968).
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'~ then estimated by visual comparison of the reflection with

the .spots on the intensity scale. Any one reflection was
measured on each of the films on which it appeared.  The

film factor between every pair of films was calculated by
'taking,the'averége of all the film factors obtained for
"individual reflections. Most of the individual intensity
values therefore represented an average of 3 or 4 measurements.

Generélly, for each layer, most of the reflections:
whose intensities were estimated were of.the type h&, he, hZ,
“the first and last sets of reflections being equivalent,
from Friedel's Law?} viz. Ihk£-= Ippp seeees (6.4).

Thus, taking into account also the symmetry relations,
it was found that about 3000 measured intensities reauced-to
1595 independent reflections of the type hkf and hkl.

Many of these reflections were, however,. of very
low intensity (e.g. 1.0, 1.5,-2.0, 3.0 on the intensity strip)
and an error in the measurement of such reflectionszwquld have
amounted to a fifty - or even a one - ‘hundred percent error.
"in the intensity estimate.

These reflections were discarded and the number of
unique reflections finally used was 1412.

In order to facilitate computing, the reflections
with Miller Indices Thkf were relabelled hkZ in accordance with

32
the condition = F(hkl) = F(hk?) obtained from the space-

group. symmetry.

31
M.J. Buerger. X-Ray Cnyétaziogaaphy
p. 55. (John Wiley 1942).
32
~ International Tables for X- Rag C&gétalﬂog&aphy
Vol. III p.384 (1959).
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Thus, 1412 reflections of the type hkf, htZ (k = O,
1, 2, 3, 4, 5) were used in the eventual refinement of the

structure.

6.6. SCALING OF THE INTENSITY DATA

It was neceésary to bring the sets of intensity data
for the reflections hOZ, hl&, h2£, h3LZ, h4f and h5L onto a
common scale.

To a first approximation, this end was. achieved
by making all the exposure times roughly equal (viz. 40 -hours)
and by making no changes in the experimental conditions'during .
or between.exposure times. |

However, accurate scaling by means of cross-levelv33
photpgraphs was attempted.

A second cfystal was selected and was mounted along
a- non-needle- axis. A rotation photograph obtained froﬁ-this,
crystal- gave a value of 23.08 for the unit cell length, in fair
agreement with the value of 21.668 obtained for ¢ by accurate
meésurement (5.1(a)) . A zero layer Weissenberg photograph
taken Qith‘thisbcrystal oscillating about the Z - axis yielded
reflections of -the type hkO.

An average of ten reflections froﬁheach layer hkt
(k.= 0 to kR = 5) were selected and the corresponding reflections
on the hkO photograph were measured.. It was - found, however,
that for a set of reflections‘from any one hkf layer, the ratio
of the intensity of a reflection measured on. the hhﬂ‘film and
33

G.H. Stout and L.H. Jensen X-Ray Staucture
Deteamination p.202. (Macmillan 1968).
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that.of the corresponding reflection on the hkO film was

not constant,.as expected, but varied.with the Bragg angle, 6.
This' variation was attributed to severe absorption effects.
'which'arosefbecause_the-crystéi Was~mede to oscillate about

a non-needle axis.- Further:attempts at scaling the hk&

‘data by photographic methods were not made; instead, it

.was ‘decided 'to allow the?scélinéuto be performed automatically

e e L .

in-the least squares refinement,

L S ot .
O S = e U o) o 'Y ’ o vt

-

6.7. CORRECTION:OF INTENSITY DATA S e

The measured intensities were corrected for .
ST cEel 3y
geometrical-and phy51cal factors by means of the Cc.S. I R.

. i l v
Crystallographlc programme “C¢RRECT" The unscaled

reflections.were.corrected for spot—Splitting and for. spot-
. L.‘ B .-.t'- - B ! o P

shape.

The Lorentz Polarlzatlon correctlon was then

applied and flnally, the square-root |F |- ‘Fobservedl

of the observed lntenSLtles, I were computed

Thus, 1412 observed structure factors |Fb|
and their correspondlng hkﬁ values were avallable for the
structural analySLS. h (Inltlally, computlng‘was performed-

on the I.B.M. 1130 computer and later, on.the UNIVAC 1106
a R S ' . : R
system at the Computer centre of the University of Cape

Town.}

s ., S Tt
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and hence eight Vanadium atoms in the unit cell. = The possible
space groups indicated by reflection conditions were Cc (non-
centrosymmetric) or C2/c (centrosymmetric) .

The eight Vanadium atoms were placed in the general

36
atomic positions as required by the space group C2/c.

The 8 x 8 positions of the Vectorvpeaks arising from the

V-V interactions are tabulated [Table 2. (Page 33)]. The
origin has a multiplicity eight, since there are,éight vector
peaks at (0,0,0). The multipliéitiés of.all the other peaks
are derived in thé same manner.

The Vanadium in the molecule investigated was:

assumed to be in the state V2+, for‘which Z = 21. (The
assignment of 72 = 21 id discussed in chapter 8.) A single
V-V vector peak was expected to have a height (21 x 21) = 441;
a double V-V vector peak, a height of (2 x 441) = 882, and so

on, while the height of the origin was expécted to be E an =

1589. The Patterson synthesis was computed for one eighth of
the unit cell volume only and therefore not all of the peaks
listed in Table 3 (Page 34) were expected in the map. - The
expected peaks are marked with asterisks..

The Patterson map obtained was generally featureless
except for the major peaks:listed in Table 4 (Page 34). Peak
heights are scaled so that the origin height has a value

5 7 2 =-1589.
n n )

+

A peak of height 1764 was expected at 0, 2y, %

- [Table 3]. Corresponding to this position; the-highest- -observed

36
- International Tables fon X-Ray Crystallography
1 101 (1959).



TABLE 2

4

¥ ¥-2y %

ATOMIC 1 2 3 3 . 5 6 _ 7 8
POSITION Xy z Xy z Xy %z Xy k+z k+x k+y z k-x %~y 2z E-x b4y %-z ¥+x Y-y L4z
1 1-1 1-2 1-3 1-4 1-5 1-6 - 1-7 1-8
Xy z 000 2x 2y 2z 2x 0 22z-% 0 2y -% -k -k O 2x-% 2y-% 2z | 2x-% -% 22z-% -y 2y-% -X
2 2-1 2-2 2-3 2-4 2-5 2-6 2-7 . 2-8
Xyz -2x -2y -2z 00O 0 =2y -% -2x 0 -2z-% -2x-% -2y-% -2z| -% =% O -k -2y-% -% -2x-% -% -2z-%
3 3-1 3-2 .| 33 3-4 3-5 3-6 3-7 - 3-8
Xy %z -2x 0 %-22z 02y % ’ 000 -2x 2y -2z -k=-2x -k %-2z =% 2y-% % -%¥ -x 0O -%-2x 2y~% -2z
4 4-] 4-2 4-3 4-4 4-5 4-6 4-7 4-8
Xy kt+z 0O -2y % 2x 0 %+2z - 2x =2y 2z 00O =% -k-2y % 2x-% -% %+22 | 2x-% -%-2y 2z| -% -k O
5 5-1 5-2 5-3 5-4 5-5 ] 5-6 5-7 5-8
A%+x k+y z %0 Y+2x %42y 2z| %+2x % 2z-%- | k¥ %+2y -% 00O 2x 2y 2z 2x 0 2z-% 0 2y -%
6 6~-1 6-2 6-3 6-~4 6-5 6-6 6-7 6-8
1a~x ¥~y z ¥-2x ¥-2y -2z| ¥ % 0O ¥ ¥-2y -% k-2x ¥ -%-2z | -2x -2y -2z 000 0 -2y -% -2x 0 -%-~2z
7 7-1 7-2 7-3 7-~4 7-5 7-6 7-7 7-8
Y-x k+y k-z | ¥~2x % k-22 % k+2y & ¥ %0 k-2x %+2y -2z| -2x O %-22z 02y % 0Oo0oO0 -2x 2y =2z
8 8-1 8-2 8-3 8-~4 8-5 8-6 8-7 8-8
+x -y ktz Y+2x % %+2z | 42x ¥-2y 2z{ ¥ ¥ O 0 -2y % 2x O %+2z 2x -2y 2z 000

€€
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TABLE 3

PEAK POSITION

PEAK MULTIPLICITY

EXPECTED PEAK HEIGHT

o, 0, O *

%, %,.0 *

0, 2y, ¥ *
0, =2y, %
2x, 0, %+2z
-2x, 0, %-2z
¥, 5+2y, %
¥, ¥-2y, ¥ *
E4+2x, %, %+2z
¥-2x, %, %-2z *
2%, 2y, 2z *
-2x, =2y, -2z

2%, -2y, 2z

1764

1589
1589

1764

1764

882

-2x, 2y, 2z

2+2x, %-2y, 2z

%+2#, L+2y, 2z

%—ZX,‘%-ZY, -2z

5-2x, %+2y, -2z

TABLE 4
Feak | dredths of the | Scaied to omrcmy | . General
unit cell. lengths) height = 1589 ~.

1l o, O, -0 1589 0, 0, O
2 50, 50, O 1589 X, %, 0
3 50, 20, 50. 340 %, %-2y, %
4 o, 1o, 50 340 0, 2y, %
5 28, 50, 32 202 y-2x, %, %-22z
6 22, 10, 17. 103 2x, 2y, 22
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peak [peak No.4, Table 4] of height 340 occurred at 0, 10,
50.' Hence 2y.= lO/lOO' At the section 2y = lo/loo, the
highest observed peak (héight =.103) occurred at 2x = 22,
2z = 17.

The satellite peaks at (% - 2x, %, ¥ - 2z) and
(¥, % - 2y, %¥) were found in the expected positions and
therefore served as confirmation of the correct location of-:
the rotation peak at (2x, 2y, 2z).

Table 4 shows that the peaks occurred in the ‘correct
positions. Correspondence between the heights, however,
was -not good. This :is not easy to explainlbut.muSt.be_duek
to the wrong assumption that the origin peak height is % an.

The latter assumption is only true for point atoms ‘at

sin 6
A

were found, the only reasonable solution to the vector map

= 0. However, since no other peaks of large magnitude

was the one outlined above. . This was later -vindicated by

the successful solution of the structure.- From the position
(22, 10, 17) of the Patterson rotation-peak (2x, 2y, 2z) the
position of the Vanadium atom in the unit cell was therefore

found to be'x = 0.1l1l, y = 0.05, 2z =.0.085. "

7.2 THE =~ UNAMBIGUOUS DETERMINATION OF:. THE SPACE GROUP:

The four equivalent positions:-of the space-group
Ccé7}ére X, Yr Z; 5+ X%, %+ v, Z;k Xy =Y, 5+ 2; %5 +.x,°
¥ ~y, % + 2z, (Cc being a subgroup of the space group C2/c).

A.similar analysis to tha£ shown in Table 2 for .the’
space-group Cc yields no vector peak at (% - 2x, %, % - 2z),
which was actually found in the Patterson map computed. -
[Table'4,vpéak.5,]

This analysis showed therefore that the space group.
of the structure investigated is C2/c and not Cc.
37

International Tables forn X-Ray Crystallography
1l 89 (1959).
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8. LOCATTION OF T HE LIGHT ATOMS

B Y F OURTIETR METHODS

8.1 ATOMIC SCATTERING FACTORS; ANOMALOUS DISPERSION

The scattering factor, £, for a real atom is given

by
I e 2

f = foe cteerecenecnenns (8.1.1)

where B, the isotropic temperature factor, is related to the

mean-square amplitude (u2) of atomic vibration by

Bz 812 02 eereireennnn. ceeeeee. (8.1.2)
and fO is the scattering factor when thermal motion is
neglected. (Thermal agitation causes each atom of a crystal
structure to execute vibrations about its équilibrium position.
The magnitude of the thermal motion is expressed by the factor
B. If the restoring forces are the same in all directions
of vibration,&then the field of restoring fofces is said to
be 'isotropic'.) |

If the atom has an atomic numbef near to that of the
element used to generate'the incident X-rays, an anomalous
phase change occurs during scattering by the electrons
associated with the absorption edge. This effect, ‘'anomalous
scattering' or 'anomalous dispersion' causes the scattering
factor of the atom to be complex. It can be represented by
£.97M = £+ af' 4 IAE'Y = £' + 1A£'' ...  (8.1.3)
where fo is the normal scattering factor, Af' is a real
correction term (usually negative) and Af'' is the imaginary
component.

In this investigation, the scattering factors for

i
G.H. Stout and L.H. Jensen X-Ray Structure

Determination Ch. 7 (MacMillan 1968)
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V2+ were corrected for anomalous dispersion, by applying

equation (8.1.3), using Afiizvalues for sc’(z = 21)39.

For the carbon, nitrogen and oxygen atoms, atomic
scattering factorsl+0 were employed. The effect of scattering
by hydrogen atoms was not taken into account at any stage

of the analysis.

8.2 STRUCTURE - FACTORS

The structure factor, F,,, is the resultant of f

waves scattered in the direction of the reflection hki by
41

the j atoms in the unit cell. In the exponential form -,
it is written

' 21i(hx . + Ry, + Lz .
Frpp = §fje i (hx Y 20 .. (8.2.1)

where x., vy, zj are the positional coordinates of the jfth

The degree of agreement between observed and

calculated structure factors is usually assessed by

42
evaluating the residual factor, R, given by

| |F

Qbs|‘|Fcalc||

Z'lobs|'

A value of R = 0.20 usually indicates that there
is little doubt that the atoms employed in. the structure.
factor calculation have been properly located.

In the present analysis, structure factors were-
calculated (using the C.S.I.R. programme "CENTR@SY") with the

Vanadium atom alone, situatéd at the position x = 0.11, y = 0.05,
39
Intennational Tables forn X-Ray Crystallography
214 3 (1962).
40
'Ibid 3 201 (1962).
b1 ‘
G.H. Stout and L.H. Jensen X-Ray Structunre Deteamination
Ch. 9 (Macmillan 1968).
42
C.W. Bunn Chemical Crystalloghaphy
432 (Oxford, 1961).
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z = 0.085 in the crystal unit cell. The value obtained for

R in this. computation was 0.524.

8.3 THE FOURIER SYNTHESIS

The general expression- for the calculation of the
’ ’ 41
electron-density p(x, y, .2) in the unit cell is

p(x, v, 2) =% 5z 1, , e 2mhx+ ky + L2)

h kL '
' cesesee (8.3.1)
where V'is-the volume of the-unitvcell and Fhkﬂ is the
structure facfbr.

The coefficients in this series-are not merely the
- moduli of the structure factors which are available as the
|FO] values, but rather the moduli plus the unobservable
phases.

Since a heavy atom in the unit cell governs the:
majority of these phases, the correct location of the heavy
atom and subsequent calculation Of'Fhkﬁ will provide not only
Ith£|-but will assign a + or a - sign to the modulus.

By combiniﬁg the observed structure amplitudes, ]FOI,
with the calculated phases and using these as the coefficients
in the Fourier series, the electron-density p(x, y, z) may be
calculated. [Eqn. 8.3.1]

In the present analysis, a three-dimensional Fourier
map was computed for one-eighth of the unit cell (0 - % along 
a, O » % along b and~0 + % along:-c).

The map was sectioned at intervals of 1/56 of the unit

cell lengths along each axis. This map was based on the

Fhkﬁ coefficients calculated by locating only the Vanadium

*1G.H. Stout and L.H. Jensen X-Ray Structure
Deteamination Ch. 9 (Macmillan 1968).
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atoms (see section 8.2). The mép was drawn on glass sheets
and peaks of high electron-density were sought. From
the map, 17 major peaks were found in chemically feasible
positions. The atoms corresponding to. these positions were
tentatively identified and their coordinates were read
from the map. The labelling system for the atoms is shown
in fig.(xi) (page.40). A typical section of the Fourier
synthesis, showing atoms 02, Cl, C2, C3 and C5 of the first
acetylacetonate ring is reproduced in fig. (xii) (page 41).
The second acetylacetonate ring was sought in a position
trans - to the first, but was not found. However, there
were high eléctfoh-density peaks. in positions c44 -to the
first ring. This was the first indication that the molecule
is in the cis - configuration.

Structure factors were calculated with the 17 atoms
which had been located. The initial atomic coordinates -and

the isotropic B factors for each atom are tabulated [Table 5].

TABLE 5
FRACTIONAL COORDINATES INITIAL ISOTROPIC
ATOM LABEL x y 2 TEMPERATURE FACTOR, B (R%)
\ - 0.11 0.05 0.085 2.5
o]} 0.12 0.24 0.12 4.0
02 0.084 | -0.18 0.06 3.0
03 0.108 | -0.06 0.16 3.0
04 0.116 0.16 0.00 - 3.0
05 0.20 | =-0.05 0.04 3.0
N 0.02 0.10 0.12 3.0
cl 0.064 | ~0.28 | 0.08 3.0
c2 0.066 | -0.35 0.16 3.0
C3 0.086 | -0.20 0.18 3.0
c4 0.044 | -0.42 0.06 - 4.0
C5 0.08 |=-0.24 0.26 4.0
Ccll -0.02 0.06 0.08 3.0
cl2 ~0.08 0.14 0.10 3.0
C13 ~-0.10 0.21 0.16 3.0
Cc14 -0.08 0.14 0.20 3.0
C15 -0.02 " | 0.14 0.18 3.0
X L~
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Fig. (xi) ATOM LABELLING SYSTEM
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The value of R at this stage was 0.409, which was still

rather high.

8.4 THE DIFFERENCE. FOURIER: SYNTHESIS-

43
The AF or difference synthesis may be expressed

in the form

1
Ap=v

ia e
E i (|Fo' _ IFC|)e ‘c o 21i(hx + ky + £2)

Pl

where Ap is now the difference in electron-density and o
is the phase of Fc'

As a first approximation,‘correctly placed atoms
will not appear in the synthesis, completely misplaced ones
will be in "holes" and missing ones will appear as-peaks.

These peaks should correspond to ones appearing in the Fourier
map, but are usually much more distinct and obvious.

A difference Fourier synthesis_was computed with the
first 17 atoms subtracted. All the remaining (1l1l) non-hydrogen
atoms were then revealed and their atomic coordinates were
read from the map. On examining the positions of'thevl7
previously-located atoms, it was found that, in general, "holes"
had appeared in the difference map. This phenomenon is
usually observed when temperature factors, B, which are too small
are used. It was'decided, therefore, to increase all the
isotropic temperature factors before proceeding with further
calculations. fhe coordinates of atom 03 were changed as this
atom appeared to have been misplaced. |

The trial values of the atomic coordinates and the
isotropic temperature factors of all 28 non-hydrogen atoms

in the asymmetric unit are shown in Table 6, (Page 43).

4 3
‘G.H. Stout and L.H. Jensen X-Ray Sthructure Determination

Ch. 15 (Macmillan 1968).
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TABLE 6
FRACTIONAL COORDINATE |

ATOM LABEL |- - ° ISOTROPIC. 2y

x y z TEMPERATURE FACTOR, B(A&2)
v 0.11 0.05 0.085 5.0
o1 0.12 0.24 0.12 6.0
02 . 0.084 | -0.18 | 0.06 5.0
03 0.108 | =0.03 0.18 5.0
04 0.116 0.16 0.00 5.0
05 0.20 | -0.05 0.04 5.0
N 0.02 0.10 0.12 5.0
cl 0.064 | -0.28 0.08 5.0
c2 0.066 | -0.35 0.16 5.0
c3 0.086 | -0.20 . | 0.18 5.0
c4 0.044 | -0.42 0.06 6.0
c5 0.08 | -0.24 0.26 6.0
c6 0.16 0.18 |[-0.06 5.0
c7 0.21 0.14 |-0.06 5.0
cs 0.224 0.10 0.00 5.0
c9 0.145 0.27 |-0.105 6.0
clo 0.28 -0.09 |-0.02 6.0
cll -0.02 0.06 0.08 5.0
cl2 -0.08 0.14 0.10 5.0
c13 -0.10 0.21 0.16 5.0
cl14 -0.08 0.14 0.20 5.0
Ccl15 -0.02 0.14 0.18 5.0
cl6 -0.155 0.28 0.18 5.0

c1l7 -0.19 0.28 0.12 5.0 -
c18 -0.248 0.34 0.14 5.0
c19 -0.27 0.42 | .0.22 5.0
c20 -0.238 0.42 0.26 5.0
c21 -0.176 0.34 0.24 5.0

Structure factors based on all 28 atomic positions were

then calculated. The value of R was 0.378 which was still
disturbingly high. This was thought to be due to the fact that
some of the atoms had been misplaced. A second difference

Fourier was again computed; in this case, 27 atoms were subtracted,

leaving only one atom (viz. C2) in the map as a reference peak.
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No major peaks appeared in this synthesis. Small
changes in the atomic coordinates and in the isotropic
temperature factors were evidently necessary.

Since the Vanadium atom was situated near the edge’
of the unit cell (x = 0.11, y = 0.05, z = 0.085), it was
necessary to extend the original Fourier map beyond the
limits O + % along each axis. Using the 28 atomic positions,
correspondihg peaks were then drawn on glass sheets. The
resulting three-dimensional picture was é very convincing
representation of an entire molecule of the adduct investigated.
This drawing showed, without ambiguity, the molecule in the
cis - configuration, as drawn in fig. (xi)..

Each of the six-membered rings in the 4-phenylpyridine
ligand was not exactly planar, as expected, so it appeared
that the high value of R was due to small errors in the atomic
coordinates and errors in the isotropic temperature factors.

It seemed certain, therefore, that the value of R

would decrease in the refinement process.

8.5 REFINEMENT OF THE STRUCTURE

The structure was refined by the method of least
squares‘“+ using the C.S.I.R. computer programme "@GRFLS",.
In the isotropic refinement of the structure, there were
118 variables to be taken into account in the minimisation
process. These consisted of 6 scale-factors, K, relating
the hkf (k = O to k = 5) observed structure factors, 28 x 3

atomic coordinates (x, y, 2z) and 28 isotropic temperature

factors, B.

4
C.W. Bunn Chemical Crystalloghraphy
399 (Oxford, 1961).
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In the first two cycles of refinement, only the
scale-factors and the overall B (tentatively taken as
3.022) were allowed to vary. A new value of the residual
index, R, 6f 0.382 was obtained. A further 7 cycles-of
refinement varying the scale-factoré, all of the atomic
coordinates and the individual isotropic temperature.factors,
brought the value of R down to 0.159.. At this stage, some
of the B parameters were still oscillating slightly but the
changesvin the atomic coordinates were, on the average, only
+ 0.0005 R. The variations in the isotropic tempe?ature
‘ factors, B, as a function of the number of least squares cycles
of refinement for all the atoms are plotted in fig. (xiii) (page 46).

Finally, four cycles of least-squares refinement
were carried out and_R was reduced to 0.128. At this stage,
it was observed that further isotropic refinement would not
reduce R below this value.

In the final stage of réfinement, anisotropic thermal

- 45
motion of the atoms was considered. The form of the

*

anisotropic temperature correction, Thkﬂ’ is

Tphe = e-(sllh f'Bzzk‘ + 333@ + Bthk + 323k£ + 83;£h),

Here, the B factors for a set of étoms were themselves refined,
each B resolving into six paramefers viz. Bll’ 622, 833, 812’
By3s Byp- These parameters define an ellipsoid which is
traced out by the mean-square diéplacement of the vibrating
atom.

Three.cyecles of-anisotropic¢ least-squares refinemeﬁt,
reduced the value of R from 0.128 to 0.106, which was taken as

45 '
M.J. Buerger Contemporary Crysztallography
327. (McGraw-Hill, 1970). .
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the final agreement factor. For this value of R, the'
observed and calculated structure factors for 1412 indépendent
reflections are listed in the Appéndix.

The final atomic coordinates and temperature
factors are listed in Table 7 (page 48). Standard deviations

in these parameters are also listed.

8.6 CALCULATION OF INTERATOMIC BOND LENGTHS AND
ANGLES -

‘The computer programme "@RFFE" (C.S.I.R.) is a
function and error programme which allows the calculation
of interatomic bond lengths and angles. The unit cell
parameters a,vb, ¢, d, B, y and their appropriate errors
[section 5.1(b)] constitute the input data. The atomic
positional parameters x, y, z are read from the magnetic-
tape output of the pfogramme "GRFLS".

For the compound investigated, all interatomic
bond lengths (excluding hydrogen atoms) and their standard
errors were calculated. These are tabulated. [Table 8,
page 49.]

In addition to bonded-distances, several relevant
non-bonded separations were computed, the latter distances
involving the bipyramidal atomic arrangement about the
Vanadium atom. |

All interatomic bond angles, including- those about
the Vanadium atom were computed. The bond angles in each
separate ring of the molecule are also grouped together. ‘
These are tabulated. [Table 9, page 50.] Bond lengths.and
bond angles are drawn in figs. (xiv) page 55, and (xv) page 60

respectively.
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TABLE 7

FINAL ATOMIC FRACTIONAL COORDINATES AND THERMAL PARAMETERS

(STANDARD DEVIATION 1s shown below each parameter; B{j = 1058Li where Bii = anisotropic temp. factor.)

ATOM X Y z Byy By, Byy By, B, By, Bisotropic
v .11140 | .06095 .08594 148 1309 191 - 95 - 56 182 3.15
11 49 13 4 75 5 18 4 20
ol .12463 .22523 .11748 208 1070 310 =144 -128 37 4.18
47 191 54 23 323 32 67 22 78
02 .08414 -.16338 .05328 179 1551 175 91 - 51 - 28 3.54
44 188 51 20 307 24 66 18 69
03 .10287 -.06549 .16580 145 1238 167 - 88 - 60 107 3.00
40 186 45 18 312 22 68 17 .72
04 .11163 .14046 -.00015 175 1404 243 -174 -.60 357 3.92
46 180 52 21 323 29 64 20 74
05 .19074 -.01797 04443 169 1539 269 28 - 73 8g 3.99
46 186 53 21 348 30 64 21 75
N .01897 .11235 .11769 119 647 148 22 - 61 46 2.18
47 89 54 21 370 27 62 20 68
(3 .06848 -.28817 08415 (164 1317 206 o] 58 o)+ 3.49
69 291 80 - - - - - -
c2 .07272 -.32084 14677 229 394 376 135 - 62 - 68 4.77
78 322 91 38 498 56 109 38 128
c3 .08684 -.21168 .18511 82 322 228 15 6 85 2.62
62 74 71 25 500 41 77 26 100
[of ] .04966 -.43717 .04727 442 3496 688 - 93 -263 -736 9.20
116 479 131 66 823 102 215 68 252
c5 .08789 -.26250 .25221 247 2525 ° 235 -139 - 91 520 4.95
79 24 91 41 625 46 127 35 133
cé .15451 .18504 -.04742 - 198 871 214 -191 - 43 206 3.4
71 286 81 34 479 40 102 31 108
c? .21069 .12896 -.05689 260 1877 251 180 - 24 63 5.35
86 319 96 42 627 48 122 37 128
cs8 22495 .03826 -.01108 338 1694 303 -209 - 64 263 5.75
87 361 102 52 592 54 146 43 149 -

c9 .14251 .26829 -.10203 318 2834 178 4 ¢ - 68 341 5.41

. 82 342 93 48 667 43 143 37 131

clo0 .28842 ~-.04053 -.02782 153 2441 613 93 - 17 274 7.05
98 409 112 36 680 81 135 144 198

€11 -.01320 .10630 .07916 221 2819 277 129 -130 -581 4.39
77 ‘299 - 85 36 691 47 120 35 139

cl2 ~.07187 .15306 .09722 140 2522 317 257 - 78 -562 4.03
74 298 83 30 596 50 109 32 138

Cl3 -.09640 .21822 .15607 (101 816 128 o] - 36 o)+ 2.16
57 238 66 - - - - - -

Cl4 -.06695 .21563 .20114 201 5847 329 723 -116 -457 5.95
92 364 101 39 997 58 162 39 186

C1l5 -.00790 16999 17739 269 5510 263 623 =145 -661 5.70
89 350 98 4 951 52 168 40 175

Ccleé -.15739 .28398 .17607 113 939 220 -107 - 68 231 2.59
61 250 68 27 463 40 84 27 99

c1? -.18825 .27640 213172 176 651 299 - 173 - 96 137 3.67
70 285 80 33 472 46 93 33 110

cls -.24312 .34996 .14869 165 1920 310 117 - 83 15 4.09
73 300 82 34 569 52 109 35 133

c19 -.26670 .42943 .20881 ' 201 1740 434 -208 ~-110 164 5.25
81 344 91 36 © 583 64 130 40 164

c20 -.23499 .43578 .25266 158 1787 385 137 - 17 144 4.95
76 340 91 35 563 56 120 36 152

c21 -.18076 .35582 .23660 159 884 232 - 97 - 20 -106 3.44
69 277 77 30 459 42 93 29 105

* Signifies that these parameters were not refined.

EYd
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TABLE 8

INTERATOMIC BOND LENGTHS, (R)

STANDARD ERRORS xlOz‘AREfGIVEN IN PARENTHESES
(Chemically equivalent bonds are grouped together)

BONDED-SEPARATIONS NON-BONDED SEPARATIONS
BOND LENGTH (&) ATOMS LENGTH (K)
v-01 1.58 (1) :
01-04 2.76 (2)
V-02 2.14 (1) 04-02 2.72 (2)
V-03 1.97 (1) 02-03 2.74 (1)
V-04 1.97 (1) 03-01 2.57 (2)
V-05 1.96 (1)
02-Cl , 1.21 (2) 01-05 2.71 (2)
03-C3 1.28 (2) 04-05 2.74 (2)
04-C6 1.26 (2) 02-05 2.80 (2)
05-C8 1.31 (2) 03-05 2.82 (2)
Cl-C2 1.42 (2) .
Cc2-C3 1.33 (3) 01-N. 2.72 (2)
C6-C7 1.39 (2) 04-N 2.80 (2)
Cc7~C8 1.37 (3) 02-N 2.84 (2)
: 03-N 2.96 (2)
cl-C4 1.60 (4) ’
C3-C5 1.52 (2)
C6-C9 1.47 (3)
Cc8-Cl10 1.60 (3)
V-N 2.17 (1)
N-C11 1.31 (2)
N-C15 1.33 (2)
Ccll-cl2 1.40 (2)
C12-Cl13 1.33 (2)
Cl3-Cl4 1.38 (2)
Cl4-C15 1.41 (3)
Cl3-Cl16 1.50 (2)
C16-C17 1.40 (2)
C17-C18 1.40 (2)
C18-C19 1.40 (3)-
C19-C20 1.40 (2) -
C20-C21 1.41 (2)
Cclé-c21l 1.38 (2)




INTERATOMIC BOND ANGLES,

TABLE

50

9

6,

IN

DEGREES AND THEIR STANDARD ERRORS

ANGLE ANGLE 0
01-V-02 173.1° (0.5%) | v-N-Cll 124.1° (1.1%
03-V-04 166.2 - (0.6 ) V-N-C15 120.3 (1.1 )
01-V-03 92.3 (0.6 ) Cl5-N-C1l1 115.2 (1.5 )
01-V-04 101.1 (0.6 ) N-Cl1-C12 125.0 (1.7 )
04-V-~-02 82.7 (0.5) Cll-Cl2-C13 118.1 (l.6 )
02-V-03 83.7 (0.5 ) Cl2-Cl3-Cl4 119.8 (1.6)
' Cl3-Ccl14-C15 116.5 (1.8°)
01-V-05 99.6 (0.6 ) Cl4-C15-N 124.5 (1.8 )
04-V-05 88.7 (0.5 ) Cl2-C13-Cl6 120.6 (1.4 )
02-V-05 86.1 (0.5 ) Cl4-Cl1l3-Cl6 119.4° (1.5 )
03~V-05 92.0 (0.5 )
, Cl3-C16-Cl7 119.1 (1.4 )
01-V-N 92.1 (0.6 ) C13-Cl6-C21 119.1 (1.3 )
04-V-N 85.2 (0.5 ) C21-Cl6-Cl7 121.7 (1.5 )
02-V-N 82.4 (0.5 ) Cl6-Cl7-C18 118.7 (1.6 ) .
03-V-N 91.4 (0.5) Cl17-C18-C19 120.5 (1.6 )
‘ C18-C19-C20 119.9 (1.9 )
V-02-C1l 127.6 (1.2 ) | Cl9-c20-C21 119.5 (1.9 )
02-Cl-C2 125.4 (1.9 ) C20-C21-C16 119.4 (1.5 )
Cl-C2-C3 125.7 (2.2 )
C2-C3-03 121.9 (1.6 )
C3~-03~-V 135.1 (1.0 )
02-C1-C4. 116.8 (1.8 )
C4~-Cl-C2 117.3 (2.2")
C2-C3-C5 120.1 (2.1 )
C5-C3-03 117.8 (1.6 )
V-04-C6 127.7 (1.1)
04-C6~-C7 122.6 (1.9 )
C6-C7-C8 122.7 (1.9)
C7-C8-05 128.5 (1.9 )
C8-05-V 123.0 (1.4 )
04-C6-C9 117.4 (1.5 )
C9-C6~-C7 118.5 (1.6 )
C7-C8-Cl0 120.5 (1.9 )
Cl0-C8-05 110.1 (2.0')
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The computer programme "L S PLANE" (i.e. Least-

squares plane) was used to determine the best planes through
' 46

certain sets of atoms. If any two planes have the equations
2 | 2 2
ElX + mY + n;Z2 - p; =0 and_l’_l +omp o+ =1
. 2 2 2
énd ZZX +mY 4 on, - P, = 0 and £2 +om, +on, = 1

then the angle 6 between these planes has the value

® = Arc cos (1122 + m.m +-nln2)- ceeeees (8.6:1)

172

The programme output listed the parameters £, m and n
for any one plane specified and hence interplanar angles,
8, could be calculated using equation (8.6.1). These anglés
‘are dealt with in the discussion.

*®International Tables forn X-Ray Crystalloghaphy
Vol. II p.43 (1952).
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9. DISCUSSION

9.1 BONDING IN THE ADDUCT; = OCTAHEDRAL SYMMETRY

The Vanadium atom (Z=23) has the electronic

2, 6, 2, 6,.3, 2

configuration 15225 2p 3s"3p 3d74s” in the ground state.

. . + ..
In the Vanadyl ion, V02+, the species present is V4 which

has the configuration 1522522p63523p63dl. The environment
about the vanadium in the adduct studied is octahedral and.
this can be explained by invoking dzsp3 hybridisation of

the 3d, 4s and 4p orbitals of vanadium. The six hybrid
orbitals so formed are octahedrally oriented and each may
accommodate a pair of electrons. These hybrid»orbitals are

filled by electrons donated by the ligands.

Diagramatically, this may be represented as follows:

3d 4s 4p
4+
\Y 4 + = electron from
vanadium.
: * = electron from the
Cessecsssanraarsesseseon vanadyl oxygen.
4+ . T 1 1 X = electron from a
\Y 4 1 ] eepexl | xx| |xx|xx|00 secondary oxygen.
. _ . o = electron from nitrogen.
dzsp3 :
One electron remains unpaired. A measurement of

the magnetic susceptibility of the adduct showed it to be.
paramagnetic as predicted. |

The above analysis does not take into account w-bonding
which is known47 to occur in the vanadyl system. This m-bonding
occurs by overlap of a doubly-filled p-orbital on the\spz—'

hybridised 02— ion and an unfilled t 'orbital of vanadium.

29
This pm + dm donation of electrons is therefore superimposed
on the V-0 o-bond. The resulting increased bond strength is

manifested in the relatively short V=0 bond (e.g. 1.56 * 0.0l ]

47
Selbin, Holmes and McGlynn J. Inorg. Nucf. Chem. 25 1359 (1963)
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in VO(ACA)2 compared with the mean secondary V-0 bond length of
1.97 ¢« 0.00S_R). In the adduct whose structure was investigated
in this wo;k,;the V=0 bond length was found to be- 1.58 £ 0.0l ]
while the V-0 secondary bond lengths have a mean value of 1.97
* Ofol‘g;_these results support the hypothesis of the  electron-rich
Vanadyl bond.

Considering the vanadyl ion V02+, in which the
Vanadium has a formal valence of 4 and regarding the adduct
molecule as being~purely ionic, then the effective scattering
power of the Vanadium is 19 electrons. If the bonding is.
regarded as being pureiy covalent, then the Specieé Vo_(Z=23)
would be considered. In reality, the bonding in the adduct
is at neither extreme. A reasonable compromise is to assign
21 electrons to Vanadium, effectively regafding the scattering

species ast2+ (z=21). In the X-ray crystal structure analysis

2+

3

of VO(ACA) scattering factors for V® 'were also employed.

27
The 4-phenylpyridine ligand is strongly.coordinating
and hence electron donation from the nitrogen atom to vanadium .
is expected in the adduct [VO(ACA)2'4-C6H5-C5H4NJ.whose'structure
was elucidated in the present.worﬁ. Because of the possibility
of m-bonding between the nitrogen atom and vanadium by back-
donation of electrons from vanadium to the nitrogen . atom, the
extent of the N » V electron donation is effectively reduced.

The extent of the back-donation process is impossible to estimate
quantitatively. In this analysis, therefore, the effect on the
scattering power of Vanadium (II) by.electrqn donation from the

2+ (Z=21) were .

ligand was neglected and scattering factors for V
used. (These were corrected for anomalous.dispersion; see
section 8.1.)

3
Dodge, . Templeton and. Zalkin.
J. Chem. Phys. 35 (1961) 55.



9.2 THE CRYSTAL STRUCTURE OF THE ADDUCT

The analysis undertaken has shown that there are
eight discrete molecules of the adduct [VO(ACA)2f4-phenylpyridine]
in the monoclinic crystal unit cell. . Each molecule has the
ci{s = configuration (as predicted by Haighs) and is therefore
asymmetric. The essential condition for optical
isomerism " in coordination compounds is the same as for
organic molecules; viz. that the structure be non-superimposable
on its mirror image. Because the space group to which the
crystal belongs (viz. C2/c) is centrosymmetric, it is necessary
that four of the molecules in the cell be "left-handed"
enantiomorphs while the other four molecules be "right-handed"
enantiomorphs. The symmetry elements in a centrosymmetric
space. group requlre the presence of both left and right-handed
asymmetric species in the crystal. - This condition éannot
be fulfilled by a single enantiomorph. The molecular model
drawn in fig. (xi) and its non-superimposable mirror image
represent the two enantiomorphs present in fhe crystal. Details

of the intramolecular and intermolecular structures are.

discussed below.

9.2(a) Intramolecular Structure

Vanadium to Oxygen and Vanadium to Nitrogen Bond Lengths -

Table 8 lists bénd distances and non-bonded separations
and Table 9 lists interatomic bond angles. The bond distances
are drawn in Fig. (xiv), page 55 and the bond angles in
Fig. (xv), page 60.

Probably the most significant bond lengths in the

‘molecule are those of the vanadyl bond V=0 (V-01l) and the

48
Dwyer and Mellor Chelating Agents and Metal Chelates

Ch. 5 (Academic Press Inc. New York 1964).
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Fig. (xiv) INTERATOMIC BOND DISTANCES in R
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Vanadium to nitrogen (V-N) bond. In the adduct studied, the
value of the V=0 distance was found to be 1.58 + 0.0l R.

This estimate is in good agreement with known vanadyl

bond lengths. In the complex VO(ACA)Z,»the V=0 distance was

3 _
initially found to be 1.56 * 0.0l . Here, the vanadium
atom has a coordination number of five. In vanadylbisbenzoyl-

acetonate [fig. (vi), page 81, VO(BZA)Z,_the vanadyl bond length
was initially9 determined to be 1.61 + 0.01 . Further
refinement of the two latter st:uctures have. since been
undertakenk9 to establish whether the difference in these bond
lengths was significant or not. Final estimates were
1.57 + 0.01 & for V=0 in VO(ACA), and 1.61 * 0.0l & for V=0
in VO(BZA),. .

These values of the primary vanadyl linkage differ
by three to four standard deviations and this difference was
thoughtk9 to be significant. The interpretation of this result-
was that bonding in the vénadyl ion is not extremely sensitive
to bond length. Recentlylo, a nuclear magnetic resonance and
X-ray crystal structure study of the 2:1 VO(ACA)2 : 1,4-dioxan
complex was undertaken. In this adduct,.[VO(ACA)2]2 (dioxan),
a dioxan mblecule bridges two VO(AC_A)2 groups by coordination
to the sixth unoccupied site of the vanadium atom. In any one
of the VO(ACA)2 groups, the acetylacetonate rings are fhrans-
to one another as in VO(ACA)2 itself and as in VO(BZA)é.

The V=0 bond length was reported as 1.62 ! (no error quoted) .

. ,
_Hon, Belford and Pfluger J. Chem. Phys. 43 (1965) 1323,

iwDickmann, Hamer, Nyburg-&.Reynolds Chem. Comm., (1970) 1295.

49 -
‘Hon, Belford and Pfluger J. Chem. Phys.
43 No. 9 3111 (1965).



The value of the V-N bond distance was found to be
2.17 + 0.01 & in the adduct studied. This compares favourably
with a ValueSq of 2.10 +.0.03 & for the V-N distance in the
complex V(2,2'-bipyridyl)3, in which Vanadium is in the zero-
valent state. This interatomic distance of 2.17 £+ .0.01 ] is,
in fact, the longest bond length in the molecule. (See Table
8, page 49.). |

The V-0 secondary bonds are of interest. In VO(ACA)Z,
these four bonds have the lengths 1.97, 1.96, 1.98, 1.96 &

(average error = + 0.008 R) while in VO(BZA) these bond lengths

97
are.1.95, 1.95, 1.97, and 1.97 & (average error = * 0.007 R).
For the dioXan adduct, a value of 1.99 R is quoted for theée
lengths. This is presumably an average of the four V-0 bond
lengths..

In the analysis reported here, the values oﬁtained
for the secondary V-0 distances were 1.97, 1.97, 1.96 and 2.14 b4
(c = + 0.01 R in each case) . Here, however, the stereochemical
arrangement of these oxygen atoms about the vanadyl entity, V02+,
is somewhat different to.the arrangements found in the other
known complexes. In the latter structures, the four secondary.
V-0 bonds lie in a plane; with the vanadyl V=0 bond lying-:
perpendicular to this plane.

In the 4-phenylpyridine adduct reported here, three-
of the V-0 bonds (viz. V-03, V-04 and V-05) and the V-N bond lie
perpendicular to the vanadyl V=0 (V-0l) bond, while the fourth
V-0 bond (V-02) is collinear with the V=0 bond.  The character
of the V-02 bond would therefore be expected £o be somewhat

different from those of the bonds V-03, V-04 and vV-05. This

was indeed found to be so, the V-02 bond distance of 2.14 + 0.01 R

540
W.R. McWhinnie and J.D. Miller Advances 4in

Inonganic Chemistny and Radiochemistry p. 135 (1969).
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being greater than the mean (1.97 Ry of . the other three V-0

bond distances by several standard deviations. This difference.

can be attributed to the multiple bonding in the V=0 bond,

which is strong, resulting in a relative weakening and hence

lengthening of the collinear , but oppositely directed V-02

bond.

The appearance of extra infrared peaks (detected
6 N

by Haigh ) in the region of the secondary V-0 absorption bands

in the far infrared spectrum of this adduct suggested asymmetry

of the V-0 bonds. The relatively long V-02 bond would have

a smaller force constant compared with the bonds V-03, V-04

and V-05 (which have about equal length), and hence the-

stretching frequency v for the bond V-02 should appear at a.

lower value than vV-0O for the other three secondary bonds.

As -discussed in the Introduction, a-peak‘at a lower:

frequency;was observed ‘and this can presumably be attributed

to the anomalously long V-02 distance whichMWas found in the

solution of the present structure.

Bond Distances and Bond Angles in the Acetylacetonate Rings:

The average value of the four C-0O distances in the

acetylacetonate rings in the 4-phenylpyridine adduct is 1.27

I+

+

‘0.0Z,R,~in good agreement with the average value of 1.29-

0.003 & for the equivalent bond lengths in the VO(ACA)2 molecule

and with the average value of 1.29 *.0.007 R for these distances

in VO(BZA)2.

Carbon-carbon distances in the acetylacetonate rings

have a mean value of 1.38 * 0.02 A in the adduct studied, while

" these distances have a mean value of 1.40 * 0.0l R in both

VO('ACA)2 and VO(BZA)2.
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For the methyl substituents, the mean length of the
four C-C bonds, C1-C4, C3-C5, C6~C9 and C8-~Cl0O, is 1.55 % 0.03
R conforming with the well established C-C single bond distance
of 1.54 &. In VO(ACA)Z, these bond. lengths have a mean. value
of 1.518 + 0.001 K.

The following table (Table  10) lists the mean Qalues
of comparable 0-C-C and C-~C-C bondbangles in the acetylacetonate
rings in the molecules VO(ACA)2-4—phenylpyridine, VO(ACA)~2

and VO(BZA)2._

TABLE 10
VO (ACA) 5 4=CcH =C.H N VO (ACA), VO (BZA),
Comparable Comparable
Angles ,Maﬁe22r2§l:e+2o Bond Angles, Max.| Bond Angles, Max.
’ e - error = #1° { error = t1°
02-Cl-C2,
03-C3-C2,
04-C6-C7, 124.6 124.0 124.3
05-C8-C7.
02-Cl-C4,
03-C3-C5,
04-C6-C9, 115.5 115.9 114.3
05-C8-C10.
c4-Cl-C2, v
c5-Cc3-Cc2, v
C10-C8-C7, 119.1 120.4 121.4
C9-C6-C7.
Cl-Cc2-C3,
C6-CT-C8 . 124.2 . 123.9 122.8.
Good agreement is found in all three cases. It is

unrealistic to compare the V-0-C bond angles in the three molecules,

since these angles depend on the degree of planarity of the
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chelate ring containing the Vanadium atom, which in turn depends
on the stereochemistry of the V;to O bonds. (This is dealt
with lateri) It is interesting however, to note that, in

the present structural investigation, the angles V-02-Cl,
C3-03-V, V-05-C8 and V-04-C6 were found to have the respective
values 127.6°, 135.1°, 123.0° and 127.7° (Max. error = #2°),

the angle C3-03-V being larger than the mean of the  other

three by approximately 9° (see fig. (xv)), which is significant.
This can be explained if one remembers that the V-02 bond is
anomalously long; this lengthening distorts the chelate:ring
containing the atoms Vv, 02, Cl, C2, C3 and 03, causing the

angle C3-03-V to be larger than the angle V-02-Cl. The"
magnitude of the angle C3-03-V should strictly be compared with
that of angle V-Oé-Cl only; this is so since the angle of .
intersection of the planes containing atoms V, 02, O3 and Cl, -
C2; C3, C4, C5, 02 and 03 is different from the angle of
intersection of the planes containing atoms V, 04, 05 and C6,

c7, C8, C9, Clo, 04 -and 05. (This is dealt.with below.)

The Structure of the Phenylpyridine Substituent

The bond lengths and angles discussed above are

essentially those for the system [VO(ACA)z] in the adduct

[VO(ACA)2-4—C6H5—C5H4N]. The structure of the 4-phenylpyridine
ligand in the adduct is also of interest. (See figs (xiv)
and (xv)). The carbon-nitrogen distances (Cll-N and C1l5-N)

of 1.31 = 0.02_2 and 1.33 + 0.02 & respectively are in very

good agreement with the C to N distance of 1.34 & in pyridine

51
itself. The latter estimate was obtained from calculations

based on the microwave spectrum of pyridine. Generally, -

51
M.H. Palmer The Structure and Reactions of Heterocyclic

Compounds p.l2 (Edward Arnold, London, 1967)
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the shortened C to N.partial double bond in heterocyclic
systems has alengthszof 1.352 +-0.005 R. In the - adduct
analysed, the average of the carbon-carbon distances in'the
pyridine ring is 1.38 £ 0.05 X, the distances Cl1-Cl2 and
Cl4-Cl5 being slightly longer than the distances C12-~C1l3

and Cl1l3-Cl4. In pyridine itself, these two sets of lengths

" have average values of l.39-£ and 1.40 & respectively.

The pyridine ring is known51 to be a rather distorted hexagon
and this is confirmed by the present anaiysis. The deviation
of the bond angle.CllQN—ClSZ(ilS + 1.5%) from the usual 120°
bears this out. Connectinélthe‘phenyl'and pyridine rings,
the bond C13-Cl6 has a length of 1.50 * 0.02 &, which is
shorter than the single C-C bond length of 1.54 K. For a

C-C single bond which is shortened in the presence of a C to

C double bond (e.g; in C6H5—CH3), the length of the single
bond52 is 1.53 = 0.01 &. The estimate of 1.50 t 0.02 R for
the bond length Cl13-Cl6 is reasonable, in that it is slightly
less than the C to C distance in C6H5-CH3 since the former
distance is effectiVely shortened by the presence of two double
bonds, one from each six-membered ring;.

In the phenyl nucleus itself, tﬁe‘aVeraée CtoC
bond distance is 1;46 + 0.005 & in this adduct, in accord.
with carbon-carbon bond distances in aromatic compounds
(1.395 £ 0.003 R). Individual agreement is also very good,
as may be seen from Table 8 (page 49). |

For the C-C-C bond angles in the phenyl nucleus, the

mean value is 120.0 % :0.5° as expected.

52
International Tables for X-Ray Crystallography

Vol. III p.276 (1962)
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The sum of the interafomic angles about C13 is 359.8°
demonstrating the trigonal coplanarity of the bonds to Cl13.
This is also true for atom Cl6, for which the sum of the

equivalent angles is 359.9°.

PLANARITY OF THE STRUCTURE

Normal Distances from Least—-squares Planes:

As mentioned in chapter 8, least?squares planes
were computed for various sets of atoms. In addition, the
perpendicular distances of the atoms from the best planes
were calculated. The results are shown in Table 11, page 64.
The equation used in this calculation.isss'

D =LK, + MYy + NZ] = P seeeeen. (9.1)
where . D is fhe normal distance of'the point whose orthogonalized
coordinates are X,, Y, Z,, from the plane whose parameters

~are £, m, n and p.

Planes 1 and 2 together contain the first chelate
ring, including the Vanadium atom while planes 3 and 4 contain
the second chelate ring including the Vanadium atom. The ligand
atoms equatorially disposed to the vanadyl bond V=0, viz. 03,

05, 04 and N, lie in plane 5. The pyridine and benzene rings
are represented by planeé 6 and 7 respectively. Inspection
of Table 1l shows that the normal distances of the atoms from
_the planes selected are of the order of 0.0l to 0.1 R.

The maximum deviation of the carbon atoms Cl6-C21
from plane 7 is 0.03 R, so that the phenyl.substituent may- be
regarded as planar, within the limits of error. In the case of

plane 6, the maximum deviation from the plane is 0.05 R, so that,

53
Inteanational Tables forn X-Ray Crystallography
Vol. IT p.43 (1952)
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11

Plane Number

Atoms involved in
the Calculation
of the best pliane

D, the
Perpendicu
distance of

atom from the

lar
the

Plane  Number

Atoms involved in
the Calculation

|of the best plane

D, the
Perpendicular
distance of the
atom from the

plane (&) plane (&)
\Y 0.00 04 -0.02
1 02 0.00 05 0.02
03 0.00 5 03 -0.01
N 0.01
02 0.03
cl -0.04 N 0.01
C2 0.02 Cll 0.00
2 C3 -0.02 Cl2 -0.03
c4 0.00 6 c13 0.05
c5 0.01 Cl4 -0.05
03 -0.01 C15 0.02
v 0.00 C16 0.02
3 04 0.00 cl7 0.00
05 0.00 Cc1l8 . -0.01
7 c19 0.00
Cc20 0.02
c21 -0.03
04 -0.08
C6 0.08
c7 0.07
4 C8 0.08 . . . .
c9 -0.06 (D is positive }f the atom is onlthe side of
c10 -0.10 thg Plane opposite to that containing the
o5 0.01 origin.)

v9
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within the limits of error, the pyridine ring may also be

regarded as planar.

Angles between Planes . :.

The calculation of interplanar angles is discussed
in section 8.6.

The angle between the two planes constituting any
one acetylacetonate ring is knowna'g’10 to vary with the
nature of the coordination about the central vanadium atom.
These differences in geometry can be understood by reference
to fig. (xvi), in which M,M' are the midpoints between the
dionato-oxygen atoms and C,C' the central carbon atoms of the
dionato ligand.

The situation in VO(ACA)2 and VO(BZA)2 is shown

272

(iii), the situation in the-adduct_studied.

in (i); (ii) shows the angles in [VO(ACA),], (dioxan) and

In (i) and (ii), the Zhrans- arrangement of the
chelate rings (symmetrical about V) results in the angle x
being the same for both chelate rings. However, a c44-
arrangement (iii) as found in the adduct stﬁdied, yields two
angles x and y which are different by virtue of the asymmetry
in the adduct. In the latter case, x ahd y are 179.0°% and
161.5° respectively. The value of 179.0°% for x implies that
the chelate ring containing the six atoms V, 02, cl, Cc2, C3
and 03, is virtually planar. The 'flatteniné out' of this
ring can be attributed to.the presence of the bulkyvphenyl—
‘pyridine ligand, whose abproach in coordination with Vanadium,

is at right angles to this ring. The second chelate ring
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Would.net be expected fo be affected in the same way, since
it is further removed from the'pyfidine ligand. Hence the
angle y (161.5°) is considerably less than 179.0°.

The pyridine ring and its phenyl-subetituent are
almost coplanar, the calculated angle between theee planes
" being 9.3°. However, in addition to simple twisting about
the bond C13-Cl6, there iela small,amodnt of;bending'which
accounts for the angle between the rings. This angle is
therefore composite. -

It is interesting to note fhat the angle between
the plane containing atoms 03, 04, 05 and N and the plane,
through the pyridine ligand is 38.5%; a three-dimensional
model of the molecule shows this ligand orientation:to be
one which yields minimum repulsion between pyridine hydrogen.
atoms and the oxygen atoms 01, 02, 03 and 0O4. (See fig.
(xvii) in which the dotted line represents the plane of the
pyridine ring, approximately at right angles to the plane
through 01, 02, 03 and 04. Angles are in degrees.) Thie

feature can also be seen in the (100) projection of the

structure. (See section on Intermolecular Structure.)
(@)
\\(33'5;.
\ \
923 \ \
. . ; _ _ 04
N\ .\ ,827
03 837 \
| N s FOpresents. the
‘\ plane of the
S _ pyridine ring

. fig. (xvii)
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The Environment about the Vanadium Atom

The "oxygen pyramid" referred to in the Introduction
is a feature of both molecules VO(ACA)2 and VO(BZA)Z, in
which Vanadium has a coordination number of five. 1In the
4-phenylpyridine adduct, this feature is modified to what
may be called an "oxygen-nitrogen bipyramid", since the
vanadium is now octahedrally coordinated, the sixth ligand
atom being nitrogen. The non-bonded distances (in 3) in
this bipyramid are drawn in fig. (xviii) (a). . These may
be compared with the non-bonded distances in the oxygen pyramid
in the molecule VO(BZA)2 fig. (xviii) (b). |

In this énalysis, the atoms 03, 05, 04 and N have- been
shéwn to lie in a plane. (see Table 11). The normal distance
V-P of the Vanadium atom from this.plane is 0.22 & (see fig.
(xviii)). The interatomic angles (in degrees) in, above and
below this plane are drawn in fig. (xix), (é), (b) and (c)
respectively. The significance of these results is that the
Vanadium atom lies above the plane:defined by the atoms 03,

05, 04 and N (see fig. (xviii)). Pure dzsp3 hybridisation
would require all 0-V-O and O-V-N bond angles to be 90°.

It has been foundsu that in vanadyl complexes thusfar investigated
the vanadium dtom never lies in the same plane as the four
equatorial ligands (éee e.g. fig. (xvi), angle z and fig;
(xviii).) There is a defect therefore, in the theoretical

models proposed thusfar concerning the actual geometries of

the VO2+ complexes.

*Selbin, Maus and Johnson
J. Tnong. Nuck. Chem. 29 p.1735 (1967)
and references quoted therein.
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9.2(b) Intermolecular Structure

As hydrogen atoms were not placed duriﬁé the
analysis, intermolecular distances were not calculated.

The three figures which follow show the unit cell
viewed along the three axes a, b and ¢ respectiﬁely. The
(100) projection hés the plane-group symmetry pgm; In
order of increasing elevation, the molecular'skeletons are
drawn in dashed, thin, heavy and very heavy lines. The same
scﬁeme applies to the othef projections.

In the (0l0) projection, which has symmetry p2, the
structure is viewed down the b axis of length 8.14 * 0.02 R,
The two heavily-lined molecules occupying the centre of the
cell are related by a centre of inversion and represent the
two enantiomorphs of the adduct. Inspection of a three
dimensional model of the structure shows that the only area of
close intermolecular contact is that in which a carbon atom
of the acetylacetonate ring of one molecule.apparently overlaps
with a methyl carbon of an adjacent molecule. This apparent
overlap can be seen in the (01l0) projection.

The (00l) projection is rectangular and has the plane-

group symmetry cmm.
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(010) projection of structure




(001) projection




APPENDTIX

OBSERVED AND CALCULATED STRUCTURE FACTORS

hooL Fgoo Fg hoL Fy I F, h- £ F,  F_
k=0 _ . ~
0 4 1288 -1338 4 1o 180 - 190 12. 4 875 - 910
O 6 1288 =-1117 4 12 890 - 880 12 8 160 = 152
O 8 641 =-554 | 4 16 474 . 588 12 10 243 - 264
O 12 1246 1211 4 18 227 - 206 12 12- 743 - 612
O 14- 313 - 283 4 22 298 - 300 12 14 637 - 562
0O 20 185 247 | 4 24 423 - 499 12 16 389 373
O 22 326 317 6 O 3195 -2726 12 18 413 370
o 24 270 405 6 2 1737 1673 12 20 301 246
2 -4 295 -~ 171 6 6 929 - 847 12 26 275 - 318
2 - 8 1242 -1142 6 8 1177 -1159 14 -14. 377 =~ 503
2 -12 505 644 | 6 10 1059 -1011 14 -12 477 - 528
2 -14 285 323 6 12 1078 =-1037 14 - 8 283 - 286
2 -16 314 286 6 16 741 943. 14 - 6 230 213
2 -20. 383 =~ 441 6 18 571 - 568 | 14 - 2 524 =~ 422
2. =22 395 - 378 6 20 751 = 727 14 O 631 - 544
4 = 2 1317 1293 | .8 -12 605 622 14 2 683 542
4 - 4 1849 1905 | 8 =2 1367  -1468 14 4 985 - 997
4 -6 317 421 | 8 0 769 819 14 6 216 194
4 -8 520 @ 400 8 2 1823 1846 14 8 176 - 214
4 -10 949 -1o077 | 8 4 958. - 805-| 14 10 587 - 393
4 =12 1379 -1315 '8 6 1023 1025 | 14 12 789 - 776
4 -16 205 272 8 8 271 226 14 16 401 400
4 -18 301 348 | 8 10 135 = 106 14 22 330 - 307
4 =22 225 = 276 8 12 1560 1581 14 24 336. -_340
6 - 4 280 - 337 8 14 754 700 | 16 -10 604 685
6 - 6 718 640 '8 16 295 - 306 |- 16 - 6 405 - 421
6 - 8 1159 1188 | 8 20 750 =~ 712 16 -.4 683 - 708"
6 -10 642 653 8 22 300 - 245 | 16 - 2 520 - 479
6 -12 804 - 903 | 8 24 553 548 16 2 864 782
6 =14 790 - 905 | 10 -14 299 - 383 16 . 6 508 - 524
8 - 4 1338 -1270 | 10 - 6 744 - 718 16. 8 670 =- 703
8 -6 966 =~ 997 | 10 -4 360 - 360 16 10 491 =~ 509
8 -8 679 685 | 10 = 2 1774 1603 16 14 1064 1019
8 -10 1702 1668 | 10 O 2189 2135 16 18 542. - 593
8 -12 642 622 | 1o 2 131 .- 111 16 20 336 - 414
16 - 8 1134 .-1190 | 10 .4 145 - 98 16 24 154 231 .
10 =12 770 g25 | 10 6 748 - 678 18 -6 259 - - 327
2 4 3322 -3926 | 10 -8 1217 1167 18 - 2 565 514
2 6 699 -591 | 10 10 724 - 580 .| 18. 0O 494 413
2 8 588 - 359 | 10 12 557 537 18 2 163 158 -
2 10 1753 1735 | 10 22° 473 447 18 4 263 - 231
2 14 533 - 452 | 10 24 551 528 18- 8 266 - 236
2 16 340 =~ 344 | 12 =12 421 = 433 18 10- 579 606
2 22 296 374 | 12 -10 708 - 907 18 12. 955 1084
4 O 2851 =-2187 | 12 - 8 527 =~ 561 18 14 728 620
4 2 3159 -3146 | 12 - 6 486 443 18 16 183 - 190
4 4. 645 682 | 12 - 4 854 817 18 20 257 - 386
4 6 1278 1007 | 12 o 751 505 18 22 240 275
4 8 220 138 { 12 2 2739. -2687 18 24 331 398




(ii)

h £ F F L F F L F F
- o. c ) o] e o] c
20 - 8 465 - 536 1 -20 296 - 327 1 9 347 - 311.
20 - 6 212 - 201 3 -2 525 - 530 1 10 1264 1332
20 .2 455 - 375 3- -3 301 - 220 1. 11 756 - 852
20 4 513 - 428 3 -4 892 . 879 1. 12 809 865
20 6 1222 1267 3 - -5 1082 1222 1 14 271 - 265
20 10 369 - 404 3 -9 1574 -1526 1 15 326 - 304
20 12 375 335 3 -10 713 - 708 1 22 367 372
20 14 820 - 836 3 =11 219 65 1. 24- 209 235
20 16 604 - 684 3 =14 291 315 3 4 1308 =-1436
20 .. 20 205 295 3 =15 305 - 225 3 7- 1199 -1287
20 22 257 273 3 =16 361 359 3. '8 1198 1140
22 - 6 248 297 3 =17 252 - 142 3 9 1290 -1187
22 - 4 421 468 | 3 =22 262 - 316 3 10 1097 990
22 - 2. 426 - 534 5 - 1 3423 3040 3 11 310 - 242.
22 O 477 =~ 534 5 - 3 1057 - 979 3 12 524 - 518
22 2 260 - 379 | 5 -4 656 -~ 468 3 14 919 - 847
22 4 334 343 - 5 -5 784 - 715 3 17 276 226
22 6 236 231 5 -6 270 256 3  24. 254 - 295
22 ' 8 334 396 5 -7 204 = 196 5 O 1659 =-1499
22 10 541 - 545 5 -8 351 308 5. 1 946. 891
22 12 477 - - 537 5 -9 414 456 5- 2 785 876
22 14 - 302 - 413 5 =11 202 - 187 5. 3 377 394
22 16 334 323 5 =12 1318 =1190 5. 4 1447 1449
22 18 372- 377 5 =-14 577 - 548 5 5 649 ~ 561
24 - 2 205 - 240 5 -15 346 - 445 5 6 846 783
24 0 296 - 371 5 =18 297 237 - 5 7- .523 - 737
24 2 212 237 5 =19 294 292 5- 8 161 - 257
24 4- 476 - 503 7 -3 1010 938 5 9 386 - 389
24. 8 477 - 459 . 7 =4 1013 - 882 5. 10 903 - 855
24 10 543 =~ 473 7 -5 268 - 218 5. 11 76l 727 .
24 12 299 - 348 7 -6 379 - .298 5 12 1251 -1213
24 14. 331 337 7 -8 973 973 5 14 263 324
24 16 406 558 7 -9 635 697 5- 15 622 623
24 20 144 = 217 7 =10 1131 1056 5 16 585- 598
26 0. 230 316 7 <11 124 138 5-  17- 433 - 596
26 2 242, 306 7 =12 262 182 5 18. 362 319
26 6 252 - 361 7 =13 237 - 264 5 21 257 266
26 14 346 486 ° 7 -14 511 - 539 7 -7 173 147
28 4 209 = 232 7 =16 362 - 368 7 -2 1398 -1483
6 =22 165 126 9 -5 447 410 7 =1 1638 1580 .
28 - 2 138 301 9 -6 963 - 996 7 1 479 —~ 349-
w ' 9 -7 441 - 417 7 2 1720 1646

=1 9 -8 686 = 656 7 5 699 ~.620
1 - 4:1358 =-1262 9 ~ 9 211 - 238 7 6 306 - 308
1 -5 234 = 202 9 -10° 687 768 - 7 7 767 - 732
1 -6 627 = 707 9 =12 831 908 7 8 339 - 308
1 < 7 388 = 454 -9 =13 286 309 7 9 1212 1193
1.- 8 1270 -1211 9 =14 327 322 7 10 1550 =-1440
1 - 9 1481 -1284 9 =15 257 301 7 11 1072 1071
1 -12 497 577 1 4 744 - 906 7. 12 383 365
1 -13 472 373 1 5 1946 2261 7 14 822 785
1 -14 354 357 1 6 595. - 609 7 15 395 436
1 232 . - 237 1 7 1003 1062 7 16 473 490




(114)

h L F F I F F L - o Fo
7 18 511 - 543 11. 16 302 - 216 17 -3 .352 378
7 19 729 - 656 11 22 293 392 17 =-.1 1031 1002
7 20 534 =~ 475 11 26 209 - - 279 .| 17 O 413 347
7 21 297 304 13 -12 378 - 515 17 2 806 765
7 22 294 --289 13 - 9- 281 - 364 17 4. 355 - 291
7 23 248 299 13 - 7 417 447 17 5 627 - 575
7 24 211 241 13 - 6 570- 569 17 6 563 ~-447
7- 26 180 309 13 - 4 531 595 17 7 219 - 220
1 -24 193 280 13 - 3 1009 -1120 17 8. 788 - 754
1 -23 179 = 207 13 - 2 352 328 17 12 772 671
3 -20 254 -~ 254 13 - 1 188 141 17 14 897 - 918
9 - 4 837 =-911 | 13 O 930 - 919 17 15 408 546
9 - 3 1668 1735 13 1 721, 775 17 17 295 - 408
9 - 2 769 727 13 2 1189 - -1345 17 18 332 - 375
9 - 1 1382 =-1129 L3 3 ..204 209 17 20 328 - 318
9 . 02298 2404 13. - 4. 227 . 143 17 21 322 313
9 1 1665 =1702 13 5 579 604 . 17- 24 235 288
9 2 490 579 13 6 463 345 17 -16 183 - 291
9 3 684 - 704 13 7 379 - 372 19 - -8 293 - 305
9 4 359 =~ 310 13 -8 186 - 127 19 -6 420 - 381
'9 5 803 758 13 9 441 -~ 424 19 1 312 - 298
9. 6 583 404 i3 10 179 - 112 | 19 . 2 195 - 193
9 7. 551. 575 13. 12 940 - 894 19 4 432 - 428
9. 10" 562 551 | 13 14 260 - 203 19- 7 684 - 670
9 11 522 397 13. 16 501 500 | 19. 8 496 517
9 12 963 976 13 17 364 357 19 9 - 555 497
9. 13- 326 244 13 18. 461 429- | 19 11 283  331-
9 14 436 333 13. 24 290 - 354 19 12 8lo 794
9 15. 284 - 213 | 13. 26 175 =~ 207 19 13 289 - 254
9 20 296 - 307 15 - 6 308 - 270 19 16 420 - 374
9 22 180 239 | 15 -~ 4 292 - 325 19, 22. 259 262
‘9 24 424 449 15 = 3 220 - 300 19 - 24 185 220
11 -11 360 - 363 15 =.2 960 =~ 944 21 - 4 256 278
11 -10 546 - 596 15 = 1 383. 407 21 - 3 235 - 236
11 - 9 263 - 338 15 O - 474 - 462 21 -2 257 256
11 - 8 903 =~ 951 15 1. 420 463 21 -1 234 - 266
11 - 6 328 + 411 15 2 709 685 21 2 327 - 390
11 - 5. 222 220 15 3 322 209 21 5 205 228
11 - 4 478 462 15 4 998 948 21 6 724 735
11 - 3 634 660 15 7 295 - 334 21 9 461 - 440
11 - 2 1344 1428 | 15 8 332 =~ 284 21 11 465 442
11 - 1 1151 -1168 15 10 948 - 901. 21 12 467 - 439
11 0 1002 977 | 15 11 250 344 21 14 420 - 533.
11 1 1346 -1336 15 12 464 - 447 21 15 257 - 315
11 2 867 =~ 840 15 13 264 374 21 16 209 - 198
11 4 1085 -1123 15 14 490 478 23- - 6 224 275
11 5 518 ° 530 15 15 441 427 23, O 418 - 484
11 6 417 348 15 16 639 659 23 1 256 336
11 7 382 330 15 20 296 - 346 23 4- 297 288
11 8 251 226 15 22 248 =~ 209 23 10 - 594 - 541
11 -9 509 - 446 15 -14 396 - 487 23 12 256 - 257
11 11 697 +~ 699 17 =10 737 815 23 16 368 435
11 14 893 =~ 876 17 - 8 297 263 23. 17 245 185
11 651 =~ 595 17 - 7. 329 - 326 23 22 144 - 174




(iv)

h 2 F F h £ F F h L F F
o. c- (o) o o o
25 2 366 417 6 - 4 148 - 157 6 4 498 428
25 4. 325 418 6 -5 693 - 651 6 5 151 26
25 8 292 - 289 6 - 6 289 340 6. 6 545- ~ 325
25 11 229 162 6 - 8 432 441 6 7 1082 - -1278
25 14 280 341 6 -9 657 632 6 8 641 - 714
27 6 229 - 317 6 -10 683 639 6 9 572 488 -
: 6 -11 773. 725 6 10 1414 -1660
k=2 6 -14 644 - 619 6 11 1077 1029
0 4 1230 1336 6 -15 256 - 293 6 12 353 - 255
O 5 598- 519 6 -17 261. - 230 6- 13 590 640
O 6 860 = 801 8 - 4 409 - 354, 6 14 1078 1146
O 7 1451 1652 8 - 6 531 - 469 : 6 15 471 472
O 8 605 - 513 8 - 7 447 - 416 . 6 16 493 461
O 9 1212 1234 8 -10 501 518 6 17 449 - 391
O 10 259 - 279 -8 =11 405 442 6 19 ‘598 - 522
O 11 520 = 506 .8 =12 743 789 6 22 295 - 230
O 12 416 415 '8 =13 615 592 6 23 361 330
O 13 774 - 712 10 - 7 386 - 361 8 -16 238 - 322
O 15 768 -.698 10 - 8 827 - 826 8 --3 1306 1462
O 16 566 - 466 10 = 9 564 - 519 8 -2 765 - 639
O- 17 231 - 163 10 -10 239 -~ 213 8 - 1 408 503
O 18 299 - 278 10 =11 319 - 305 8 O 943 937
o 19 302 273 4. O 1454 1495 8 2. 402 - 342
0O 21 329 318 4 2 673 591 8 4. 258 - 225
2 - 4 696 - 610 4 4 1158 1120 8 5 1079 -1089 °
2 -5 677 796 4. 5 674 785 8 6 986 -1026
2 - 6 360 ' 246 4 6 649 776 8 7 402 485
2 - 7 490 -~ 356 4 7 1424 -1473 . 8 8 715 - 619
2.4 9 759 ~-.767 4 8 1363: 1419 8 9 1123 1066
2 -10 647 - 583 4 9 1049 -loll 8 10 263 235
2 =11 566 =~ 559 4. 11 418 =~ 437 8 11 828 806
2--13 458 . = 455 4- 12 761 =--778 8 12 695 645
2 -14 756 ' 696 4 14 853 - 915 8 13 658 559 -
2 -17- 210 = 234 4 15 741 728 8 14 - 1149 1110
2 -18 213 = 267 4 16 217 .- 161 8- 15 264 310
2 -20 297 - 333 4 17 403 429 8 16 238 152
2 -23 236 = 235 4 18 465 397 8 17 570- - 590-
4. -1 187 = 90 4 19 474 - 342 8 18 893 - 879
4 - 2 943 .- 953 2 31352 -1564. 8 20 261 - 228
4 - 3 433 =430 2 6 447 =~ 752 8 21 542. 485
4 - 4 275 234 2.9 922. - 900 10 - 6 - 331 - 290
4 - 5 140 184 2 10 855 835 10 - 5 448 484
4 - 7 713 659 2 11 333 = 347 10-- 2 1139° 1061
4 - 8 360 - 283 2 13 653 - 610 10 -1 838 =~ 676
4 -10 451 = 459 2 14 630 - 618 10 O 1076 852
4 -11 119 - 180 2 18 377 364 10 1 1641 -1596
4 -12 455 + 544 2 19 301 354 10 2 627 480
4 -13 420 - 361 2 21 235 - 203 10 3 1041 - 851
4 415 720 = 673 2 22 229 234-|1lo 4 936 - 871
4 -16 534 554 2 23 233 - 187 10 5 509 631
4 -18 301 239 6 -12. 266 - 258 10 6 823 - 707
4 =19 471 513 6 = 1 506 525- [ 10 7 535 540
4 =20 252 333 6 2 250 273 10 8 225 - 194
6 -~ 2 370 -~ 387 6 3 611 5904 | 10 9 181 139 -




(v)

R £ F o h L F F h 2 F F
10 10 1243 1266 .| 16 ~1- 465 499 22 5  384- 408
10 11 254 - 328 16 2 699 730 22 6 261 288
10 12 530 429 16 4 454 461 22 7 337 - 353
10 14 578 —.564 16 S5 454 - 377 22 9 384 - 457 .
10 15 538 - 519: 16 7 775 --790 22 12 301 - 284
10. 16 789 - 777 le 8 982 - 882 22 13 212 235
10 22 376 344 16 9 523 539} 22 16 255 254
12 =14 335 356 16 10 1152 -1074 22 18 243 267
12 -12 475 - 501 16 11 743 743 22 21  233.- 291
12.- 9 708 - 759 16 13 360 364 24 - 3. 342 - 301
12 -8 549 484 16 14, 227 192 24 - 1 248 189
12 - 7 338 298 16 21 - 372 447 24 O 252 - 246
12 -5 214. 187 16 23 224 195 24 2. 233 256
12 = 3 294 - 318 18 - 9 296 - 285 24 3 297 267
12 - 2 500 534 18 - 7  426.- 360 24 9. 333 - 399
12.- 1 662 - 635 18 = 5 260 300 24 11 256 297
12 0O 1213 -1271 18 - 3 658 655 24 13 327 314
12 2 1053 - 960 18 -~ 1. 287 216 26 1 204 143:
12 4 782 - 749 . 18 0 511 657 26 2 230 260
12 5 1055 970 18 2. 393 372f 26 12 270 236
12- 6 524 389 18- 3 239 - 171 28 13 188 - 224
12 7 675 545 18 5 274 - 226 26 . 18. 181 - 199
12 8 709 614 18 6 613 - 609 16 -14 222 - 293
12 9. 1283 -1261 18 7 496 - 449 16 -13 240 223
12 10 706 692 l8 8 310 268 20 =10 200 .~ 249
12 12 - 278 - 287 18 9 242 227 22 - 7 260 298
12. 14 597 - 533 18 11. 365 372 0 24 224 . 213
12 18 298 291 18 12 458 507 10 -13 299 327
12 21° 299 - 258 18 13 328 - 254
14 -12 300 - 385 18 14. 332  385|k=3. ,
14 - 9 257 264. | 18 15 259 - 200 1 -4 537 492
14 - 8 582 617 18 16 301 - 337 1 -5 1141 1272
14 -5 301 - 309 | 18 18 300 - 338 1= 7 1190 -1242.
14 - 3 570 - 543 18 19 297 279 1 -10 525 - 537 .
14 = 2 - 248 = 227 18 21 281 325 1 -11 788 - 749
14 - 1 831 733 20 - 5 335 319 1 -16 426 - 321
14 O 1029 -1012 20 - 3 261 - 324 1 -17 502 442
14 3- 572 561 20 - 2 260 359 1 -18 644 - 646
14, 4 1165 1134 20 -1 600 - 701 3 -2 1259 1210
14 5. 785 608 20 1 534 - 446 3 -3 608 562
14 6 1316 1194 20 2 255 - 222 3 -5 635 - 424
14 . 7- 584 - 636 20 6 372 - 400 -3 - 6 340 - 250
14 8 723 732 . 20 7 292 . 304 3 -7 948 1128
14 9 738 - 682 20 8 293 249 3 - 9- 368 316~
14 10 497 -~ 435 20 10 468 530 3 ~10. 276 - 231
14 11 285 275 20 12 423 -~ 345 3 ~-11 526 - 498
14 12 656 - 548 20 14 301 - 252 3 -13 719 - 662
14 13 270 253 . 22 - 3. 256 - 284 3.-14 785 891
14- 16 652 599 22 - 2 298 348 3 =15 273 - 318
14. 20 237 - 276 22 - 1 336 - 387 '3 -16 450 449
16 =11 332 363 22 O 238 - 226 3 =17 . 799 624 .
16 - 3 554 523 |22 1 261 237 5 -4 285 119
16 - 2 608 - 504 22 2 477 - 574 S - 5. 774 - 753
16 = 1 730. 755 22 4 337 258 5 -6 234 162




(vi)

o c o c o c
5 ‘555 483 5 12 792 - 680 9 11 395 317
5 217 228 5 13- 737 628 9 13. 387 - 361
3 554 532 5 14 268 - 310 9 14 403 355
3 237 - 320 5 15 412 379 9 16 432 - 334
3 408 - 403 5. 18 354 270 9 17 550- - 553-
3 576 643 519 714 - 632- 9 18 560 - 472
3 g78 985 5 20 504 412 9 19 565- 467
3. 1055 1027 5 21. 303 - 315 9: 21. 555 527
3. 512 481 5. 23, 352 318 "9 25 218 - 196
3. 490 459 7 =17- 497 - 511 11 =17 346 362
3. 652 - 656 7 -14 = 395 - 453, 11 -10. 692 - 705
3 124 236 .7 =13 387 343. | 11 -9 584 - 658
3 1035 -1081 7 -11 811 825 11 - 8 - 283 275
3 221 - 155 7 =10 269 328 11 - 5 1163 1041
3 234 - 212 7 -7 603 -520. | 11 - 4 247 223
3 881 - 768 7 -5 172 - 112 | 11 - 2 231 106
3 325 263 7 -~ 4 465 430 11 - 1. 411 - 389
3 535 - 493 7 = 3. 1368 1495 11 1 876 - 814 .
3 628 . 576 7 -2 212 - 173 11 2 350 - 278
3 251 244 7 -1 799 749 11 3 444 - 362
3 452 395 7 1 682 688 11 5 352 335
3 301 = 248 7 5 717 .- 823 11 6 997 - 835
1 290 -~ 380 7 6 830 - 843 11 7 578 - 595
1 996 -1040 7 7 1105 -1247 11 8 132 222
1 499 - 460 7 8 1158 -1252 11 10 399 359
1 748 - 773 7 11 427 498 11. 11° 654 - 640
1 1275 -1630 7 13 829 967 11 13 351 - 369
1 444 309 7- 14 440 439 | 11 14 324 - 316
1 1063 1026 7 15 459 - 384 - 13 ~15 281 - 265
1 401 351 7 16 291 123 13 - 9 304 419
1 762 - 706 7 17. 441 - 479 13 - 8 623 590
1 - 714 662 7 18 176 178 | 13 - 2 418 - 308
1 1055 -1033 7 21 351 363 13 -1 323 -~ 254
1 158 117 7 22- 270 - 144 13 0 601 -~ 649
1 522 - 508 7 23 160 236 |13 1 502 - 432
1 342 - 383 7 24 144 - 212 | 13 3. 349 307
1 644 623 9 <19 247 - 274 13. 5 765 749
5 277 233 9 -15 308 319 13 6 784 801
5. 278 286 9 =13 355 252 13 7 358 - 314
5 356 = 355 9~ 9 795 - 729 13 8 716 651
5 - 394 - 275 9 - 8 432 - 336 13 9 1310 -1306
5. 775 = 742 9 -7 733 - 716 13 13 815 572
5 -1 281 ~ 294 9 -5 269 252 13 21 273 - 271
5 0 484 476 9 - 3 316 181 15 -12 243 - 246
5 1 265 310 9 - 2 378 - 353 15 -11 304 225
5 2 145 108 9 -1 734 680 15 - 5 765. - 755
5 3 852 985 9 O 566 - 386 15 = 1 274 244
5 4 1259 1422 9 2 770 - 751 15 1 434 441
5 5. 1158 1364 9. 3 1089 -1082 15 2 339 289
5 6 1097 1049 9 5.-1009 - 870 15: 3 603 558
5 7 595 = 590 9 6 1145 -1170 15 4 542 534
5 8 991 916 9. 7 596 587 15 6 302 311
5 9 1058 -1146 9 9 900 898 15 7 849 -1009
5 10 125-- 96 9 10 378 265 15 9 271 223




h & F F h L F F £ F
A o (ol . o c o, c
15 10 638 - 516 2 2 683 -776| 8 18 280 200
15 11- 728 678 2 3 370 - 351 8 19 322 276
15 13 535 493 2 7 -1123- 1323 8 21 557- 510
15 17 357 - 313 2 10 445. - 250 8- 23 265 240
15 19 501 - 441 2 11 1020 =-990| lo 6 207 232
15- 23 255 260 2 14 259 252 | 10 7 1081 1097
17 - 1- 380 292 ©2 17 645- 539 10 8 125 - 150
.17 O 672 553 2- 18 280 - 288 lo 9 734 719
17 2 285 254 219 226 191 | 10 10 268 - 289
17 3 327 - 280 2 21 150 - - 159 1l0- 11 500 - 507
17 5 651 - 588 4 1 334 - 275 | 10 13 534 - 586
17 6 516 - 525 4 2 557 562 | 10 15  312° - 270
17 8 330-- 337- 4. 3 329 446 | 10 16 406 - 322
17 9 372 429 4 4 1168 1347 | 10- 19 719 665
17 11 966 979 4.5 1073 1211 | 10 23 208 =~ 212
17 12 273 = 217 4 '6 859 941} 12 6 290 - 291
17 15 642 - 640 4 7 506: 510 | 12 . 7. 349 331
17 21 364 411 4 '8 478 446 | 12 9 275 - 260
19 = 9 327 - 376 4° 9 569 - 649 12 11 579 - 582
19 - 8 270 - 336 4 10 491 426 | 12 12 257 268
19 - 5 398 - 378 4 12 236 =-.287 | 12 15 501 517 -
19 - 1 452 - 510 4 13. 570 511-] 12 17 = 457. 417
19 2 551 - 488 4 15 217 199 | 12 21  263. - 182"
19 3 601 - 585 4 16 . 447 - 356 | 12- 23 256 ~- 273
19 4 387 - 366 4 17 278 220 | 14 9. 652 - 728
19 7 693 687 - 4 19 321 - 261 | 14 10 535. 501
19 9. 247 237 4 21 552 -510| 14 12 266 231
19 10 785 703 4 22 318 336 | 14 13 469 542
19 11 499 - 512 6 2 483 469 | 14 15 359 407
21 - 7 249 281 6. 3 261 287 | 14 16 323 - 342
21 - 2 354 308 6 4 464 - 457 | 14 19 500 =~ 511
21 = 1. 398 — 436 6 5 555 - 538 | 14 21 256 - 258
21 3 399 - 408~ 6 6 324 - 232 | 14 23 193 . 184
21 6 308 - 122 ¢ 6 7 832 - 833 16 11 471 579
21 7 356 296 6 8 356 - 200 | 16 12 572 - 587
21 8 309 279 6 9 427 - 455 | 16- 13 320 312
21 9 505 - 514 6 10 278 301 | 16 15- 457 - 424
21 11 309 -.372 6 11 523 524 | 16 17 507 - 543
23 9 306 - 335 6 13 452 461-| 16- 19 268 - 268
25 2 279 293 6 17 642 - 635 | 16 23 253 323
25 18 124 - 214 6 18 457 499 | 18 19 299 294
_ o 6 19 456 - 412 | "2 -2 749 - 631
k=4 o 6 20 317 285 2 -4 622 657
O 2. 235 - 253 6 23 371 329 2 -5 1303 -1526-
O 3 1143 -1309 8 3 687 -693 | 2-7 765 785
O 4. 300 - 272 8 .5 525 = 555 2 -8 575 - 454
0. 5 801 - 916 8 6 441 - 544 | 2 -9 394 - 329
O ‘9 836 789 8 9. 604 610 2 -11 553 - 511
O 14 305 = 262 8 11 599 644 | 2 =12 229 212
O 18 279 - 232 8 12 278 306 | 2 -13. 301 - 299
o 19 317, 293 8 14 300 - 337 2--17 704 575
0 21- 408 420 8 15 772 ~'72Lf 4 O 785 - 846
O 23 156 - 125 8 16 223 = 227 4 -1 976 =-1020 .
2 1 - 459 8 17  321- 4 - 4 693 632

322

- 302 .




(viii)

Lt Fy Fo |, b F F h. o F
4 -5 814 - 823 12 591 447 20 -5 462 413
4 - 7 914 862 12 661 779 20 = 7 225 122
4 -8 279 = 150 12 - 877 747 20 - 9- 245 - 259
4 -9 1161 1049 | 12. 320 186 22 11 249 - 207
4 -11 288 259 12 - 401 - 302 22 9 406 - 377
4 -12- 424 424 12 288 - 295 22 5 505 395
4 -14 355 245 12 198 189 - 22 3318 336
4 -19 303 247 14 427 121 22 2 316- 260
6 1 330 -.272 14 . 886 -1176 22 1 314 258
6 - 1 848 875 14 140 164 . 22 O 270 195
6 - 2 489 - 507 L4 . 607 619 22 3. 294 - 215
6 - 3 923 - 813 14 - 684 649 22 6 216 195
. 6 - 4 155 75. 14 361 444 24 1 296 . 330
6 - 5 1055 =-1157 14 412 - 303 24 7 610 - 638
6 - 6 663 706 | 14 419 - 380 - 24 5 430 - 335
6 - 7 719 - 739 | 14 359 308 24 3258 223
6 -9 683 545 14 647 . - 492 26 1 318 314
6 =10 290- - 238 14 218 186 26, 9 288 360
6 -11 337 . 267 14 443 - 424 26 5 180 - 184
6 =12 347 = 303 16 155 250 26 3 211 - 234
6 -13 405 442 16 213 - 94 24 5 222.- 262
6 -17 566 -~ 508 16 - 542 - 530
6 -21. 295 271 16 670 - 581
8 1 722 753 16 150 - 234 1 548 - 629
8 - 1 753 773 16 425 . 307 1 467 463
8 - 2 489 == 477 16 338 350 1 804 674
-8 - 31192 1126 | 16~ 549 . 363 1 532 547
8 - 4 242 - 118 16 311 188 1 446 - 495
8 — 7 949 - 903 16 400 . 348 1 - 444 - 393
8 -9 835. - 780 16 - 1007 -.795 1. l64 - 85
8 -12 357 = 199 16 510 - 427 1 343 - 410
8. -13 255 - 174 16 - 9. 273 176 1 307 - 201
g -15 408 - . 454 16 -10 154 - 93 1 261 - 242
8 -19 446 =~ 390 16 =12. 196 - 124 1 322 221
3 565 = 696 16 -13. 253 271 - i 451 - 393
2 366 ~ 359 18 9 638 581 3 357 - 350
1 661 - 652 18 7 403 438 3 504 667
-1 309 - 314 18 5 569 - 452- 3 173 234
- 3 575 384 18 . 3 633 - 550 3 . 903 1036
- 5 1063 890 18 = 2 355.- 344 3 646 750
=7 803 -677 | 18 -1 161 146" 3 279 - 167
- 8. 302 194 18 -~ 3 412 344 3 643 - 529
-9 620 - 621 18 = 5 278 186 3, 162 - 159
-10. 571 = 462 18 = 7 313 - 244 3 510 394
-12. 323 - 266 18 - 9. 255 - 201- 3 588 - 473
-15 - 491 369 18 -10 138 - 121 3. - 410 - 356
-17 385 365 18 -13 188 201 3. 275 - 260
5 703 768 20 11 279 - 319 5. 498 650
4 285 279 200 9 228 - 224 5 672 814
3. 510 495 | 20 7 457, 420 5 513 - 538
1 289 - 264 20 5 412 344 > 751 = -742
-1 656 = 525 20 4 280 - 265 5 155" 79
-2 387 - 269 20 1 361 - 348" 5 257 137 -
249 198 20. -1 160 - 197 5 535. 473




h L Fg F h 2 Fy F h 2 F, F_

5 15 410 322 3. -6 .599 577 15 13 416 429

5 16 293 =253 3 =7 1097 1160 15 10 658 704

5 19. 361 = 319 3 =10 335 340 | 15. 7 564 - 523

5. 20 247 231 3.-12 506 = 605 15 - 3 522 - 504

5 21 283 = 263 3 =17 286 175 15 -5 671 - 643

7 6 272 =171 5. 1 351 437 15 -8 316 - 278

7 7 565. = 552 5 -1 369 - 345 15 -10 276 - 157

7 13 498 = 359 5 - 3. 962 - 916 15 =-11 263 219

7 14 255 - 197 5 -5 783 - 836 17 13 321 - 314
-7 17 372 - 382 5 -9 582 560 | 17 5 319 - 367

7 21 286 206 5 -12 183 192 [ 17 -3 415 393

9 5 554 = 585 5 =15 522 - 399 17 - 7 453 - 429

9 6 620 646 5 -16 362 - 387117 -11 138 117

9 7 396 511.f 7 2 397 -294 |19 13 315 - 321
‘9 .8 308 284 | 7. 1 704 642 19 9 371 384
"9 9 635 658 7- -1 884 967 | 19 7 294 - 296

9 13 252 - 201 7 -2 593 ‘449 19 2 262 178
‘9 14 514 - 530 7 - 3. 141 | 145 | 19 1- 473 - 464

9 19 361 38 | 7 -5 941 - 885 |19 - 2 288 - 196

9 21 368 340 7 = 521 -~ 566 19 -3 312 324
11 7 618 653 7 =10 510 - 402 |19 -5- 246 307
11 8 488 - 532 7--11 318 180 |19 . -8 209 217
11 10 295 - 1§83 7 =13 186 271 19 -9 212 - 173
11 11- 628 = 654 7. -14 369,361 |21 11 = 309 - 328
11 15 321 = 245 7 =17 287 - 288 | 21 7 315 230
11 16 263 = 259 9 '3 560 -521 [21 3 362 263
11 17 = 370 389 9 396 = 341 | 21 2 402 333
11 19 400 449 9 1. 509 - 422 | 21 O 354 274
11 23 280 = 299 ‘9 0 320.-242 |21 -7 175 134
13 9 461 - 492 9 -3 742 795 |23 9 295 - 224
13 10 250 282 9 =5- 465 518 | 23 7 243 166
13 11. 311 287 | 9 -7 971.- 911. | 23 4 380 - 372
13 13 184 142 9 -9 364 - 342 | 23 1 254 315
13 15 416 412 9 =10 292 - 294 23 o 311 299
13 17 368 373 | 9 =11 322 - 291. |23 -3 264 - 211
13- 20. 239 260 | 9 -14- 458 380 | 25 11 235 251
13. 21 311 - 377 | 11 . 5 490 668

1 - 3. 781 856 | L1l 3 434 - 341

1 -4 550 535 | 11 -3 473 424

1.- 5 811 ge7 | 11 - 4 383 420

1 -6 366 415 | 11 =5 495 405 R = 10.6%

1-9 857 =- 715 | 11 -7 728 692 -

1 -11 477 == 439 | 11 =13 251 - 291

1-=-12 350 =~ 298 11 =15 273 194

1-13 312 - 433 | 13- 3 288 341

1 -14 368 = 396 | 13 ~2- 374 323

1 =15 474 446 | 13- 1 292 236

1 -17 183 263 | 13 -1 . 386 - 303

1-18 311 334 | 13- -3 872 - 733

3 o 193 =181 | 13 -7 832 791

3 -1 679 =-.845 | 13 -9 585 534

3 -2 662 - 751 13 =13 .284 = 249

3 -3 793 - 803 | 13 -15. 294 - 318

3 -5, 979 1065 | 15 14  372-- 414

The 1 i h '
columns list h,L, lolFost and 10 Fcalc.





