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ABSTRACT 

The development of the s t ruc tu ra l chemistry of oxalates and 

vanadyl complexes i s reviewed. 

The structure of diammonium vanadyl oxalate dihydrate has been 

determined by x-ray analysis, using photographic and counter 

methods of data c o l l e c t i o n . The counter method gave an R fac to r 

of 0.039 and produced atomic coordinates wi th a sa t i s f ac to ry degree 

of accuracy.. 

Contrary to predict ions based on spectroscopic evidence, the 

vanadium atom i s s ix coordinate, the anion £v0 (CpO^^ H^oJ 

containing a d i s to r ted octahedral arrangement of oxygens about the 

metal atom. The two chelated oxalato groups have a cis 

arrangement wi th respect to one another and a water molecule 

occupies an apical pos i t ion trans to the vanadyl group. 

A comparison of vanadium to oxygen bond lengths wi th 

corresponding vanadium to l igand distances i n other octahedral 

vanadyl complexes, shows that there i s a general agreement. 

The bond lengths i n the oxalato groups also agree wi th those 

i n s imi la r s t ructures . The e f f ec t of the V = 0 group on C - 0 bond 

lengths i n the trans chelated oxalato group has been observed and 

t h i s accords wi th resul ts reported by other workers. 

The water molecules and ammonium ions generate a network of 

hydrogen bonds i n which a l l the oxygen atoms are involved. 
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INTRODUCTION 

The compound ammonium b is - (oxa la to) oxovanadium IV dihydrate 

(NH^)p VO^pO^g. 2HgO has ce r ta in features of in teres t concerning 

i t s molecular s t ruc ture . These may be summarised as f o l l o w s . 
2+ 

I t incorporates the vanadyl ( IV) ion (VO ) and as wi th 

oxocations of other t r a n s i t i o n metals, t h i s plays an important part 

i n the structure of the complex. 
1 

I n a review of metal oxocations Selbin pointed out that 

although some twenty d i f f e r e n t t r a n s i t i o n metals have been reported 

as forming MÔ  e n t i t i e s (where x may be 1, 2, or 3 and n may be 

1, 2, 3, 4 or 5)» f i r m s t ruc tu ra l evidence i s lacking i n a l l but a 

few cases. 

The most stable oxocations are dioxouranium (Vl ) UOp+ and 
2+ 

oxovanadium ( iv ) VO and an extensive l i t e r a t u r e exists on the 
aquochemistry of compounds containing these ions. Selbin estimates 

2+ 

the number of known complexes of the VO ion at "we l l over a 

hundred". A l i t e r a t u r e survey however reveals that i n only a few 

cases have molecular and c rys ta l structures been established by 

X-ray d i f f r a c t i o n techniques. 

The main reason f o r the in teres t i n oxycation structures i n 

general, i s that the metal-oxygen mul t ip le bond i s very strong and 

remains in t ac t during l igand changes i n the coordination complex. 

The length of t h i s bond however may change wi th d i f f e r e n t l igand 

environments and these changes may be correlated w i t h the 

properties of the various ligand-metal bonds concerned. 
2 3 

Selbin ' has reviewed the chemistry of oxovanadium (IV) and 

states that the pa r t i cu l a r s ignif icance of t h i s i on derives from 
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"the f o l l o w i n g circumstances: 

(a) the oxovanadium (IV) ion i s probably the most stable biatomic 

ion known. 

(b) i t forms stable complexes which may be anionic, ca t ionic or 

neu t ra l . These may exist i n the s o l i d , l i q u i d or vapour states. 

(c) the ion i s a d system and the fac t that i t possesses only a 

single electron outside a closed she l l makes i t p a r t i c u l a r l y 

sui table f o r fundamental t heore t i ca l studies. 

The oxalate group as a bidentate l igand was the subject of a 

review by K. V. Krishnamurty and C. M. Harris^". I t i s of special 

in teres t i n the case of metal atoms where octahedral structures are 

formed. Bisoxalato complex ions of the general formula 

£M (C o0 )gXp J may show c i s , trans isomerism (F ig . 1.) 

o Q 

c c 
c. o c o \ 

o 

M 

X o 
O o o / o c X I 

o o 
FIG. 1 
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A number of s t ruc tu ra l studies of both simple and complex 

oxalates have contributed informat ion on the bond order of the 

C - C l i n k and the p l ana r i t y of the oxalate group. The nature of 

the hydrogen bonding i n hydrated oxalates has also received 

considerable a t t en t ion . 

Prom an inves t iga t ion of the i n f r a r e d spectrum of diammonium 

vanadyl dioxalate dihydrate (hereafter re fe r red to as AVO), 

Sathyararayana and Patel suggested the s tructure i n F ig . 2 f o r 

the complex anion. 

OG-O O O-CO 

V 

OC-O o - c o 

FIG. 2 

The present work shows that the anion includes a coordinated 

water molecule and t h i s allows an octahedral arrangement of oxygen 

atoms eibout the vanadium atom. This i s i n cont rad ic t ion to the 

square pyramidal structure proposed above. 

These authors considered that both the water molecules were 

present as l a t t i c e water and assigned to the compound the formula 

(MH ) 9 I V0(0x) 9 J . 2EL0. The resul t s of the present X-ray analysis 
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indicate that the correct formula i s (NH^g [ v O ( O x ) 2 . H 20 ] H 2 0. 

Another aspect of in teres t i s the therapeutic properties of 

vanadyl coordination complexes. U. S. patent No. 3,076,830 

relates to the use of AVO and other complexes i n the treatment of 

tumours. 

I t was thought that the determination of the molecular 

s tructure of AVO would make a con t r ibu t ion to the various issues 

to which reference has been made. 



CHAPTER ONE 
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CHAPTER I 

1. INTRODUCTION 

A considerable number of papers have been published concerning 

the structures of compounds which contain ions or other e n t i t i e s 

s imi la r to those found i n AVO. These compounds f a l l i n to three 

groups. 

(a) Coordination compounds of vanadium (IV) and (v) . 

(b) Oxalates and oxalato complexes of vanadium and other metals. 

(c) Compounds containing water molecules and ammonium ions which 

pa r t i c ipa te i n hydrogen bonding. 

I n reviewing t h i s l i t e r a t u r e emphasis i s placed on the resul ts 

obtained by X-ray analysis but contr ibut ions from other techniques 

w i l l be discussed as appropriate. I n order to show the development 

of the subject the papers w i l l be discussed chronological ly . 

Detai led consideration of molecular geometry i s deferred, and 

relevant comparisons wi th AVO w i l l be made i n Chapter V. 

1.2 THE STRUCTURE OF VANADIUM COMPLEXES 

The structure of vanadium pentoxide was established by Bystrom, 

6 7 Wilhelmi and Brotzen confirming e a r l i e r work of Keletaar . Each 

vanadium atom was found to be coordinated to f i v e oxygen atoms i n a 

form which was described as a t r i g o n a l bipyramid. 

The V - 0 distances were reported to range from 1.54 ^ "to 

2.02 No comment was made as to the possible s ignif icance of the 

short bond. 

1.2.1 Vanadyl Sulphate Heptahydrate (V0S0^.5H20) was invest igated by 
g 

P a l m a - V i t t o r e l l i , Palma, Palumbo and Sgarlata f o r the spec i f i c 

purpose of es tabl ishing whether the vanadyl-oxygen l i n k had the 



character of an ion ic or covalent bond. 

They found an octahedral d i s t r i b u t i o n of s ix oxygen atoms around 

the vanadium, the four longest bonds invo lv ing water oxygens. The 

remaining V - 0 bonds were 1.67 ft and 1.86 ft i n length and the 

shortest was i d e n t i f i e d as the vanadyl group (V = 0 ) . I t was not 

stated whether the s i x t h oxygen was provided by the remaining water 

molecule or the sulphate group. 

The observed interatomic distance (1.67 ft) was s i g n i f i c a n t l y 

less than the sum of the atomic r a d i i (1.94 ft) and i t was concluded 

that "a double covalent bond i s established between the two atoms". 

Studies of magnetic and op t i ca l properties reported i n the same 

paper supported t h i s view. 

The question of hydrogen bonding i n the c rys ta l was not 

considered. 

.2 The structure of vanadyl b is acetylacetonate was determined by 

9 

Dodge, Templeton and Za lk in . As shown i n F i g . 1.1, the f i v e oxygen 

atoms which form the cage of the metal atom are s i tuated at the 

corners of a square pyramid, the vanadium being s l i g h t l y elevated 

from the centre of the base. 

FIG. 1.1 

O 
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The elevat ion of the vanadium atom above the basal plane was thought 

to be due to the repulsion of the two chelate r ings by the V = 0 

group. They point out the s i m i l a r i t y between t h i s d i s t r i b u t i o n of 

oxygen atoms and that i n V^Oy p r e f e r r i n g to in te rp re t the 

structure of the l a t t e r as a d i s to r ted square pyramidal arrangement, 

as opposed to the t r i g o n a l bipyramid suggested by Bystrom et a l . 

The authors point out the s ignif icance of the shortness of the 

V = 0 bond, apparently unaware of the p r i o r work of Pa lma-Vi tore l l i 

et a l . 

10 

Gi l lespie has observed that VO (ac ac)^ i s an exception to the 

general ru le that square pyramidal molecules of the t r a n s i t i o n 

elements wi th incomplete d shells have longer a x i a l bonds than base 

bonds, and ascribes t h i s to the m u l t i p l i c i t y of the V = 0 bond. He 

points out that AX,_ coordination invo lv ing mul t ip le bonds usual ly has 

t r i g o n a l bipyramidal geometry and the expected arrangement around the 

metal atom would have the short bond i n the equatorial plane as i n 

F i g . 1.2. 
o 

o 

o 

V 

o 

o 

FIG. 1.2 
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The mul t ip le bond however repels the ax ia l oxygens and d i s t o r t s the 

s tructure in to an approximately square pyramidal form. Thus what 

would normally have been an equatorial bond i s now a x i a l l y disposed. 

pentahydrate (NH ) 2 VO (NCS)4 5^0 was found by Hazell to have a 

s ix coordinate metal atom. 

The vanadium atom i s coordinated to the vanadyl oxygen and to 

the ni trogen atoms of the isothiocyanate groups. These f i v e atoms 

are s i tuated at the corners of a tetragonal pyramid and the 

octahedral pos i t i on i s occupied by a water oxygen trans to the 

vanadyl oxygen. 

The p o s s i b i l i t i e s of hydrogen bonding invo lv ing the water 

molecules and ammonium ions were not discussed but i t was noted 

that each ammonium ion was surrounded by four oxygen atoms arranged 

at the corners of a d i s to r t ed tetrahedron. 

1.2.4 Ammonium Vanadyl (+) Tartrate Monohydrate was the f i r s t vanadyl 

complex containing dicarboxylate groups, to be examined by X-ray 
12 

methods. Forrest and Prout found that the s tructure consisted of 

1.2.3 The substance diammonium oxotetrakis-isothiocyanatovanadate 

dimeric vanadyl [vO ( d - t a r t ) ] 2 t a r t r a t e un i t s i so la ted ammonium 

ions and water molecules (See F i g . 1.3) 
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O 

V 
o o / \ / \ o o c o c o \ / 

c c 

c c \ \ / c o o c o o \ / / \ 
o o V 

o 

FIG. 1.3 

The arrangement o f the f i v e oxygen atoms about the metal atom 

i s t h a t o f a d i s t o r t e d t r i g o n a l b i p y r a m i d . The ca rboxy l oxygen 
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atoms are at the apices and "the vanadyl oxygen t oge the r w i t h the 

two deprotonated h y d r o x y l oxygen atoms f o r m the t r i a n g l e o f the 

e q u a t o r i a l p l ane . These l a s t t h r ee atoms are coplanar w i t h the 

metal atom and t h i s e s t ab l i shes the geometry o f the oxygen cage as 

a t r i g o n a l b i p y r a m i d . 

Al though o n l y the p o s i t i o n s o f the heavy atoms were found , 

reasonable i n f e r ences were drawn concerning hydrogen bonding i n the 

c r y s t a l . The vanadyl t a r t r a t e ions are arranged i n sheets p a r a l l e l 

t o the (001) c r y s t a l plane.. The sheets are l i n k e d by hydrogen bonds 

p rov ided by the ammonium ions and water molecules as f o l l o w s : 

Each water molecule forms t h r e e hydrogen bonds: 

H 

0 H — 0 — H 0 — 

The bonds H — 0 — H connect the deprotonated h y d r o x y l 

oxygen atoms o f two d i f f e r e n t d i m e r i c u n i t s o f the same sheet . 

The remain ing bond connects the water molecule t o an ammonium 

i o n which i t s e l f i s hydrogen bonded t o vanadyl t a r t r a t e ions i n the 

next sheet . 

A l l the hydrogen atoms i n the two ammonium ions take p a r t i n 

bonding the vanadyl t a r t r a t e u n i t s t o g e t h e r . However the two ions 

pe r fo rm d i s t i n c t i v e f u n c t i o n s i n t h a t one serves t o bond ad jacent 

t a r t r a t e ions w i t h i n a p a r t i c u l a r sheet , whereas the o the r j o i n s 

ne ighbour ing sheets t o g e t h e r . 

The s o l v i n g o f t h i s s t r u c t u r e lends conv inc ing support t o the 

p r e d i c t i o n o f Tapscott and B e l f o r d t h a t the substance i s d i m e r i c i n 

a l k a l i n e s o l u t i o n . The c o r r e l a t i o n between the r e f l e c t a n c e spectrum 
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o f "the c r y s t a l l i n e s o l i d and the i n f r a r e d spectrum of i t s a l k a l i n e 

s o l u t i o n c o n f i r m t h a t i t has the same i o n i c c o n s t i t u t i o n i n "both 
13 

fo rms . Tapsco t t , B e l f o r d and Paul , determined the s t r u c t u r e o f 

t e t r a sod ium d ivanady l ( I V ) d - t a r t r a t e 1 - t a r t r a t e dodecahydrate. 

I t was found t h a t the vanadium environment d i f f e r s 

s i g n i f i c a n t l y f r o m t h a t i n the j j fO ( d - t a r t ) J ^ i o n . I t i s square 

pyramidal w i t h the vanadyl oxygen at the apex and the oxygens at 

the corners o f the "base are c o n t r i b u t e d by one d - t a r t r a t e b r i d g e 

and one 1 - t a r t r a t e b r i dge disposed i n the c i s p o s i t i o n . 

The scheme proposed f o r hydrogen bonding i s complex. The 

dimers have a s h e e t - l i k e s t r u c t u r e and these sheets are considered 

t o be h e l d t oge the r by a combinat ion o f hydrogen bonds, i o n d i p o l e 

bonds and i o n i c bonds. 

1.2.5 Vanadyl ( I V ) p y r i d i n e 2,6 d i c a r b o x y l a t e t e t r a h y d r a t e was 
14 found by Be r s t ed , B e l f o r d and Paul t o have a s i x coord ina ted metal 

atom i n a d i s t o r t e d oc tahedra l cage which approximates t o 

symmetry. ( F i g . 1.4)-

J2V 

FIG. 1.4 
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The e q u a t o r i a l plane has two carboxylase oxygens i n the t r a n s 

p o s i t i o n and two water oxygens s i m i l a r l y d isposed . The p y r i d i n e 

r i n g , the vanadyl group and the two carbon atoms are coplanar w i t h 

the ca rboxy la te oxygens and t h i s g ives the s t r u c t u r e symmetry. 

The c o n f i g u r a t i o n o f the f i v e oxygen atoms about the vanadium 

i s t h a t o f a d i s t o r t e d t r i g o n a l b ipy ramid and i s thus s i m i l a r t o the 

vanadyl d - t a r t r a t e i o n . The vanadyl oxygen and the ca rboxy la t e 

oxygens f o r m the e q u a t o r i a l plane i n the centre o f which the metal 

atom i s s i t u a t e d . 

The c r y s t a l i s b u i l t up o f molecules o f (VO C H O^N. 2E^0) and 

i t i s suggested t h a t they are l i n k e d t oge the r i n the c r y s t a l by the 

remain ing uncoordina ted water molecules th rough hydrogen bonds. 

I t i s assumed t h a t each coord ina ted water molecule forms two 

hydrogen bonds w i t h s u i t a b l y p laced p r o t o n accep tors . These 

acceptors are considered t o be an uncoordina ted ca rboxy l oxygen i n 

another molecule and a water o f h y d r a t i o n . The l a t t e r molecule 

f u r t h e r p a r t i c i p a t e s i n the hydrogen bonding by l i n k i n g uncoordina ted 

oxygen atoms associa ted w i t h two d i f f e r e n t molecules . 

1.2.6 A number o f s t r u c t u r e s c o n t a i n i n g the dioxovanadate (v) i o n have 

been r e p o r t e d . 

Triammonium b i s ( o x a l a t o ) dioxovanadate (v) d i h y d r a t e was 

1 5 

i n v e s t i g a t e d by Sche id t , T s a i , and Hoard , u s i n g a f o u r c i r c l e 

d i f f r a c t o m e t e r . The s t r u c t u r e s p r e v i o u s l y desc r ibed had been 

solved u s i n g photographic methods o f r e c o r d i n g da ta and o n l y the 

p o s i t i o n s o f the non-hydrogen atoms were e x p e r i m e n t a l l y de termined. 

The h ighe r l e v e l o f accuracy o f the d i f f r a c t o m e t e r da ta gave the 

p o s i t i o n s o f a l l atoms. However the authors d i d not o f f e r any 
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suggest ions as t o hydrogen bonding p a t t e r n s i n the c r y s t a l . 

The b i s ( o x a l a t o ) dioxovanadate ( v ) an ion [jVOg ( O x ^ J i s 

s i m i l a r t o the an ion o f AVO i n t h a t the metal atom i s surrounded by 

an oc tahedra l d i s t r i b u t i o n o f oxygens ( F i g . 1«5)« The d i f f e r e n c e 

l i e s i n the f a c t t h a t the p o s i t i o n o f the coord ina ted water oxygen i n 

AVO i s occupied by the second oxo-oxygen i n the a n i o n . 

o o o 
c 

o 
V 

o c o c 
o o 

o c \ 
o 

FIG. 1.5 

1.3 THE STRUCTURE OF OXALATES AM) OXALATO COMPLEXES 

The f i r s t paper concerning the s t r u c t u r e o f the oxa la te group 

16 

was pub l i shed by Zachariasen i n 1934» and the sub jec t has s ince 

been w i d e l y s t u d i e d . 

A t t e n t i o n has focussed main ly on the f o l l o w i n g p o i n t s : 

(a ) the bond order o f the C - C l i n k a g e s . 

(b ) the p l a n a r i t y or a p l a n a r i t y o f the oxa la te group. 
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( c ) the equivalence o f the C - 0 groups. 

(d ) hydrogen bonding e f f e c t s ( i n the cases o f a c i d molecules , 

hydra ted compounds and ammonium s a l t s ) . 

Th is rev iew o f p rev ious work f a l l s i n t o th ree p a r t s , v i z . s imple 

o x a l a t e s , oxa la to complexes and hydrogen bonding i n the c r y s t a l l i n e 

s t a t e r e l a t i n g t o such substances. 

•1 The S t r u c t u r e o f Oxa l i c A c i d and I t s S a l t s 

"1V 18 

The e a r l i e s t work concerning o x a l i c a c i d d i h y d r a t e ' was 

based on two dimensional da ta and y i e l d e d d i sc repan t va lues o f bond 

leng ths and angles . I n 1947 the pub l i shed da ta was evaluated by 
19 . 

Duni tz and Robertson who proposed the s t r u c t u r e ( u s i n g the most 
probable i n t e r a t o m i c d i s t a n c e s ) shown i n F i g . 1.6. 

2-50 o H20 O 
I-46 ( £ ) c c 

o o 
FIG. 1.6 

The shortness o f the C - C l i n k as compared w i t h the va lue o f 

1.544 found i n diamond, was t aken as evidence o f c o n j u g a t i o n . 

The f a c t t h a t the oxygen and carbon atoms are coplanar supports the 

view t h a t t h i s l i n k a g e par takes o f the nature o f a double bond. 

The accuracy o f the da ta d i d not a l l o w the p o s i t i o n s o f the 

hydrogen atoms t o be determined but the prescence o f hydrogen bonds 

was i n f e r r e d f r o m the p o s i t i o n s o f the water molecules . The f u n c t i o n 

o f the hydrogen bonds i s t w o f o l d , j o i n i n g the o x a l i c a c i d u n i t s i n t o 
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chains and j o i n i n g the chains t oge the r i n a th ree d imensional network. 

20 
1.3.2 I n 1952 J e f f r e y and Par ry determined the s t r u c t u r e o f ammonium 

oxa la te monohydrate. This work conf i rmed the r e s u l t s o f an e a r l i e r 

21 

study by Hendricks and J e f f e r s o n which showed t h a t i n con t r a s t t o 

the o x a l i c a c i d molecule , the oxa la te i o n i s ap lanar . The angle 

between the planes o f the two ca rboxy l groups i s 28 . 

The C - C bond l e n g t h i s 1.56 $ and t h i s was i n t e r p r e t e d as a 

pure sigma bond. The absence o f c o n j u g a t i o n i s thought t o e x p l a i n the 

r o t a t i o n o f the ca rboxy l p lanes . I t was considered t h a t i n the 

absence o f o ther i n f l u e n c e s , these planes would p robab ly be at 90° 

t o each o ther as t h i s i s the p o s i t i o n o f minimum i n t e r a c t i o n , but i n 

the c r y s t a l the ammonium i o n and water molecule have e l e c t r i c f i e l d s 

which i n h i b i t t h i s movement. 

1.3.3 An i n t e r e s t i n g s i t u a t i o n arose when the s t r u c t u r e o f c c - o x a l i c 
22 

a c i d was determined by Cox, D o u g i l l and J e f f r e y , who showed t h a t 

i t conta ined a p lana r c a r b o x y l i c a c i d group. 

The observed value o f 1.560 £ f o r the C - C bond i s s l i g h t l y 

longer t han the va lue o f 1.54 ^ i * 1 diamond but the authors suggested 

t h a t the d iscrepancy i s due t o exper imenta l e r r o r and i s o f no 

s i g n i f i c a n c e . I f t h e n , the l i n k i s a pure s i n g l e bond, an e x p l a n a t i o n 

i s r e q u i r e d as t o why r o t a t i o n o f the planes o f the ca rboxy l group 

has not occur red . They suggested t h a t the C - C l i n k i s a c t u a l l y a 

s i n g l e bond and t h a t the p l a n a r i t y i s due t o a s p e c i a l a t t r a c t i v e 

f o r c e between the carbonyl and h y d r o x y l groups a t tached t o the 

carbon atoms. 
23 

I n 1953 Ahmed and Cruickshank reassessed pub l i shed da ta f o r the 
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anhydrous OC-oxalic a c i d and o x a l i c a c i d d i h y d r a t e . They proposed 

the "bond l eng ths shown i n F i g . 1.7 • 

o o 2-49I 

H20 

O 

c 1-529 (ft) 
f t 

o 
FIG. 1.7 

The r e v i s e d values f o r the C - C bond o f the d i h y d r a t e do not 

support the conc lus ion o f Dun i t z and Robertson t h a t p l a n a r i t y i s 

due t o Tt bonding . Furthermore the l eng ths o f the C - 0 bonds have 

new and unequal va lues . 

The authors noted t h a t the bond l eng ths and angles i n the two 

compounds corresponded c l o s e l y . Th i s suggests t h a t the d i h y d r a t e 

cons i s t s o f o x a l i c a c i d u n i t s and water molecules and n o t , as 

proposed by Dun i t z and Robertson, oxa la t e and hydroxonium i o n s . 

1.3.4 The q u e s t i o n o f why o x a l i c a c i d and i t s hydrates have p lana r 

molecules but ammonium oxa la te i s aplanar was aga in t aken up by 

24 

J e f f r e y and Par ry . They se lec ted sodium oxa la te as an app rop r i a t e 

sub jec t f o r s tudy because i n the absence o f hydrogen bonding , the 

i o n should have an unper turbed environment . 

The oxa la te i o n was found i n f a c t t o be a c c u r a t e l y p l a n a r . This 

unexpected r e s u l t caused the authors t o r econs ide r t h e i r e x p l a n a t i o n 

( 1 . 3 . 2 ) o f the r o t a t i o n o f the ca rboxy la te groups i n ammonium oxa la te 

monohydrate. 
They now suggested t h a t the C - C l i n k can o n l y have a smal l 
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amount o f TT "bonding and t hey i n t e r p r e t the unusual circumstances o f 
the oxa la te i o n hav ing a d i f f e r e n t s t e reochemis t ry i n two d i f f e r e n t 
s a l t s as f o l l o w s : 

Two opposing e f f e c t s are at work, 

(a) the p o l a r r e p u l s i o n s o f the ca rboxy l oxygens which tend t o cause 

r o t a t i o n about the C - C bond and 

(b) the e l e c t r o n c o n f i g u r a t i o n across t h i s bond which tends t o 

prevent r o t a t i o n . 

I n the absence o f any s t r o n g i n t e r m o l e c u l a r f o r c e s , the e f f e c t 

o f the c o n j u g a t i o n predominates and the i o n i s p l a n a r . However i n 

the case o f ammonium oxa la te monohydrate the requirements o f the 

p a t t e r n o f hydrogen bonds i n the c r y s t a l are such t h a t the ca rboxy l 

oxygens which are i n v o l v e d i n the p a t t e r n are p u l l e d i n t o the aplanar 

c o n f i g u r a t i o n . 

Thus the a u t h o r ' s broad conc lus ion i s t h a t the a p l a n a r i t y o f the 

hydra ted ammonium s a l t i s a consequence o f hydrogen bond ing . 

This v iew rece ived f u r t h e r support when J . H. Robertson J c a r r i e d 

out a th ree dimensional a n a l y s i s at 30°K which conf i rmed t h a t the 

oxa la te i o n i s t w i s t e d by 2 7 ° . Robertson comments "There can be no 

doubt t h a t i t i s the s t r o n g hydrogen bonding which i s r e spons ib le 

f o r the t w i s t e d c o n f i g u r a t i o n o f the oxa la t e i o n " . However the 

s t r u c t u r e s o f ammonium and potassium t e t r o x a l a t e have been determined 

26 

by C u r r i e , Speakman and Curry u s i n g neu t ron d i f f r a c t i o n methods and 

t h i s work shows t h a t the oxa la te ions are coplanar desp i t e the f a c t 

t h a t the molecules are s t r o n g l y hydrogen bonded i n the c r y s t a l l a t t i c e . 

The c o m p l e x i t i t e s o f the s i t u a t i o n were not d imin i shed when 

H a a s ^ showed t h a t i n potassium t e t r o x a l a t e K(HCpO )(HpCpO )2HpO 
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"the o x a l i c a c i d molecules are p l ana r whereas "the a c i d oxa la t e 

groups are n o t . 

1.3.5 Recent ly oc-oxal ic a c i d has been re-examined u s i n g more accurate 

28 
t echn iques . Delaplane and I b e r s employed an automat ic d i -

29 

f f T a c t o m e t e r f o r X- ray da ta c o l l e c t i o n and Sabine, Cox and Craven 

used neu t ron d i f f r a c t i o n . Both these i n v e s t i g a t i o n s conf i rmed 

t h a t the oxa la te group i s a c c u r a t e l y p l a n a r . 

The bond leng ths and angles were determined w i t h a h i g h degree 

o f accuracy and re fe rence t o these parameters w i l l be made l a t e r . 

1 • 3• 6 Hodgson and I b e r s ^ have re-examined potassium oxa la te 

monohydrate u s i n g an X- ray d i f f r a c t o m e t e r . The r e s u l t s c o n f i r m the 

main f i n d i n g s o f p rev ious i n v e s t i g a t o r s but i t i s found t h a t the 

oxa la te an ion i s not comple te ly p lana r but cons i s t s o f two p a r a l l e l 

0 - C - 0 planes separated by approx imate ly 0.016 S. I t i s p o i n t e d 

out t h a t i n s p i t e o f t h i s s epa ra t i on the measured bond angles about 

the carbon atom t o t a l 360° and t h e r e f o r e t h i s summation i s an 

i n s e n s i t i v e c r i t e r i o n o f p l a n a r i t y . Th i s work has a lso enabled 

comparisons t o be made between the accuracies o f X - r a y and neu t ron 
3 1 . 

d i f f r a c t i o n techniques when a p p l i e d t o the same compound 
32 

1.3.7 Kuppers u s i n g a Siemens automat ic d i f f r a c t o m e t e r has found 

t h a t ammonium hydrogen oxa la te hemihydrate has a p l ana r oxa la te 

group t oge the r w i t h a C - C bond (1.549 which i s l o n g i n 
2 

comparison w i t h the expected d i s t ance between carbons i n sp 

h y b r i d s t a t e s . A t h e o r e t i c a l e x p l a n a t i o n f o r the l e n g t h e n i n g o f 

t h i s bond i n the oxa la t e i o n , has been g i v e n by Brown and 

H a r c o u r t ^ . They showed t h a t i t i s caused by some d e l o c a l i s a t i o n o f 

oxygen lone p a i r e l e c t rons (2p e l ec t rons w i t h atomic o r b i t a l s 
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symmetric w i t h respect t o the COO p lane ) i n t o an anti"bonding a o r b i t a l 

between the carbon atoms. 

The da ta obta ined was o f s u f f i c i e n t accuracy t o enable 

approximate coordinates o f the hydrogen atoms t o be ob ta ined f r o m 

d i f f e r e n c e maps. A hydrogen bonding scheme, u s i n g these coo rd ina t e s , 

i s suggested. 

1.3.8 Surveying the work done on simple oxa la tes i t would seem t h a t the 

an ion i s u s u a l l y p lanar or shows o n l y a s l i g h t d e v i a t i o n f r o m t h i s 

geometry. Ammonium oxa la te monohydrate i s an excep t ion t o t h i s r u l e . 

The c o n d i t i o n s which determine whether a g iven oxa la te w i l l have 

a p lana r s t r u c t u r e are not ye t f i r m l y e s t a b l i s h e d . 

1.4 THE STRUCTURE OF OXALATO COMPLEXES 

X- ray ana ly s i s i s e s p e c i a l l y u s e f u l i n d e t e r m i n i n g the s t r u c t u r e 

o f c o o r d i n a t i o n complexes which may have a l t e r n a t i v e c o n f i g u r a t i o n s 

i n the s o l i d s t a t e . A number o f complex oxa la to compounds have been 

i n v e s t i g a t e d and t h e i r molecular geometry e s t a b l i s h e d . I n general 

the bond l eng ths and angles o f the oxa la to l i g a n d s are s i m i l a r t o 

those found i n s imple o x a l a t e s . 

1.4.1 The f i r s t paper i n t h i s f i e l d was pub l i shed by van Niekerk and 

S c h o e n i n g ^ and concerned t r a n s potassium d ioxo la tod i aquoch romia t e . 

The f o u r oxygens o f the two oxa la to groups which are coord ina ted 

t o the chromium atom are coplanar w i t h i t . The oc tahedra l cage i s 

completed by the two oxygens be long ing t o the c o n s t i t u t i v e water 

molecules . 

) 2 (H 2 0) J . 3Hp K Cr (C o 0 0. 2~4'2 v 2 '2 

The C - C d i s tance r e p o r t e d as 1.39 i s much sho r t e r t h a n the 
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authors expected and i s a sc r ibed by them t o the poor r e s o l u t i o n 

o f these atoms. No i n d i c a t i o n i s g i v e n i n the paper as t o the 

s t a t i s t i c a l accuracy o f the atomic coo rd ina t e s . 

Prom the oxygen atom p o s i t i o n s a complex network o f hydrogen 

bonding i s p o s t u l a t e d which may be summarised as f o l l o w s : 

The s t r u c t u r e cons i s t s o f chains o f molecules arranged i n 

p a r a l l e l f a s h i o n but not a long any p r i n c i p a l c r y s t a l i o g r a p h i c a x i s . 

These chains f o r m sheets which are stacked up the b a x i s . A l l f i v e 

water molecules are i n v o l v e d i n bonding toge the r the chains and 

sheets . 

L inks between chains w i t h i n a p a r t i c u l a r sheet i n v o l v e 

uncoordina ted water molecules i n two d i s t i n c t ways: 

( a ) A water molecule forms an i o n i c bond w i t h the K + i o n i n one 

cha in and a hydrogen bond w i t h a coord ina ted oxygen i n a 

ne ighbour ing cha in . 

( b ) A water molecule l i n k s two coord ina ted water molecules i n two 

ne ighbour ing chains by hydrogen bonds. 

The l i n k s between adjacent sheets are a lso o f a p l u r a l n a t u r e . 

(a ) The water molecule i n (a ) above i s a l so l i n k e d t o a coord ina ted 

water molecule and t o a t e r m i n a l oxygen i n the sheet 

immedia te ly above. 

(b ) The water molecule concerned i n (b ) above i s a lso l i n k e d t o 

two t e r m i n a l oxygens i n an adjacent l a y e r . 

1.4.2 Viswami t ra found t h a t i n copper ammonium oxa la te d i h y d r a t e 

the metal atom has a square p l ana r c o n f i g u r a t i o n w i t h f o u r oxa la to 

oxygens. The two water molecules are on a l i n e pe rpend icu l a r t o 

the plane and f o r m a d i s t o r t e d octahedron about the c e n t r a l copper atom. 
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The C - G bond l eng ths i n the two ions were 1.58 £ and 1.61 S. 

which suggested pure sigma bonds w i t h l i t t l e or no Tt c o n f i g u r a t i o n 

across the molecule . The oxa la to groups were found t o be s l i g h t l y 

ap lanar , the observed angular s epa ra t i on between the ca rboxy l planes 

be ing 11° and 15 0 i n the two i o n s . The p o s s i b i l i t y o f the i o n b e i n g 

t w i s t e d was suggested w i t h some d i f f i d e n c e i n v iew o f the l i m i t e d 

accuracy o f the da ta . 

1.4*3 Hansson"^ found t h a t i n the s t r u c t u r e neodymium ( i l l ) oxa la t e 

10.5 h y d r a t e , each oxa la te group behaved as a t e t r a d e n t a t e l i g a n d 

t o j o i n two metal atoms. The environment o f each neodymium atom 

i s a polyhedron at the corners o f which are l o c a t e d s i x ca rboxyl 

oxygens and th ree water oxygens. 

As a consequence o f the b r i d g i n g o f the metal atoms by the 

t e t r a d e n t a t e oxa la to groups, the c r y s t a l s t r u c t u r e i s composed o f 

i n f i n i t e neodymium oxa la te networks arranged i n l a y e r s . The water 

molecules are s i t u a t e d between these l a y e r s and g ive r i s e t o 

hydrogen bonding t o f o r m a t h ree d imensional s t r u c t u r e . 

The author r epo r t ed t h a t i n t e r a t o m i c d is tances and bond angles 

corresponded w i t h those g e n e r a l l y found i n simple o x a l a t e s . 

Glen, S i l v e r t o n and Hoard found a s i m i l a r r e l a t i o n i n the 

case o f t e t r a sod ium t e t r a k i s - o x a l a t o z i r c o n a t e ( i v ) t r i h y d r a t e . 

1*4.4 The c o o r d i n a t i o n geometry o f complex oxala tes i n v o l v i n g oxo 

ca t ions o the r than V = 0 i s o f i n t e r e s t . 

Cot ton and Morehouse 38 have shown t h a t BaMoO ( C „ 0 . . 5H o0 
4-^ -2-4 

2 ° ] 2

 0

2 } 
2 

conta ins the b i n u c l e a r an ion |̂ _MoO (CgO^) ^2^-12 ^2J 

The most i n t e r e s t i n g aspect o f the c o n f i g u r a t i o n o f t h i s 

d i m e r i c an ion i s t h a t i t cons i s t s of two oc tahedra l cages o f 
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oxygen atoms around "the metal atom which have a common edge. The 

oxygen atoms which act as a b r i dge at t h i s common edge are i n f a c t 

12 

oxo oxygens. Th i s con t r a s t s w i t h b i n u c l e a r vanadyl s t r u c t u r e s ' 

where the b r i d g i n g oxygens are p r o v i d e d by the c h e l a t i n g group. 

The d i m e r i c anion i s shown d i a g r a m m a t i c a l l y i n P i g . 1.8. 
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FIG. 1.8 

I t may be noted t h a t , as i n AVO, one o f the water molecules 

i s coo rd ina t ed . 

The c o n f i g u r a t i o n o f the oxa la to groups i s g e n e r a l l y i n 

accordance w i t h t h a t o f simple oxa la tes b u t , on the a u t h o r ' s 

admiss ion, the r e l a t i v e l y low accuracy o f the coord ina tes o f the 

atoms does not a l l o w s i g n i f i c a n t d i s c u s s i o n o f bond l eng ths and 

angles . 
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39 
1.4.5 Alcock has r epo r t ed t h a t the s t r u c t u r e s o f diammonium d i u r a n y l 

t r i o x a l a t e ( N H ^ g (UOg^ ( ^ p ^ ^ c o n ~ t a i n s a complex i o n where in the 

oxo oxygens p l a y no p a r t i n the b r i d g i n g process . I n t h i s case the 

oxa la to groups act as t r i d e n t a t e and t e t r a d e n t a t e l i g a n d s t o j o i n the 

metal atoms i n i n f i n i t e cha ins . Th i s m u l t i p l e c o o r d i n a t i o n o f the 

complex i s thought t o account f o r i t s marked s t a b i l i t y i n aqueous 

s o l u t i o n . 

1.4»6 Jayadevan and C h a c k r a b u r t t y ^ have found a s i m i l a r arrangement 

i n u r a n y l oxa la te t r i h y d r a t e UC>2 ^2^4* -^ILjO. 

I n t h i s case a l l the oxa la to groups are t e t r a d e n t a t e and act as 

b r idges between the metal atoms. A s i n g l e water molecule i s brought 

i n t o the c o o r d i n a t i o n sphere which cons i s t s o f seven oxygen atoms. 

F ive o f these oxygens and the uranium atom f o r m a plane which l i e s 

at r i g h t angles t o the 0 - U - 0 a x i s . The oxa la to groups occupy 

centrosymmetric p o s i t i o n s and have a p l ana r c o n f i g u r a t i o n . 

A l a y e r s t r u c t u r e e x i s t s composed o f p a r a l l e l chains which may 

be represented by jjJOg ( C ^ ) H 2 o ] ^ and these l a y e r s are connected 

by hydrogen bonding i n v o l v i n g b o t h the coord ina ted and uncoordina ted 

water molecules . 

Dehydra t ion s tud ies o f t h i s compound showed t h a t two water 

molecules are l o s t at 100°C but the t h i r d i s r e t a i n e d up t o 170°C. 

I t was suggested t h a t the coord ina ted water i s more s t r o n g l y bound 

t han the l a t t i c e wate r . I so the rma l d e h y d r a t i o n o f AVO however has 

showed t h a t , i n t h i s p a r t i c u l a r case, t he re i s no sharp d i f f e r e n t i a t i o n . 

1.5. HYDROGEN BONDING I N CRYSTALLIKE SOLIDS 

I . 5 . I AVO conta ins bo th water molecules and ammonium ions and i n 

consequence i t would be expected t h a t hydrogen bonding would p l a y 

a s i g n i f i c a n t p a r t i n the c r y s t a l s t r u c t u r e . 
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The r o l e o f water molecules i n organic molecular s t r u c t u r e s has 
41 

been reviewed by Cla rk and general t rea tments o f hydrogen bonding 

42 

are g i v e n i n t e x t s by Hami l ton and I b e r s and Vinogradov and 

L i n n e l l . 

.2 I t i s g e n e r a l l y accepted t h a t when two e l e c t r o n e g a t i v e 

atoms, at l e a s t one o f which i s c o v a l e n t l y bonded t o a hydrogen atom, 

are found t o be separated by l e s s than the normal van der Waals 

contact d i s t a n c e , t h e n hydrogen bonding may be i n f e r r e d , even though 

the p rec i se p o s i t i o n o f the hydrogen atom i s not known. 

A more s e n s i t i v e c r i t e r i o n , which however r e q u i r e s a knowledge 

of the p o s i t i o n o f the hydrogen atoms, i s t h a t the d i s t ance f r o m 

the hydrogen t o the acceptor be cons ide rab ly less t han the sum o f 

t h e i r van der Waals r a d i i . Th i s i s i l l u s t r a t e d by the v a r i o u s types 

o f hydrogen bond which occur i n AVO. The t a b l e compares the 

s epa ra t i on d i s tances o f the heavy atoms (a ) as c a l c u l a t e d f r o m known 

values o f van der Waals r a d i i and (b) as observed f r o m d i f f r a c t i o n 

da t a . I t a l so compares on the same bas i s the d i s tances between the 

hydrogen and the acceptor atom. 
Bond Type 

Donor Acceptor 

A B A B H B H B Bond Type 

Donor Acceptor ( C a l c . ) (Obs.) ( C a l c . ) (Obs.) 

2 .8 2.7 2.6 1.7 

2.9 2.8 2.7 1.9 

2.9 2.9 2.6 2.0 

5.3 Q u a n t i t a t i v e d i s c u s s i o n o f the l eng ths o f hydrogen bonds i n a 

p a r t i c x i l a r compound, r e q u i r e s an accurate knowledge o f the p o s i t i o n s 

o f the atoms concerned and i t i s o f i n t e r e s t t o compare the two main 

methods a v a i l a b l e , v i z : X - r a y and neu t ron d i f f r a c t i o n . 
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X - r a y s a r e s c a t t e r e d b y t h e e x t r a n u c l e a r e l e c t r o n s so t h a t t h e 
s c a t t e r i n g f a c t o r o f a n a tom dec rea se s w i t h i n c r e a s i n g B r a g g 

a n g l e 8 and a t 8= 0° e q u a l s t h e a t o m i c number . Thus t h e peaks 
i n e l e c t r o n d e n s i t y maps r e p r e s e n t i n g h y d r o g e n atoms a r e s m a l l 
and i l l - d e f i n e d . T h i s i s e s p e c i a l l y t h e case i f t h e y a r e 
v i b r a t i n g t o a c o n s i d e r a b l e d e g r e e . I t i s u s u a l t o a t t e m p t t o 
l o c a t e t h e h y d r o g e n p o s i t i o n s f r o m d i f f e r e n c e maps, where t h e 
e l e c t r o n d e n s i t y due t o o t h e r atoms has b e e n s u b t r a c t e d o u t , b u t 
i n many cases i t i s d i f f i c u l t t o d i s t i n g u i s h peaks o f such s m a l l 
s i z e f r o m t h e g e n e r a l b a c k g r o u n d e l e c t r o n d e n s i t y . 

By c o n t r a s t , n e u t r o n s a r e s c a t t e r e d b y t h e a t o m i c n u c l e i . 

The s c a t t e r i n g a m p l i t u d e s a r e t h e r e f o r e i n d e p e n d e n t o f 9 

and have a r ange o f abou t 3. Because o f t h i s , t h e peaks due t o 

h y d r o g e n i n a P Q - P C s y n t h e s i s a r e o f a p p r o x i m a t e l y t h e same 

h e i g h t as t h e heavy a tom peaks and t h e r e f o r e y i e l d c o o r d i n a t e s o f t h e 

same deg ree o f a c c u r a c y . 

I . 5 . 4 B a u r ^ has d e v e l o p e d methods o f c a l c u l a t i n g t h e p r o b a b l e 

p o s i t i o n s o f h y d r o g e n atoms and t h e r e b y o f h y d r o g e n b o n d s , ba sed 

on t h e known p o s i t i o n s o f t h e heavy atoms w h i c h may a c t as d o n o r s 

o r a c c e p t o r s . U s i n g a compute r programme ( C A L H P O ) t h e p o s i t i o n o f 

t h e h y d r o g e n a tom i s v a r i e d u n t i l t h a t c o r r e s p o n d i n g t o t h e l e a s t 

e l e c t r o s t a t i c e n e r g y i n t h e s y s t e m ( M ) - A - H • • • • B - ( X ) M , i s 

f o u n d . 

I n a s e r i e s o f i n o r g a n i c h y d r a t e s t h e h y d r o g e n p o s i t i o n s as 

c a l c u l a t e d b y t h i s m e t h o d , were i n s i g n i f i c a n t l y b e t t e r agreement 

w i t h r e s u l t s o b t a i n e d b y n e u t r o n d i f f r a c t i o n s t u d i e s t h a n were t h e 

c o r r e s p o n d i n g p a r a m e t e r s based on X - r a y d a t a . Baur has p r o p o s e d a 
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se t o f e i g h t p o s t u l a t e s and. c r i t e r i a "based on t h i s w o r k , w h i c h may 

he used i n c o n j u n c t i o n w i t h CALHPO t o p r e d i c t t h e g e o m e t r y o f t h e 

h y d r o g e n "bonds i n b o t h o r g a n i c and i n o r g a n i c s t r u c t u r e s . 

I t w o u l d seem t h a t t h e f u n c t i o n o f t h e X - r a y and n e u t r o n 

d i f f r a c t i o n t e c h n i q u e s a r e c o m p l e m e n t a r y i n t h a t t h e f o r m e r i s 

b e s t f o r f i n d i n g t h e p o s i t o n s o f t h e heavy a t o m s , w h i l e o n l y t h e 

l a t t e r can l o c a t e h y d r o g e n atoms w i t h a comparab le deg ree o f 

a c c u r a c y . However h i g h c o s t and t h e r e q u i r e m e n t o f l a r g e c r y s t a l s 

i s l i k e l y t o r e s t r i c t t h e use o f n e u t r o n d i f f r a c t i o n . I t i s p o s s i b l e 

t h e r e f o r e t h a t i n f u t u r e g r e a t e r use w i l l be made o f compu te r 

programmes such as CALHPO i n c o n j u n c t i o n w i t h X - r a y d a t a . 

4-5 

F e r r a r i s and F r a n c h i n i - A n g e l a have s u r v e y e d t h e g e o m e t r y 

and e n v i r o n m e n t o f w a t e r m o l e c u l e s i n c r y s t a l l i n e h y d r a t e s f o r w h i c h 

a c c u r a t e n e u t r o n d i f f r a c t i o n d a t a i s a v a i l a b l e . From an a n a l y s i s 

o f t h e d a t a f o r o v e r f o r t y h y d r a t e s t h e y have d e r i v e d t h e 

c h a r a c t e r i s t i c g e o m e t r y o f a w a t e r m o l e c u l e i n a c r y s t a l l i n e h y d r a t e 

u n d e r " s t a n d a r d c o n d i t i o n s " . The m a i n f e a t u r e s may be summar ised as 

f o l l o w s , 

( a ) The t h r e e atoms o f t h e w a t e r m o l e c u l e and t h e t w o a c c e p t o r s f o r m 

a p l a n e . 

( b ) B o t h t h e H - ¥ - H and - ¥ - A ^ a n g l e s a r e a p p r o x i m a t e l y 

e q u a l t o 108°C. (A^ & A,-, a r e t h e a c c e p t o r a t o m s , ¥ i s t h e o x y g e n 

o f t h e w a t e r m o l e c u l e ) . 

( c ) D i s t a n c e ¥ - H r2= 0.36 1 

¥ . . 0 ^ 2.81 1 

H . . 0 1.88 S 

The a u t h o r s p o i n t o u t t h a t , e x c e p t i n s i m p l e s t r u c t u r e s , 
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c o n s i d e r a b l e d e v i a t i o n s o c c u r . T h i s " f l e x i b i l i t y " o f w a t e r g e o m e t r y 

i s t h o u g h t t o e n a b l e t h e m o l e c u l e t o a c t as a s t r a i n a b s o r b e r and 

a l l o w c l o s e p a c k i n g o f o t h e r atoms and m o l e c u l e s . L i n e a r i t y o f t h e bond 

W - H . . . . . 0 i s n o t a r e q u i r e d c o n d i t i o n and t h e W - 0 d i s t a n c e was 

f o u n d t o v a r y b e t w e e n 2.6 and 3.2 I . 

1.5*6 A n o t h e r a s p e c t o f t h e f l e x i b i l i t y o f t h e h y d r o g e n b o n d i s 

f u r c a t i o n , whereby a c o v a l e n t l y bound h y d r o g e n a tom f o r m s weak 

h y d r o g e n bonds w i t h two o r t h r e e a c c e p t o r a t o m s . A b i f u r c a t e d b o n d 

may be r e p r e s e n t e d . 

y y y 

A hU 
B 

Examples o f t h i s t y p e o f b o n d have been f o u n d i n i n o r g a n i c h y d r a t e s 

(MgSO^. 4 H 2 0 4 6 ) and i n o r g a n i c h y d r a t e s (WH^HCgO^ i H g O 3 2 ) . 

47 

Donahue has d i s c u s s e d t h e s t r u c t u r e s o f g l y c i n e and g l y c i n e 

h e m i h y d r o c h l o r i d e w h i c h have b i f u r c a t e d h y d r o g e n bonds i n v o l v i n g 

h y d r o g e n s c o v a l e n t l y a t t a c h e d t o n i t r o g e n a t o m s . 

I . 5 . 7 The f i r s t h y p o t h e s e s c o n c e r n i n g t h e h y d r o g e n bond were s u g g e s t e d 
A Pi 

b y Oddo and Puxeddu i n 1906 and t h e s e were g i v e n c o n c r e t e f o r m b y 

L a t i m e r and Rodebush i n 1920. S i n c e t h i s t i m e i t has become 

r e c o g n i s e d as a f u n d a m e n t a l f a c t o r i n c r y s t a l l o c h e m i s t r y , a c t i n g as 

i t w e r e , as t h e l i n k w h i c h j o i n s t o g e t h e r c e r t a i n c h e m i c a l g r o u p i n g s 
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b o t h i n t e r m o l e c u l a r l y and i r r t r a m o l e c u l a r l y . 

The s p e c i f i c e f f e c t s o f h y d r o g e n b o n d i n g i n t h e case o f AVO, 

w i l l be d i s c u s s e d i n a l a t e r c h a p t e r . 



CHAPTER TWO 
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CHAPTER I I 

2. THE PREPARATION AM) CONSTITUTION OF AVO 

2 . 1 PREPARATION OF AVO 

The compound was f i r s t made b y K o p p e l and G o l d m a n n ^ . 

The c r y s t a l s used i n t h i s w o r k were p r e p a r e d a c c o r d i n g t o t h e 

50 

p r o c e d u r e g i v e n b y P a l m e r . 

To 2 .8 g . ( 1 m o l . ) o f ammonium o x a l a t e were added 10 g . 

(4 m o l . ) o f o x a l i c a c i d d i h y d r a t e d i s s o l v e d i n t h e l e a s t vo lume 

o f b o i l i n g w a t e r and t h e n 4*6 g . ( 2 m o l . ) o f ammonium m e t a v a n a d a t e . 

When t h e e v o l u t i o n o f C 0 2 had ceased t h e s o l u t i o n was b o i l e d f o r 

5 m i n s . t o c o m p l e t e t h e r e d u c t i o n . A f t e r t h e s o l u t i o n had c o o l e d , 

100 m l . o f e t h a n o l was added and t h e s o l u t i o n s t o o d f o r 24 h r s . 

The d a r k b l u e o i l w h i c h had s e p a r a t e d was p a r t e d f r o m i t s 

s u p e r n a t a n t l i q u o r and a g i t a t e d w i t h 50 m l . o f e t h a n o l t o i n d u c e 

c r y s t a l l i s a t i o n . The s o l i d was c o l l e c t e d and t h e n a g i t a t e d w i t h 

100 m l . o f a l c o h o l . The r e s u l t i n g s o l u t i o n was t h e n f i l t e r e d and 

a l l o w e d t o s t a n d 24 h r s . The c r o p o f deep b l u e c r y s t a l s was washed 

s u c c e s s i v e l y w i t h e t h a n o l and a c e t o n e . 

The r e a c t i o n may be r e p r e s e n t e d as f o l l o w s : 

V0~ + e~ + 4 H + = V 0 2 + + 2H 2 0 

V 0 2 + + 2 ( C 2 0 4 ) 2 ~ = TO ( C 2 0 4 ) 2 " 

V 0 ( C 2 0 4 ) 2 ~ + 2 N H 4

+ + 2H 2 0 = ( H H 4 ) 2 [ v o ( c 2 0 4 ) 2 H 2 o ] H 2 0 

F u r t h e r r e c r y s t a l l i s a t i o n s u s i n g e t h a n o l and w a t e r m i x t u r e s 

as recommended b y Pa lmer p r o d u c e d c l u s t e r s o f w a f e r - l i k e c r y s t a l s 

u n s u i t a b l e f o r X - r a y w o r k . However i t was f o u n d t h a t i s o p r o p a n o l -

w a t e r m i x t u r e s y i e l d e d i s o l a t e d c r y s t a l s o f s u i t a b l e d i m e n s i o n s . 

The i d e n t i t y o f t h e p r o d u c t was e s t a b l i s h e d b y c h e m i c a l 

a n a l y s i s : 
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f o u n d 

20.8 

56.0 

11.5 

11.7 

c a l c . 

21.3 

55-9 

11.4 

11.4 

v a n a d i u m (as VO) 

o x a l a t e 

ammonium 

w a t e r 

COWGEMERS OF AVO 

The l i t e r a t u r e r e c o r d s t h e methods o f p r e p a r a t i o n o f o t h e r 
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complex v a n a d y l o x a l a t e s r e l a t e d t o AVO. S a t h y a n a r a y a n a e t a l have 

o b t a i n e d v a n a d y l m o n o x a l a t o d i h y d r a t e ( i ) and v a n a d y l m o n o x a l a t o 

t e t r a h y d r a t e ( i l ) . The f o l l o w i n g s t r u c t u r e s were a s s i g n e d on t h e 

b a s i s o f a b s o r p t i o n and i n f r a r e d s p e c t r a l d a t a . 

o 
H 2 0 O — C O 

V 

H a O O — C O 

H s O 

H a O 

O 

V 

O 
Ha 

O — C O 

O — C O 

H , 0 

1 n 
49 K o p p e l e t a l a l s o p r e p a r e d diammonium d i v a n a d y l t r i s o x a l a t o h e x a -

h y d r a t e t o w h i c h S a t h y a n a r a y a n a a s s i g n e d t h e b r i d g e d c o n f i g u r a t i o n ( i l l ) . 
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O C — O O O H 2 H ? 0 O O — CO 

V 

OC — O H 2 0 O 

OC 

\ 
V 

O OH? O — C O 

CO 

•2 H 2 0 

m 
I n t h e same p a p e r t h e y o u t l i n e a method f o r t h e p r e p a r a t i o n o f 

t h e a n h y d r o u s d e r i v a t i v e o f (j.IJ) and t h e y sugges t t h e f o l l o w i n g 

s t r u c t u r e ( I V ) . 

O C — o o o — c — O O o —CO 

o c — o 

V 

o — c — o 

V 

o — C O 

nz 
None o f t h e s t r u c t u r e s ( i - I V ) have as y e t been c o n f i r m e d b y X - r a y 

a n a l y s i s . 

2 .3 THERMAL DEHYDRATION OF AYO 

51 

S a t h y a n a r a y a n a e t a l f o u n d t h a t AVO l o s t t w o w a t e r m o l e c u l e s 

u n d e r vacuum a t room t e m p e r a t u r e . T h i s s u g g e s t e d t h a t b o t h e x i s t 

as l o o s e l y - h e l d l a t t i c e w a t e r and t h u s s u p p o r t e d t h e e v i d e n c e o f t h e 

i n f r a r e d s p e c t r u m w h i c h i n d i c a t e d t h e absence o f c o o r d i n a t e d w a t e r 
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i n t h e c o m p l e x . C o n s e q u e n t l y t h e y p r o p o s e d t h a t t h e compound s h o u l d 

he r e p r e s e n t e d as (NH ) g [vo(Ox)r> ~\.2E^0. They s u g g e s t e d t h e 

s t r u c t u r e (?) f o r t h e a n i o n w h e r e i n t h e o x a l a t o g r o u p s a r e h i d e n t a t e 

and t h e a n i o n has symmet ry . 

oc — o o o — CO 

V 

o c — o O — C O 

Y 

I n o r d e r t o d e t e r m i n e w h e t h e r a d i s c r i m i n a t i o n c o u l d he made 

b e t w e e n t h e c o o r d i n a t e d and u n c o o r d i n a t e d w a t e r i n A V O i t was 

examined b y d i f f e r e n t i a l t h e r m a l a n a l y s i s . The t h e r m o g r a m 

o b t a i n e d w i t h t h e C. I . E l e c t r o n i c Thermoba lance Mk l i b shows a 

s i n g l e s t e p w h i c h i n d i c a t e s t h a t t h e t h e o r e t i c a l w e i g h t o f w a t e r 

(11.4%), c o r r e s p o n d i n g t o two m o l e c u l e s , was l o s t b e w e e t n 105-145°^. 

I t was t h o u g h t h o w e v e r , t h a t i s o t h e r m a l h e a t i n g a t n o r m a l 

p r e s s u r e may p r o v i d e c o n d i t i o n s u n d e r w h i c h s t e p w i s e d e h y d r a t i o n 

w o u l d be o b s e r v e d . 

The l o s s i n w e i g h t o f A V O was r e c o r d e d a t v a r i o u s t e m p e r a t u r e s 

u s i n g a " d r y i n g p i s t o l " . I s o t h e r m a l c o n d i t i o n s were m a i n t a i n e d i n 

t h e chamber b y r e f l u x i n g l i q u i d s i n t h e s u r r o u n d i n g j a c k e t . H e a t i n g 

o f t h e sample was c o n t i n u e d u n t i l a c o n s t a n t w e i g h t was r e a c h e d . 

The w a t e r e v o l v e d was t r a p p e d w i t h P Q O C . 
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U s i n g w a t e r as t h e h e a t t r a n s f e r medium, a w e i g h t l o s s o f 

11.4$ o c c u r r e d . T h i s c o r r e s p o n d s t o two m o l e c u l e s o f w a t e r . When 

t h e w a t e r was r e p l a c e d b y d i c h l o r o m e t h a n e g i v i n g a d e h y d r a t i o n 

t e m p e r a t u r e o f 41 ° C , t h e same r e s u l t was o b t a i n e d . The f a c t t h a t AVO 

can be c o m p l e t e l y d e h y d r a t e d a t t h i s l o w t e m p e r a t u r e , s u g g e s t s t h a t 

l i t t l e d i s t i n c t i o n can be made b e t w e e n t h e s t r e n g t h s o f a t t a c h m e n t s 

o f t h e c o o r d i n a t e d and u n c o o r d i n a t e d w a t e r m o l e c u l e s . I t i s p r o b a b l e 

t h a t h y d r o g e n b o n d i n g f o r c e s i n v o l v i n g t h e s e w a t e r m o l e c u l e s p l a y 

some p a r t i n d e t e r m i n i n g t h e i r b e h a v i o u r . 

These r e s u l t s c o n f i r m S a t h y a n a r a y a n a ' s v i e w t h a t t h e w a t e r 

m o l e c u l e s a r e l o o s e l y h e l d , b u t t h e X - r a y a n a l y s i s shows t h a t one 

o f them i s c o o r d i n a t e d t o t h e m e t a l a tom and i s n o t l a t t i c e w a t e r as 

was supposed . I t may be c o n c l u d e d t h a t d e h y d r a t i o n a t l o w 

t e m p e r a t u r e s i s n o t a n i n f a l l i b l e i n d i c a t i o n o f l a t t i c e w a t e r . 

I t i s i n t e r e s t i n g t o n o t e t h a t a n h y d r o u s AVO ( w h i c h has n o t b e e n 

p r e v i o u s l y r e p o r t e d i n t h e l i t e r a t u r e ) i s g r e e n i n c o l o u r i n 

c o n t r a s t t o t h e deep b l u e o f t h e p a r e n t compound. The d e h y d r a t i o n 

p r o c e s s must n e c e s s a r i l y a l t e r t h e c o o r d i n a t i o n g e o m e t r y abou t t h e 

m e t a l a tom and i t seems p o s s i b l e t h a t t h e s t r u c t u r e o f t h e a n i o n may 

c o r r e s p o n d t o ( V ) w h i c h i n f a c t was p r o p o s e d f o r t h e a n i o n o f t h e 

d i h y d r a t e b y S a t h y a n a r a y a n a . 

He has a l s o o b s e r v e d t h a t t h e t e t r a h y d r a t e ( i l ) i s c o n v e r t e d 

i n t o t h e d i h y d r a t e ( i ) b y h e a t i n g a t 110°C o r b y d e s s i c a t i o n o v e r 

P o 0 r en vacuo a t room t e m p e r a t u r e . I n t h e case o f t h e h e x a h y d r a t e 
2 5 

( i l l ) he f o u n d t h a t two m o l e c u l e s o f w a t e r a r e r e a d i l y l o s t u n d e r 

vacuum a t o r d i n a r y t e m p e r a t u r e s , w h i l e t h e r e m a i n i n g f o u r m o l e c u l e s 

a r e r e t a i n e d up t o t h e d e c o m p o s i t i o n t e m p e r a t u r e o f t h e o x a l a t e 
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g r o u p s . These r e s u l t s l e d t o t h e a s s ignmen t o f t h e s t r u c t u r e s 

p r e v i o u s l y shown. 

THE MOLECULARITY OF AVO AMD SIMILAR COMPLEXES 

50 

I n t h e absence o f s t r u c t u r a l and s p e c t r o s c o p i c d a t a P a l m e r 

s u g g e s t e d t h a t t h e a n i o n o f p o t a s s i u m v a n a d y l o x a l a t e 

Kg [ j ^ H C g O ^ ^ J ^HgO was d i m e r i c , t h e two v a n a d i u m atoms b e i n g j o i n e d 

b y a d o u b l e o x y g e n b r i d g e ( V l ) . 

O 

\ v(c 2oA ( C

2 ° 4 ) 2 
V 
\ o 

21 

G o l d i n g t e s t e d t h i s h y p o t h e s i s b y E . S . R . t e c h n i q u e s . I f 

d i m e r s were f o r m e d t h e n t h e u n p a i r e d d e l e c t r o n s on t h e t w o m e t a l 

atoms w o u l d i n t e r a c t and t h i s w o u l d be r e v e a l e d i n t h e s p e c t r u m . I n 

f a c t i t was c o n c l u d e d t h a t t h e i o n i s monomer i c . G o l d i n g f u r t h e r 

s u g g e s t e d t h a t t h e E . S . R . r e s u l t s and t h e U . V . s p e c t r u m i n d i c a t e d 

a p y r a m i d a l s t r u c t u r e s i m i l a r t o t h a t e s t a b l i s h e d b y X - r a y a n a l y s i s 

f o r t h e b i s a c e t y l a c e t o n a t e . He t o o k t h e Z a x i s o f t h e m e t a l o r b i t a l s 

t o l i e a l o n g t h e l i n e o f t h e V = 0 b o n d and t h e X and Y axes t o l i e 

a l o n g t h e d i a g o n a l s o f t h e square f o r m e d b y t h e f o u r o x y g e n s . The 

s i n g l e d e l e c t r o n was a s s i g n e d t o t h e n o n - b o n d i n g d o r b i t a l , t h i s 
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Toeing t h e d o r b i t a l o f l e a s t e n e r g y f o r t h e square p y r a m i d a l 

c o n f i g u r a t i o n . T h i s model was t h e n u sed t o a c c o u n t f o r t h e peaks 

i n t h e e l e c t r o n i c a b s o r p t i o n s p e c t r u m , i n t e r m s o f d - d t r a n s i t i o n s . 

I t i s n o t e n t i r e l y c l e a r f r o m G o l d i n g ' s p a p e r w h e t h e r t h e 

compound examined was p o t a s s i u m v a n a d y l o x a l a t e d i h y d r a t e o r 

ammonium v a n a d y l o x a l a t e d i h y d r a t e and t h i s a m b i g u i t y i n h i b i t s 

d i s c u s s i o n . However i f i t i s assumed t h a t t h e t w o a r e i s o s t r u c t u r a l 

t h e n i t can be s t a t e d t h a t h i s c o n c l u s i o n t h a t t h e i o n i s monomeric 

i s s u p p o r t e d b y m a g n e t i c s u s c e p t a b i l i t y d a t a f o r AVO r e p o r t e d b y 

Form , w h i c h showed t h a t t h i s compound has a s i n g l e u n p a i r e d e l e c t r o n . 

51 

S i m i l a r w o r k b y S a t h y a n a r a y a n a i n d i c a t e s t h a t t h e d i h y d r a t e ( i ) 

and t h e t e t r a h y d r a t e ( i l ) a r e a l s o monomer i c . 

THE INFRARED SPECTRUM OF AVO 

A p l o t o f t h e i n f r a r e d s p e c t r u m was c a r r i e d o u t on a P e r k i n 

E l m e r 457 G r a t i n g S p e c t r o p h o t o m e t e r . The a s s ignmen t o f t h e peaks 

g i v e n i n T a b l e 2 ( l ) i s i n a c c o r d a n c e w i t h p u b l i s h e d d a t a . 

The s p e c t r u m o f AVO was compared w i t h t h a t f o r t h e a n h y d r o u s 
—1 

compound and i t was o b s e r v e d t h a t t h e peaks a t 3,560 and 3,440 cm 
54 

were absen t i n t h e l a t t e r c a s e . S c h m e l t z e t a l have a s s i g n e d 

t h e s e bands t o t h e s t r e t c h i n g v i b r a t i o n o f w a t e r o f c r y s t a l l i s a t i o n . 
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TABLE 2.1 

I n f r a r e d Spec t rum o f AYO 

1 
Wave Number (cm ) A s s i g n m e n t 

3,560, 3,440 V a (H 20) 

3,140 V (MH) 

1,723 v a (c = 0) 

1,660, 1,678 v a (c = 0) 

1,400 v s (0 - 0) + v (c = 0) v 2 

1,277 V s (C - 0) + 6 (0 - C = 0) Vg 

1,250 V s (C - 0) + 6 (0 - C = 0) Vg 

977 v = 0 

915 V (C - 0) + 6 (0 - C = 0) V , 
s x v ' 3 

854 H 2 0 r o c k 

807 5 (0 - c = 0) + v (v - 0) v 9 

540 v (v - 0) + v (c - c) v 4 

400, 368 V (V - 0) + r i n g d e f . V 1 1 

291 

F u j i t a e t a l have s t u d i e d t h e s p e c t r a o f c o o r d i n a t e d w a t e r i n 

m e t a l l i c complexes and f o u n d t h a t i n g e n e r a l , bands i n t h e r a n g e 

-1 

795 - 1012 cm a r e e v i d e n c e o f c o o r d i n a t e d w a t e r b u t e x c e p t i o n s o c c u r 

where s t r o n g h y d r o g e n bonds a r e p r e s e n t . I n t h e case o f AVO no bands 

were l o s t on d e h y d r a t i o n i n t h i s p a r t i c u l a r r a n g e . 
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A f e a t u r e w h i c h i s o f s p e c i a l i n t e r e s t i s t h e sha rp peak a t 

- 1 56 977 cm due t o t h e v a n a d y l i o n . B a r r a c l o u g h , L e w i s and Nyholm 

examined t h e s p e c t r a o f v a r i o u s complexes c o n t a i n i n g o x y c a t i o n s o f 

t i t a n i u m , v a n a d i u m , molybdenum, c h r o m i u m , manganese and r h e n i u m and 

i n v a r i a b l y a band o c c u r r e d i n t h e r a n g e 900 - 1,100 cm . They 

c o n c l u d e d t h a t t h i s p a r t i c u l a r f r e q u e n c y has an i m p o r t a n t d i a g n o s t i c 

v a l u e i n t h e s t u d y o f m e t a l o x o - c o m p l e x e s . 

57 58 

S e l b i n , Holmes and McGlynn ' c o n f i r m e d t h i s by an 

e x a m i n a t i o n o f f i f t y one v a n a d y l c o m p l e x e s , w h i c h showed t h a t i n 

a l l c a se s , t h e V = 0 s t r e t c h i n g f r e q u e n c i e s l a y w i t h i n t h e r ange 

985 + 50 cm . The o b j e c t o f t h i s i n v e s t i g a t i o n was t o c o r r e l a t e 

t h e s t r e n g t h o f t h e a t t a c h m e n t o f v a r i o u s l i g a n d s t o t h e m e t a l a tom 

w i t h changes i n t h e V = 0 s t r e t c h i n g f r e q u e n c y . 

THE ELECTRON!C ABSORPTION SPECTRUM 

The a b s o r p t i o n s p e c t r u m o f AVO has b e e n r e p o r t e d b y J o r g e n s e n 

who f o u n d bands a t 1 2 , 6 0 0 , 16,500 and 29,400 c m - 1 . G o l d i n g ^ 2 f o u n d 

t h e s e same bands i n t h e case o f p o t a s s i u m v a n a d y l o x a l a t e and 

e x p l a i n e d them on t h e a s s u m p t i o n t h a t t h e complex an ion , has a 

p y r a m i d a l s t r u c t u r e . The p r e s e n t w o r k s u g g e s t s t h a t i t i s 

o c t a h e d r a l . 

B a l l h a u s e n and G r a y ^ have r e v i e w e d t h e a v a i l a b l e s p e c t r a l and 

m a g n e t i c e v i d e n c e c o n c e r n i n g t h e s t r u c t u r e o f v a n a d y l i o n complexes 
2+ 2+ 

and c o n c l u d e d t h a t t h e i o n V 0 ( H 2 0 ) , - r e t a i n s i n t a c t t h e VO m o i e t y 

i n s o l i i t i o n and t h e l a t t e r i s s u r r o u n d e d b y w a t e r m o l e c u l e s t o 

c o m p l e t e a d i s t o r t e d o c t a h e d r a l a r r a y . U s i n g t h i s s t r u c t u r e as a 

m o d e l , t h e b o n d i n g i n t h e i o n was e x p l a i n e d i n t e r m s o f m o l e c u l a r 

o r b i t a l t h e o r y . The s p l i t t i n g p a t t e r n o f t h e e n e r g y l e v e l s p r o p o s e d 
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b y B a l l h a u s e n and Gray i s g i v e n i n F i g . 2 . 1 . 

d and d 
yz zx 

F I G . 2 . 1 

T h i s scheme a l s o a c c o u n t s f o r t h e t h r e e hands f o u n d i n t h e 

a b s o r p t i o n s p e c t r u m o f AVO, as f o l l o w s : 

P o s i t i o n o f Band T r a n s i t i o n 

12 ,600 c m - 1 d —* d and d 
x y yz zx 

16 ,500 c m - 1 d - ) d 2 - 2 
x y x y 

29,400 c m - 1 d - J d 2 
x y ^ z 



CHAPTER THREE 
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CHAPTER I I I 

S t r u c t u r e d e t e r m i n a t i o n by X - r a y a n a l y s i s - t h e o r e t i c a l 

considera t i ons. 

INTRODUCTION 

Crys t a l s are composed o f groups o f atoms repeated at r e g u l a r 

i n t e r v a l s , w i t h the same o r i e n t a t i o n , i n th ree dimensions. When a 

group o f atoms i s represented by a p o i n t , the c o l l e c t i o n o f p o i n t s 

so formed i s termed the space l a t t i c e o f the c r y s t a l and t h i s l a t t i c e 

may be regarded as the r e p e t i t i o n i n space o f a u n i t c e l l . Any one 

set o f corresponding atoms i n the u n i t c e l l l i e s on a l a t t i c e and thus 

a c r y s t a l w i t h N atoms i n the u n i t c e l l can be regarded as based upon 

N i d e n t i c a l i n t e r p e n e t r a t i n g l a t t i c e s . 

S t r u c t u r a l ana ly s i s i n v o l v e s the measurement o f the i n t e n s i t y o f 

the X-rays d i f f r a c t e d by the atoms. The problem i s made t r a c t a b l e by 

a knowledge o f the p a t t e r n o f r e p e t i t i o n o f the l a t t i c e p o i n t s and 

a lso o f the symmetry elements o p e r a t i n g w i t h i n the c r y s t a l s t r u c t u r e . 

Brava is e s t ab l i shed t h a t the number o f pos s ib l e space l a t t i c e s i s 

f o u r t e e n and Schoen f l i e s and Fedorov showed t h a t the re are o n l y two 

hundred and t h i r t y d i f f e r e n t p e r i o d i c arrangements o f symmetry 

elements i n space. 

I t was demonstrated by P r i e d r i c h and K n i p p i n g t h a t c r y s t a l s are 

capable o f d i f f r a c t i n g an X - r a y beam. W. H. and W. L . Bragg showed 

t h a t these d i f f r a c t i o n e f f e c t s obeyed the laws o f o p t i c s and could be 

used t o determine the p rec i se arrangements o f atoms and molecules i n 

c r y s t a l s . 

Sets o f planes may be drawn th rough the p o i n t s i n the l a t t i c e and 

these planes may be r e f e r r e d t o t h r e e axes i n the c r y s t a l . Bragg showed 
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t h a t coopera t ive r e f l e c t i o n o f an X - r a y "beam can o n l y occur when the 

f o l l o w i n g r e l a t i o n s h i p h o l d s , 

n X = 2 d s i n © 

where n i s an i n t e g e r , 

X i s the wavelength o f the X - r a y s , 

d i s the i n t e r p l a n a r spac ing , 

and © i s the angle between the r e f l e c t i n g plane and the i n c i d e n t beam. 

The d i f f r a c t e d beams when recorded p h o t o g r a p h i c a l l y are shown as 

an a r r ay o f spo ts . The r e l a t i v e p o s i t i o n s o f the spots enables the 

c a l c u l a t i o n o f the u n i t c e l l dimensions and a l so i d e n t i f i e s the 

r e f l e c t i n g plane i n terms o f i t s a x i a l i n t e r c e p t s or i n d i c e s . The 

r e l a t i v e i n t e n s i t i e s o f the spots g ives i n f o r m a t i o n concerning the 

l o c a t i o n o f the i n d i v i d u a l atoms w i t h i n the u n i t c e l l . A t h i r d aspect 

o f the photographic r ecord i s t h a t i t may i n d i c a t e the prescence or 

absence o f c e r t a i n symmetry elements i n the c r y s t a l and t h i s i s impor tan t 

i n e s t a b l i s h i n g i t s space group. 

3.2 THE RECIPROCAL LATTICE 

The u n i t c e l l e x i s t s i n r e a l o r d i r e c t space but i t i s 

convenient t o consider i t and the l a t t i c e which i t generates i n terms 

o f r e c i p r o c a l space. AVO i s monoc l in i c and i n d i r e c t space the u n i t 

c e l l may be represented as i n P i g . 3 . 1 . 

The geometric r e l a t i o n s h i p s between the d i r e c t c e l l and the 

r e c i p r o c a l c e l l ( a s t e r i s k e d q u a n t i t i e s ) are as f o l l o w s . 

1 1 1 b* 1 a a s i n ^ a a* s i n / } * 

1 1 c c slnfi c c* s in jS 
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(oio) 

J8 

a 

F I G . 3.1 
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« . = * = « . * =ar* = 9 0 ° /a* = 1800 - /3 . 

I t can "be shown t h a t any l a t t i c e i n d i r e c t space has a 

d e r i v a t i v e r e c i p r o c a l l a t t i c e o r thogona l t o i t . 

Consider a c r y s t a l i n a beam o f X-rays o f wavelength A and 

assume t h a t the "beam l i e s i n the a c plane o f the r e c i p r o c a l 

l a t t i c e which has i t s o r i g i n at 0. See P i g . 3 (2) 

The c i r c l e POB cent red on C i s drawn w i t h r a d i u s / x so t h a t 

0 f a l l s on i t s c i r cumference . 

Suppose t h a t P i s a r e c i p r o c a l l a t t i c e p o i n t which l i e s on the 

c i rcumference o f the c i r c l e then s i n OBP = s i n 0 = OP = OP 
OB 27x 

•\ 

Since P i s a r . 1 . p o i n t the l e n g t h o f OP i s equal t o ^ - ^ i w n e r e & 

i s the pe rpend icu la r d i s t ance s epa ra t i ng planes hav ing i n d i c e s h k l . 

Hence s i n © = 1 . \ 

h k l 

i . e . 1. «X = 2d s i n 0 . 

Thus Bragg 's equa t ion may "be expressed i n terms o f the 

r e c i p r o c a l l a t t i c e and the fundamental c o n d i t i o n f o r a r e f l e c t i o n 

t o occur i s t h a t a r . l . p o i n t must l i e on the su r face o f a sphere 

cons t ruc ted i n accordance w i t h these d e f i n e d c o n d i t i o n s . 

As the c r y s t a l r o t a t e s about a c r y s t a l l o g r a p h i c a x i s , the r . l . 

p o i n t s cut th rough the sphere o f r e f l e c t i o n and the d i f f r a c t e d beams 

are recorded on f i l m or by a counter . From a knowledge o f the 

geometry o f the i n s t r u m e n t , i t i s p o s s i b l e t o r e l a t e these d i f f r a c t e d 

beams t o s p e c i f i c p o i n t s i n the r . l . 

I t i s not necessary t o r eco rd and index a l l p o s s i b l e r e f l e c t i o n s 

which may be a v a i l a b l e w i t h i n the l i m i t i n g sphere s ince d u p l i c a t i o n 
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29 

3 

F I G . 3.2 
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occurs due t o symmetry. Consider the r e l a t i o n s h i p s between the 
i n t e n s i t i e s o f the r e f l e c t i o n s f o r a monoc l in i c c r y s t a l . F i r s t 
o f a l l i t may "be s t a t e d t h a t because o f F r i e d e l ' s Law c e r t a i n 
i d e n t i t i e s h o l d i n a l l c r y s t a l systems. I n a d d i t i o n , i n monoc l in i c 
systems, r o t a t i o n about the two f o l d a x i s p a r a l l e l t o b or 
r e f l e c t i o n across the m i r r o r plane a c generate equ iva len t p o s i t i o n s . 
This may be summarised as f o l l o w s : 

F r i e d e l ' s Law R o t a t i o n R e f l e c t i o n 

I h k l ~ I h k l = I h k l ~ I h k l 

I E k l ~ I hkT w s = S l I hkT ^ I h k l 

I i _ 

h k l h k l 

I t i s t h e r e f o r e on ly necessary t o measure r e f l e c t i o n s due t o 

r . l . p o i n t s w i t h i n t h a t p a r t o f the sphere bounded by planes formed 

by c e r t a i n o f the p r i n c i p a l r . l . axes. I n the present work, the 

i n d i c e s chosen were h k l and h k l . 

3.3 THE STRUCTURE FACTOR 

The o b j e c t i n measuring the i n t e n s i t i e s o f r e f l e c t i o n s i s t o 

ca lculs i te a q u a n t i t y known as the s t r u c t u r e f a c t o r . The i n t e n s i t y 

va lue o f a g iven r e f l e c t i o n h k l i s r e l a t e d t o the ampl i tude o f the 

s t r u c t u r e f a c t o r by the express ion , 

^ b s = K l P l 2 ( L p ) ( A ) 3 * 2 

where F i s the s t r u c t u r e amp l i t ude , Lp (Lorentz and p o l a r i s a t i o n ) 

are f a c t o r s which are independent o f the s t r u c t u r a l arrangement and A 

i s a t e rm which a l lows f o r a b s o r p t i o n w i t h i n the c r y s t a l . 

The s t r u c t u r e f a c t o r F i s a v e c t o r q u a n t i t y d e f i n e d by an 

ampl i tude and phase. Of these two q u a n t i t i e s o n l y the ampl i tude can 
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. "be measured, the phase cannot be determined experimentally. 

The magnitude of the resultant vector may be expressed i n 

terms of the project ions of i t s various components on orthogonal 

axes. Thus 

i_ 
| P | = [ ~ ( I f . c o s S . ) 2 + ( I f . s i n S . ) 2 1 2 3.3 

1 3 3 3 3 3 3 J 

and the phase angle i s given by 

x - 1 oc, = t a n f . s i n S . 
_ J 1 
f . cos fi • 

3 ° 3 

3.4 

where f i s the s c a t t e r i n g f a c t o r o f the j atoms and S i s the angle 

between the j v e c t o r s and the r e a l a x i s . 

Now Bragg 's Law s ta tes t h a t t he re i s a phase d i f f e r e n c e o f 2 TT 

rad ians between waves f r o m successive planes i n any set hav ing 

i n d i c e s and i t f o l l o w s t ha t the phase d i f f e r e n c e f o r u n i t 

t r a n s l a t i o n s a long the ax i s o f the u n i t c e l l are 2TTh, 2TTk and 

2 7 T l . I f x , y and z are the f r a c t i o n a l coord ina tes o f an atom 

w i t h respect t o the u n i t c e l l edges, t hen the phase d i f f e r e n c e 

between a wave at the o r i g i n o f the u n i t c e l l and the p o i n t where 

the atom i s l o c a t e d , i s g iven b y , 

5 = 2 TT(hx + ky + l z ) 3.5 

S u b s t i t u t i o n i n 3.3 g ives a general express ion f o r the 

s t r u c t u r e amp l i t ude . 

K k l t = 1P/3 C ° S 2 1 T ( h X 3 + k y 3 + 1Z3}3 2 

2 — 

+ [ £ j f - j s i n 27T(hXj + ky + l z ) ] J 2 3.6 
This express ion i s o f the f o r m , 

F h k i l = ~( A hkl + B h k / 3 ' 7 

where the phase angle o f the r e s u l t a n t i s g i v e n b y , 
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B h k l 
A h k l 

3.< 

These equations r e l a t e the s t r u c t u r e ampli tudes t o the r e l a t i v e 

p o s i t i o n s o f the atoms i n the c e l l , i n terms o f t h e i r coo rd ina t e s . 

I t i s a lso i m p l i e d t h a t i f we have a s t r u c t u r e where the p o s i t i o n s o f the 

atoms are known or assumed, we can c a l c u l a t e a set o f s t r u c t u r e 

ampli tudes and phase angles . 

One method o f s o l v i n g s t r u c t u r e s i s t o p o s t u l a t e a probable 

atomic arrangement and t h e n c a l c u l a t e a set o f s t r u c t u r e ampli tudes 

and phases and thus o b t a i n the s t r u c t u r e f a c t o r s (P , ) . The 
c a l c 

c a l c u l a t e d phase angles are t hen combined w i t h the observed s t r u c t u r e 

ampli tudes t o g ive the observed s t r u c t u r e f a c t o r s (P , ) . V a r i a t i o n s 

i n the atomic coordina tes are t hen made u n t i l P n and P -, are 
obs ca lc 

brought i n t o s a t i s f a c t o r y agreement. 

The s t r u c t u r e f a c t o r can a lso be t r e a t e d as a complex number. 

F = A + i B 3.9 

where A i s the p r o j e c t i o n on the r e a l a x i s and B i s the p r o j e c t i o n on 

the imaginary a x i s . This leads t o the exponen t i a l f o r m o f the 

s t r u c t u r e f a c t o r , 
F = H f . exp 2TTi (hx . + k y . + l z . ) 3.10 

J J J 3 J 

I f the space group i s centrosymmetr ic and the o r i g i n o f the 

coordinates i s p laced at t h a t c e n t r e , an impor tan t s i m p l i f i c a t i o n o f 

the c a l c u l a t i o n r e s u l t s . I n t h i s case, the p r o j e c t i o n s on the 

imaginary ax i s w i l l cancel out and i n consequence the B terms w i l l 

d i sappear . The r e s u l t a n t t h e r e f o r e l i e s on the r e a l ax i s and the 

phase angle can on ly have values o f 0 orTT, accord ing t o whether the 

cosine terms sum t o a p o s i t i v e or negat ive q u a n t i t y w i t h respect t o 
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the o r i g i n . Th i s r e s u l t s i n the s t r u c t u r e f a c t o r s hav ing a 

p o s i t i v e or negat ive s i g n . 

SPECIAL FORMS OF THE STRUCTURE FACTOR 

The f a c t t h a t many space groups possess elements o f symmetry 

can l ead t o spec i a l forms o f the s t r u c t u r e f a c t o r . This may be 

i l l u s t r a t e d f o r the case o f V2^/c, t o which group AVO be longs . 

The s t r u c t u r e f a c t o r f o r the general case c a l c u l a t e s over 

a l l atoms i n the c e l l but these may be regarded as compr i s ing n 

unique atoms i n an asymmetric u n i t , arranged i n m symmetry r e l a t e d 

groups. We then w r i t e 3.10 i n the f o r m , 

F, , , = ) L f PL exp 2lh (hx + ky + l z ) 1 3.11 h k l n n L m v m,n ' ' i r^n m,n ' - I 

which f o r convenience may be expressed, 

F h k l = ^ n f n < W n 3 ' 1 2 

The space group P2^/c has f o u r equ iva len t p o s i t i o n s . 

(a) x , y , z (b ) x , y , z ( c ) x , + y , -g- - z , (d ) x , -g- - y , -g- + z . 

Both a, b and c, d are c en t ro symmet r i c a l l y r e l a t e d p a i r s and the 

p o s i t i o n s a, c are r e l a t e d by the t w o f o l d screw a x i s . 

Us ing T ^ j ^ i n i t s t r i g o n o m e t r i c a l f o r m we have f o r the 

cen t ro symmet r i c a l l y r e l a t e d p a i r s , 

T = cos 2 M (hx + ky + l z ) + i s i n 27T(hx + ky + l z ) 
IliC-L 

+ cos 2 TT (-hx - ky - I z ) + i s i n 2"7T(-hx - ky - l z ) 

i . e . T h k l = 2 cos 27T(hx + ky + l z ) 

S i m i l a r l y f o r the a and c asymmetric u n i t s we o b t a i n 
T h k l = 2 C O S 2 T r ( - n x + ky + | + | - l z ) 

Hence the t o t a l c o n t r i b u t i o n f o r a l l atoms reduces t o 

T h k l =
 2 tC 0 S

 2TT(hx + ky + l z ) + cos 2TT(-hx + ky + | + i - l z ) ] 3 . 1 3 



F u r t h e r s i m p l i f i c a t i o n can be achieved by t a k i n g advantage o f 

the f a c t t h a t when k + 1 i s even, the s ine terms i n the expanded 

f o r m o f 3.13 become zero and 

T h k l = 4 C 0 S 2 _ ' T ( h x + l z ) c o s 2TTky 3.14 

also when k + 1 i s odd, the cosine terms are zero 

hence T h k l = - 4 s i n 2TT(hx + l z ) s i n 2TTky 3.15 

Where one o f the i n d i c e s i s zero these r e l a t i o n s h i p s are o f 

spec i a l s i g n i f i c a n c e . Consider the case o f r e f l e c t i o n s hav ing i n d i c e s 

h O l . 

When k + 1 i s even, 

T h k l = 4 c 0 S 2 TT(hx + l z ) 

and when k + 1 i s odd, 

T = 0 h k l 

^ h k l ^ S a l s o z e r o when h and 1 are zero and k i s odd. I n o the r 

words sys temat ic absences occur i n the f o l l o w i n g cases: 

OkO when k i s odd 

hOl when 1 i s odd 

The f i r s t c o n d i t i o n corresponds t o the absences due t o a 2 f o l d screw 

ax i s p a r a l l e l t o b and the second t o a g l i d e plane pe rpend i cu l a r t o 

c. The space group P2^/c i s i n f a c t u n i q u e l y i d e n t i f i e d by these 

sys temat ic absences. 

3.5 THE APPLICATION OF FOURIER METHODS 

An impor tan t aspect o f the a n a l y s i s i s the c a l c u l a t i o n o f the 

e l e c t r o n d e n s i t y d i s t r i b u t i o n throughout the u n i t c e l l . Since the 

c r y s t a l i s p e r i o d i c i n th ree dimensions the d i s t r i b u t i o n o f e l e c t r o n 

d e n s i t y can be computed by a t r i p l e F o u r i e r s e r i e s . 



P X f y j Z , = Z^-Il^l c f f f e x p 2 l l i ( h x + k y + l z ) 3 . l 6 
h k l h k l 

i t » 

where h , k , 1 are i n t e g e r s between - oe> and + oo and the c o e f f i c i e n t s 

o f the F o u r i e r se r ies are r e l a t e d t o the s t r u c t u r e f a c t o r by the 

express ion , 
F, . n = C r r T . V 3.17 h k l h k l 

where V i s the volume o f the u n i t c e l l , 

Hence, 

Pt \ = t? Y. Y Y Ki i - 2TTi (hx + ky + l z ) 3.18 ( x , y , z ) V ^ h k l 

A p p l i c a t i o n , o f t h i s F o u r i e r se r i e s pe rmi t s the c a l c u l a t i o n o f 

e l e c t r o n d e n s i t y at a l a r g e number o f p o i n t s w i t h i n the u n i t c e l l . 

The p o s i t i o n s o f the atoms are t h e n revea led as peaks i n the d e r i v e d 

F o u r i e r map. 

3.6 THE PHASE PROBLEM 

Measurement o f the observed i n t e n s i t i e s o f r e f l e c t i o n s can g ive 

d i r e c t i n f o r m a t i o n concerning the ampl i tude o f the s c a t t e r e d wave 

but not i t s phase. Because o f t h i s many s t r u c t u r e s have been solved 

by t r i a l and e r r o r methods. At present the i n d i r e c t method u s i n g the 

heavy atom technique i s w i d e l y employed but d i r e c t methods which 

permi t the phases t o be deduced f r o m the s t r u c t u r e ampli tudes have now 

been e s t a b l i s h e d . The heavy atom procedure was a p p l i e d t o AVO and the 

present d i s c u s s i o n w i l l be con f ined t o t h i s . 

3.7 THE PATTERSON FUNCTION 

A. L . Pa t t e r son made the impor tan t o b s e r v a t i o n t h a t i f the squares 

o f the s t r u c t u r e ampli tudes are used as the c o e f f i c i e n t s i n a F o u r i e r 

s e r i e s , the r e s u l t i n g syn thes i s r evea l s the v e c t o r s between the atoms. 

The Pa t t e r son f u n c t i o n may be w r i t t e n , 
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oo 2 

P = i y y y u i C O s 2iT(hu + kv + i w ) 3.19 
u , v , w V I hk l l 

- O O 

I n gene ra l , a peak i n the Pa t t e r son map hav ing coordina tes 

( u , v , w ) , i n d i c a t e s t h a t the re are atoms i n the u n i t c e l l at p o i n t s 

(x^ ,3^ , z )and {JL^J^Z^) hav ing the f o l l o w i n g r e l a t i o n s h i p : 

U = X ^ - X £ 

v = y 1 - y 2 

W = Z , j - Z £ 

Pa t t e r son space symmetry d i f f e r s f r o m t h a t i n d i r e c t space i n 

t h a t t r a n s l a t i o n a l p a r t s o f symmetry elements are absent and a 

centre o f symmetry must be added i f not a l r eady p resen t . The space 

group P2^/c becomes P2/m i n Pa t t e r son space. 

The peak values are r e l a t e d t o the products o f the atomic numbers 

o f the c o n t r i b u t i n g atoms and t h i s enables the p o s i t i o n o f a heavy 

atom t o be r e a d i l y d i s t i n g u i s h e d . 

A s i g n i f i c a n t development o f P a t t e r s o n ' s method i s due t o Harker 

who p o i n t e d out t h a t as a r e s u l t o f symmetry, v e c t o r peaks are 

concentra ted a t c e r t a i n l o c a t i o n s i n the map, which are now r e f e r r e d 

to as Harker l i n e s and p lanes . For example, a m i r r o r plane 

pe rpend icu la r t o the b ax i s and pass ing through the o r i g i n generates 

an atom at ( x , y , z ) f r o m an atom at ( x , y , z ) . The corresponding peak 

w i l l be s i t u a t e d on the Harker l i n e and w i l l have the coordina tes 

(0 ,2y ,0) . Thus the y va lue i s immedia te ly obta ined and t h i s i s a p p l i e d 

t o o ther Harker planes t o deduce the x and z coo rd ina t e s . 

3.8 THE HEAVY ATOM METHOD 

When a molecule inc ludes an atom whose atomic number i s 

cons iderab ly g rea t e r than t h a t o f the o t h e r s , i t s g r ea t e r s c a t t e r i n g 
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power i s the dominant f a c t o r i n d e t e r m i n i n g the r e s u l t a n t phase 
angle . For t h i s reason a F o u r i e r map based on the observed s t r u c t u r e 
ampli tudes and the phase angles c a l c u l a t e d f r o m the heavy atom 
p o s i t i o n , w i l l c o n t a i n peaks r e l a t e d t o the remain ing atoms. F u r t h e r 
F o u r i e r syntheses may then be c a r r i e d out i n c o r p o r a t i n g these 
a d d i t i o n a l coord ina tes , u n t i l a l l o f the atom p o s i t i o n s have been 
f o u n d . 



CHAPTER FOUR 
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CHAPTER IV 

THE DETERMINATION OF THE STRUCTURE OF AVO 

4.1 INTRODUCTION 

The s t r u c t u r e o f AVO was e s t ab l i shed by sets o f d a t a which were 

c o l l e c t e d i n two d i f f e r e n t ways. The f i r s t i n v o l v e d photographic 

methods o f r e c o r d i n g r e f l e c t i o n s and an i n t e g r a t i n g mic ro-dens i tomete r 

f o r the i n t e n s i t y measurements. Th i s procedure gave the p o s i t i o n s 

o f o n l y the non-hydrogen atoms and i n view o f the importance o f 

hydrogen bonding i n such compounds, i t was f e l t t h a t a comprehensive 

ana lys i s by more accurate techniques would be d e s i r a b l e . The da ta 

was t h e r e f o r e c o l l e c t e d on an automat ic d i f f r a c t o m e t e r and the 

subsequent d i s c u s s i o n o f the s t r u c t u r e i s based e n t i r e l y on the r e s u l t s 

which accrued f r o m t h i s method. 

The purpose o f the present chapter i s t o r e c o r d the procedures 

i n v o l v e d i n these s t r u c t u r e d e t e r m i n a t i o n s . 

4.2 THE PHOTOGRAPHIC METHOD 

4-2.1 THE CELL CONSTANTS 

The u n i t c e l l dimensions were determined by measurement o f 

Weissenburg and precess ion photographs. The f o l l o w i n g sys temat ic 

absences e s t ab l i shed the space group as P2^/c. 

h o i absent f o r 1 odd 

oko absent f o r k odd 

Some r e l e v a n t constants concerning AVO are c o l l e c t e d i n Table 4 ( l ) . 

4.2.2 INTENSITY DATA COLLECTION 

A c r y s t a l measuring 0.40 x 0.25x 0.08 mm3 was mounted about the b 

ax i s and l a y e r s , h = 0 t o 4 recorded on m u l t i p l e f i l m packs u s i n g the 

e q u i - i n c l i n a t i o n Weissenburg t echn ique . A second c r y s t a l o f 
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TABLE 4 .1 . 
AVO CONSTANTS 

f o r m u l a C 4 H 12°11 N 2 V . 
Molecular Weight 315 

U n i t C e l l Dimensions: 

a 11.162 £ (1) 

b 7.919 S (1) 

c 14.370 £ (2) 

117.450° (5) 

C r y s t a l System M o n o c l i n i c 

Space Group P 2 / c 

C r y s t a l D e n s i t y (g.cm ~>) 

P 2 / c 

c a l c u l a t e d 1.76 

measured 1.81 

Z 4 

Linea r A b s o r p t i o n C o e f f i c i e n t (cm ) 

(Cu Kcc ) 79-94 

(Mo Kcc ) 9.47 

P 
ooo 

644 
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dimensions 0.35 x 0.24 x 0.08 mm̂  was mounted about the c ax i s t o 
g ive l a y e r s , k = 0 t o 8. 

N i c k e l f i l t e r e d copper r a d i a t i o n ( X = 1.5418 was used and 

the r e f l e c t i o n s were recorded on I l f o r d I n d u s t r i a l G double coated 

f i l m . 

4-2.3 INDEXING OF REFLECTIONS 

Simulated Weissenburg photographs were prepared f r o m char t s o f 

the h o i and hkn r e c i p r o c a l l a t t i c e ne t s . The r e f l e c t i o n s were indexed 

by comparison o f the s imula ted and a c t u a l photographs. 

4 .2 .4 MEASUREMENT OF INTEGRATED INTENSITIES 

I n general the i n t e n s i t i e s were measured on severa l f i l m s and 

the i n t e g r a t e d i n t e n s i t y values were put on a common scale by means 

o f a t t e n u a t i o n f a c t o r s . 

4.2.5 DATA REDUCTION 

The i n t e n s i t y va lues f o r h n l and hkn l a y e r s were co r r ec t ed f o r 

Lorentz and p o l a r i s a t i o n e f f e c t s . No c o r r e c t i o n f o r a b s o r p t i o n was 

made. I n t e r l a y e r s c a l i n g f a c t o r s were t h e n determined by comparing 

values f o r common r e f l e c t i o n s l y i n g on i n t e r s e c t i n g l a t t i c e l a y e r s 

o"1 

u s i n g the method o f Monahan, S c h i f f e r and S c h i f f e r 

The s t r u c t u r e f a c t o r s were p laced on the same scale and the 

values f o r the common r e f l e c t i o n s were averaged. A f t e r e l i m i n a t i n g 

some v e r y weak r e f l e c t i o n s , a t o t a l o f 989 independent s t r u c t u r e 

f a c t o r s was ob ta ined . 

4.2.6 STRUCTURE DETERMINATION AND REFINEMENT 

The Pa t t e r son S o l u t i o n : The symmetry o f the v e c t o r set 

corresponding t o P2^/c i s P2/m i n which case, 

A = 4 cos 2 7 f (hx + l z ) cos 2 TT ky 
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and B = 0 

Therefore the r e q u i r e d f u n c t i o n has the f o r m , 

* f ^ = i y y y 0 * 1 ) 1 2 

( u . v . w ) V ^— /— / _ C 1 s v 7 1 

( C o s 2 T f h u . Cos 2 f T k v . Cos 2 I t lw - S i n 2 TT hu . Cos 2TT k v . 

S i n 2 Tf l w ) ^ 
P/ \ was c a l c u l a t e d over one q u a r t e r o f the u n i t c e l l volume ( u , v , w j 

and t o sharpen the peaks i n the map F were weighted so t h a t , 

F g ( h k l ) = ^Q^g ( ^ k l ) e x P ( B s i n 

where B i s an o v e r a l l i s o t r o p i c temperature f a c t o r a r b i t r a r i l y set 
2 

equal t o . 

The f o u r equ iva len t p o s i t i o n s i n P2^/c a re , 

(1) x , y , z (2 ) x , y , z (3 ) x , i + y , i - z (4) x , i - y , i + z . 

By s u b t r a c t i o n f r o m one te rm o f the remain ing t h r e e , the f o l l o w i n g 

independent sets o f vec to r s are ob t a ined . 

Set A: 2x 2y 2z 

2x 1 
~2 

0 2 y - i 1 
-2 

Set B: - 2 x - 2 y -2z 

- 2 x 1 
- 2 - i - 2 z 

0 - i - 2 y 1 
— 2 

Set C: - 2x 2y -2z 

-2x 1 
2 i - 2 z 

0 lT+2y 1 
2 

Set D: 2x - 2 y 2z 

2x 1 
2 

0 i - 2 y 1 
2 

The f i r s t row i n each case i s due t o atoms r e l a t e d by a cent re 

o f symmetry, the second by the screw axes and the t h i r d by two g l i d e 
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p lanes . W i t h i n these sets are the f o l l o w i n g r e l a t i o n s h i p s , 

A = D and B = C screw screw screw screw 

A n . , EE C n . , and. B n . , EE D g l i d e g l i d e g l i d e g l i d e 

Hence the e n t i r e c e l l would c o n t a i n ( n e g l e c t i n g the o r i g i n 

peaks) twelve peaks due t o the vanadium atom as f o l l o w s . 

Four s i n g l e weight peaks due t o atoms r e l a t e d by a cent re o f 

symmetry. 

Two double weight peaks due t o the screw a x i s . 

Two double weight peaks due t o the g l i d e p l ane . 

I n s p e c t i o n o f these sets shows t h a t t he re i s a Harker Line at 

P (o,v,-g-) and a Harker s e c t i o n at P(u,-g-,w). Peaks were found i n the 

map w i t h the f o l l o w i n g coo rd ina t e s . 

iZa IA fZ£ 
o 0.429 0.5 

0.36 0.5 0.14 

0.36 0.071 0 .64 

A p p l y i n g set A, the u n i t c e l l coordina tes o f the vanadium atom 

were obta ined as, 

0.18 0.035 0.32 

An i n i t i a l s t r u c t u r e f a c t o r c a l c u l a t i o n based on these 

coordinates gave a r e s i d u a l (R) o f 0.57* Atomic s c a t t e r i n g f a c t o r s 

f o r t h i s c a l c u l a t i o n were obta ined f r o m V O L . I l l o f I n t e r n a t i o n a l 

Tables f o r X-Ray Crys t a l l og raphy (1962) . 

A F o u r i e r synthes is u s i n g the s igns determined by the f i r s t 
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s t r u c t u r e f a c t o r c a l c u l a t i o n , was summed over one q u a r t e r o f the u n i t 

c e l l volume. The map i n d i c a t e d f o u r t e e n ' p o s s i b l e atomic p o s i t i o n s . 

A model was cons t ruc ted showing the p o s i t i o n o f the vanadium atom and 

i t s s i x nearest peaks. These had an oc tahedra l d i s p o s i t i o n and were 

a t t r i b u t e d t o oxygen atoms. I n c l u s i o n o f these s i x atoms i n a 

f u r t h e r s t r u c t u r e f a c t o r c a l c u l a t i o n reduced R t o 0.53. 

A new F o u r i e r map revea led the p o s i t i o n s o f more atoms i n the 

oxa la to groups and a subsequent c a l c u l a t i o n reduced R t o 0.40. A 

d i f f e r e n c e F o u r i e r map based on the twe lve atoms now l o c a t e d , i n d i c a t e d 

s i t e s f o r the remain ing non-hydrogen atoms. F ive cycles o f i s o t r o p i c 

re f inement o f the atomic coordina tes gave an R f a c t o r o f 0.19 and f o u r 

f u r t h e r cycles o f a n i s o t r o p i c re f inement reduced i t t o 0.14. 

A p p l i c a t i o n o f th ree cycles o f f u l l m a t r i x re f inement gave a f i n a l 

R f a c t o r o f 0.12. 

A d i f f e r e n c e F o u r i e r map f a i l e d t o r e v e a l any peaks which 

could be a t t r i b u t e d t o hydrogen atoms. 

The atomic coordina tes and thermal parameters are g i v e n i n 

Tables 4.2 and 4.3. 

4.3 THE COUNTER METHOD 

4.3.1 OPERATING PRINCIPLES OF THE JIFFRACTOMETER 

When an i n c i d e n t X- ray beam i s r e f l e c t e d f r o m a set o f planes 

( F i g . 4 « 0 the angle Q may be d e f i n e d by the magnitude o f the v e c t o r 

d , which i s r e l a t e d t o the r e c i p r o c a l o f the i n t e r p l a n a r spac ing , 

i n accordance w i t h Bragg*s equa t i on . 

S i n G = 2d 
K d * 

2 

Two f u r t h e r c o n d i t i o n s o b t a i n when r e f l e c t i o n occurs . 
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TABLE 4 .2 

AVO, NON-HYDROGEN ATOMIC POSITIONAL PARAMETERS (x 10^) 
(PHOTOGRAPHIC DATA) 

ATOM 
x / 

/ a 
z / / 0 

V 82461 53832 18208 

0(1) 83519 36582 12783 

0(2) 93850 67905 13296 

0(3) 98651 49309 31973 

0(4) 111858 57908 48634 

0(5) 92989 84227 44414 
0(6) 84289 76170 27748 

0(7) 65827 64999 8162 

0(8) 45105 71083 5666 

0(9) 48444 45939 19981 
0(10) 70147 45799 23709 
0(11 ) 30470 55743 34553 
N(1) 23559 64536 11873 
N(2) 61472 91487 92778 
C(1) 101970 59487 39792 

C(2) 92218 74237 37157 
C(3) 55805 64079 9675 
C(4) 58028 49769 18543 
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TABLE 4.3 

AVO, NON-HYDROGEN ATOMIC ANISOTROPIC TEMPERATURE FACTORS (x 1Q 5 ) 

(PHOTOGRAPHIC DATA) 

ATOM 
11 b 22 b 33 b 23 b 13 b 12 

V 5 U 412 224 -35 322 -41 
0(1) 699 553 546 -1395 549 198 
0(2) 1069 434 395 74 676 -409 
0(3) 544 490 184 -823 20 22.0 
0(4) 442 873 225 56 -162 -104 
0(5) 1175 855 303 -173 658 70 
0(6) 670 720 174 177 78 453 
0(7) 546 473 193 337 124 -158 
0(8) 877 1154 441 568 555 186 
0(9) 590 2317 604 743 571 656 
0(10) 471 1378 312 329 148 -166 
0(11) 855 -101 317 -279 448 -429 
N ( l ) 463 893 542 -91 442 296 
N(2) 1834 2165 522 132 742 663 
C(1) 370 345 663 552 621 -476 
C(2) 361 418 260 231 312 741 
C(3) 524 642 180 82 -66 -56 
C(4) 400 1433 182 -129 290 -491 
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( a ) the v e c t o r &* must l i e i n the plane o f S q and S ( the 
d i f f r a c t i n g p l a n e ) . 

(b ) the d i r e c t i o n o f d* b i s e c t s the angle between S q and S. 

I n the H i l g e r and Watts f o u r c i r c l e d i f f r a c t o m e t e r , the 

d i f f r a c t i n g plane i s co inc iden t w i t h the e q u a t o r i a l plane o f the 

ins t rument ( F i g . 4 . 2 ) . By means o f two independent ly c o n t r o l l e d 

c i r c l e s ( ^and%) , the v e c t o r d* may be brought i n t o the plane o f 

the X I c i r c l e and a l so i n t o the e q u a t o r i a l p lane . When the Q 

c i r c l e i s set at the Bragg angle t h e n the c-J c i r c l e w i l l b i s e c t the 

angle between the i n c i d e n t and r e f l e c t e d beams a n d w i l l be equal 

t o 6 . 

I n the r e f l e c t i n g p o s i t i o n the v e c t o r d* l i e s i n two m u t u a l l y 

pe rpend icu la r p lanes , t h a t o f the X c i r c l e b i s e c t i n g the i n c i d e n t 

and d i f f r a c t e d beams and t h a t o f the plane o f d i f f r a c t i o n . Under 

these c o n d i t i o n s , the re w i l l be s p e c i f i c values o f the angles ~>C 

and ^ f o r r e f l e c t i o n t o occur . 

Given accurate c e l l constants the p o s i t i o n s o f the f o u r c i r c l e s 

may be c a l c u l a t e d f o r each r e f l e c t i o n and the ins t rument programmed 

f o r the automat ic c o l l e c t i o n o f i n t e n s i t y da ta over a s p e c i f i e d 

volume o f the r e c i p r o c a l l a t t i c e . 

4 .3 .2 MEASUREMENT OF UNIT CELL DIMENSIONS 

A c r y s t a l measuring 0.4 x 0.3 x 0.08 mirf̂  was mounted on the 

d i f f r a c t o m e t e r . The f o u r c i r c l e parameters f o r the 3, 0, 0 and 

0, 0, 2 r e f l e c t i o n s were found and t h i s i n f o r m a t i o n , t o g e t h e r w i t h 

the u n i t c e l l dimensions ob ta ined p r e v i o u s l y , gave a p r e l i m i n a r y 

o r i e n t a t i o n m a t r i x . This enabled r e f l e c t i o n s at h i g h e r values 

o f 9 t o be l o c a t e d and a f i n a l m a t r i x , t oge the r w i t h the u n i t c e l l 
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dimensions i n Table 4 . 1 , were ob ta ined by a l e a s t squares 
t rea tment o f the parameters o f twe lve h i g h - o r d e r r e f l e c t i o n s 
(Mo k « . 1 , = 0.70926 £ ) . 

4.3.3 INTENSITY DATA COLLECTION 

The da ta was c o l l e c t e d u s i n g the 0 , 2 0 scan method, w i t h 

each scan c o n s i s t i n g o f 75 steps o f 0 . 0 1 ° . The coun t ing t ime f o r 

each step was 2 sees and the coun t ing t ime f o r bo th backgrounds 

was 25 sees. Zr f i l t e r e d Mo r a d i a t i o n was used. 

The i n t e n s i t y sets h , k + 1 and - h , k + 1 were c o l l e c t e d 

out t o a va lue o f 0 = 2 6 ° . Three s tandard r e f l e c t i o n s were 

measured at i n t e r v a l s o f 50 normal r e f l e c t i o n s and the c i r c l e s 

were d r i v e n t o r e fe rence p o i n t s at the same i n t e r v a l s . 

4.3.4 DATA REDUCTION 

The da ta f o r equ iva len t r e f l e c t i o n s was averaged and t hen 

co r r ec t ed f o r Lorentz and p o l a r i s a t i o n f a c t o r s . No c o r r e c t i o n 

was made f o r a b s o r p t i o n . 

The s tandard d e v i a t i o n f o r the net count , based on coun t ing 

s t a t i s t i c s , i s g i v e n b y , x 

a - = | s + * 2 ( B i + V j 2 4 .1 

Where S i s the peak count , B^ and Bg are the measured background 

counts , K i s the r a t i o o f the t ime t aken f o r the peak measurement 

t o t h a t t aken f o r the measurement o f the two backgrounds; n i s the 

number o f obse rva t ions . 

I t was considered t h a t i f the net count was l e s s t h a n 3 Q~ i t 

should be t r e a t e d as unobserved. Of the t o t a l o f 2,218 independent 

r e f l e c t i o n s measured, 1,413 were regarded as observed and used i n the 

c a l c u l a t i o n s . 
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4 .3 .5 STRUCTURE DETERMINATION AMD REFINEMENT 

The atomic coordinates ob ta ined by the photographic method 

(Table 4 - 2 ) , t oge the r w i t h the new ampli tudes g iven by the counter 

procedure , were used t o c a l c u l a t e a set o f s t r u c t u r e f a c t o r s . 

Two cycles o f b l o c k d iagona l l e a s t squares re f inement w i t h 

i s o t r o p i c temperature f a c t o r s gave an R f a c t o r o f O.O84. A 

f u r t h e r cyc le o f a n i s o t r o p i c re f inement reduced i t t o O.O54. 

At t h i s p o i n t a d i f f e r e n c e F o u r i e r map i n d i c a t e d the s i t e s o f 

the twe lve hydrogen atoms. P o s i t i o n s f o r the hydrogen atoms were 

chosen f r o m the map which were cons i s t en t w i t h accepted bond l eng ths 

and angles . The coordina tes f o r these atoms were i n c l u d e d i n the 

subsequent c a l c u l a t i o n s but were not r e f i n e d . 

F u l l m a t r i x re f inement was now a p p l i e d , u s i n g a n i s o t r o p i c 

temperature f a c t o r s f o r the heavy atoms and a s s i g n i n g an a r b i t r a r y 

i s o t r o p i c temperature f a c t o r o f 5-0 t o the hydrogens. Th i s gave an 

R f a c t o r o f 0.041 and t h r e e subsequent cycles gave a f i n a l va lue o f 

0.039* A d i f f e r e n c e F o u r i e r map based on the f i n a l atomic 

coordinates showed t h a t no s i g n i f i c a n t e l e c t r o n d e n s i t y remained. 

As p r e v i o u s l y , the fo rm f a c t o r s f o r the non-hydrogen atoms were 

ob ta ined f r o m I n t e r n a t i o n a l Tables , the c o r r e c t i o n b e i n g a p p l i e d f o r 

anomalous d i s p e r s i o n (Mo r a d i a t i o n ) , i n the case o f the vanadium atom. 

The fo rm f a c t o r used f o r the hydrogen atom was t h a t g iven by Davidson, 

74 
Simpson and Stewart 

I n the l a s t cyc le o f r e f i n e m e n t , the parameter s h i f t s were a l l 

l ess t han o n e - t h i r d o f the corresponding e . s . d . The w e i g h t i n g scheme 

was o f the f o r m , p w 

2 ) + ( P . N ^ j S + K (B + B F 2 1 

4.2 
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where N i s the net count and P was assigned a va lue o f 0 .06 . 

The unobserved r e f l e c t i o n s were g i v e n zero weight i n the 

r e f i n e m e n t . 

I n equa t ion 4«2, the s tandard d e v i a t i o n i n the net count 

considered t o be , 

O (N) = ^S + K 2 ( B 1 + B 2 ) + P . W ) 2 j 

so t h a t (J- (F ) = F 
o o M 

2N 

Th i s express ion combined w i t h the r e l a t i o n , 

s/W = 1 

leads t o equa t ion 4»2. 

An a n a l y s i s o f the w e i g h t i n g scheme i s g i v e n below. 

TABLE 4.4 

AVO, AGREEMENT ANALYSIS 

p 
0 

RANGES W R 

4 - 8 33 0.26 0.113 

8 - 12 219 0.27 0.117 

12 - 16 272 0.20 0.071 

16 - 20 208 0.22 0.043 

20 - 27 266 0.17 0.028 

27 - 40 229 0.25 0.024 

40 -140 186 0.27 0.023 
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4 .3 .6 ATOMIC PARAMETERS 

The f i n a l coordina tes o f the atoms are g i v e n i n Tables 4«5 and 

4 .6 . The a n i s o t r o p i c temperature f a c t o r s o f the non-hydrogen atoms 

are l i s t e d i n Table 4.7. 

4.3.7 STRUCTURE FACTORS 

The observed and c a l c u l a t e d s t r u c t u r e f a c t o r s are g i v e n i n 

Table 4.8. 
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TABLE 4.5 

AVO, NON-HYDROGEN ATOMIC POSITIONAL PARAMETERS (x 1Q 5 ) 

(COUNTER DATA) 

ATOM 
/ a / o 

V 32512 3772 18203 

0(1) 33540 -13294 12734 
0 ( 2 ) 43742 17816 13262 

0 ( 3 ) 48834 - 611 32140 

0 ( 4 ) 61444 7504 48641 

0 ( 5 ) 42806 34141 44282 

0 ( 6 ) 34258 26157 27621 

0 ( 7 ) 15663 14925 7904 

0 ( 8 ) - 4923 21323 5650 

0 ( 9 ) - 1580 - 4401 19959 
0(10) 20026 - 4517 23725 
0(11) -19010 5599 34851 
N(1) -26543 14369 11804 
N(2) 11098 8375 42888 
C(1) 51829 9389 39925 
C(2) 42237 24668 37245 
C(3) 5622 13474 9899 

C(4) 7797 249 1847 5 
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TABLE 4.6 

AVO, HYDROGEN ATOMIC POSITIONAL PARAMETERS (x 1Q3) 

(COUNTER DATA) 

ATOM / a y A 7 c 

H(1) -324 233 75 

H(2) -309 51 105 

H(3) -235 184 179 

H(4) -193 132 105 

H(5) 33 55 400 

H(6) 115 165 390 

H(7) 175 15 440 

H(8) 124 140 490 

H(9) -250 130 350 

H(10) -250 - 20 310 

H(11 ) 443 170 78 

H(12) 450 290 145 
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TABLE 4.7 

AVO, NON-HYDROGEN ATOMIC ANISOTROPIC TEMPERATURE FACTORS (x 1Q5) 

(COUNTER DATA) 

ATOM 11 b 2 2 • b33 b23 b l 3 b l 2 

V 615 598 251 -36 366 7 
0(1) 780 867 441 -373 478 - 35 
0(2) 1249 972 407 -385 1040 -711 
0(3) 674 722 295 - 86 338 253 
0(4) 650 870 294 70 188 - 39 
0(5) 1094 970 296 -282 611 360 
0(6) 718 790 235 - 1 236 336 
0(7) 712 900 253 292 317 203 
0(8) 704 1454 583 450 273 466 
0(9) 794 2584 733 1135 959 511 
0(10) 6O7 1061 329 461 388 260 
0(11) 1050 1154 723 - 456 665 -265 
N(1) 651 957 400 31 407 - 45 
N(2) 1224 1899 543 - 614 667 245 
c ( i ) 513 637 359 122 503 -158 
C(2) 570 665 330 43 437 - 47 
C(3) 716 759 282 - H 4 195 55 
C(4) 625 1151 321 - 63 395 64 
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T A B L E 4 . 8 
S T R U C T U R E F A C T O R S 

M K 1 FO FC H K L Fb FC 
0 1 2 5 » . l - 5 6 . 0 6 0 8 2 4 . 2 - 2 4 . 0 
n 0 8 7 . 6 - 9 0 . 6 6 0 10 - 2 . 8 1 .0 
•j 1 7 . 5 1 7 . 6 7 c - 1 6 - 0 . 5 - 3 . 7 
0 c a 4 2 . T - 4 3 . 2 7 0 - 1 4 1 4 . S 1 4 . 4 

0 t J 1 7 . 5 1 7 . 9 T 0 - 1 2 - 6 . 6 - 3 . 6 
« 0 12 a . 9 9 . 0 7 c - 1 0 3 4 . 3 - 3 4 . 5 

c 14 1 9 . 3 - 1 8 . 7 7 0 - i - 0 . 4 3 . 0 
> - 1 6 1 4 . 4 - 1 4 . 7 T 0 - 6 4 2 . 1 - 4 3 . 0 

D - 1 4 I T . 2 1 5 . 2 T 0 - 4 4 4 . 6 - 4 7 . 1 
- 1 2 9 6 . 6 3 7 . 5 7 0 - 2 8 6 . 3 8 9 . 6 

C - 1 J 3 4 . 5 - 3 3 . 8 7 0 0 2 1 . 5 - 2 1 . 1 
1 - 8 - 1 . 6 4 . 6 7 0 2 2 3 . 3 - 2 3 . 1 
0 - 6 5 8 . 4 - 5 5 . 0 7 c 4 9 . 9 7 . 3 
1 - 4 5 9 . 2 - 6 0 . 7 7 0 6 - 5 . 2 3 . 9 
0 - 2 1 9 L . 4 1 0 0 . 6 7 c 8 - 5 . 2 5 . 0 
c ') 6 4 . 1 - 6 6 . 6 8 0 - 1 6 - 8 . 2 - 7 . 2 
0 2 6 4 . 7 - 6 0 . ) 8 0 - 1 4 3 8 . 1 3 7 . 3 
0 4 1 0 6 . 9 1 1 0 . 1 8 0 - 1 2 1 7 . 8 - 1 8 . 5 
0 6 5 8 . 0 - 5 9 . 0 8 0 - 1 0 2 1 . 7 2 2 . 5 
0 S 4 1 . 4 - 4 0 . 5 8 0 - 8 - 0 . 4 6 . 4 
c U 2 4 . 5 2 5 . 4 8 0 - 6 - 4 . 3 - 5 . 7 
0 12 2 0 . 2 - 2 0 . 1 8 e - 4 4 7 . 7 4 6 . 9 
3 14 - 2.9 4 . 5 8 0 - 2 1 0 . 8 - 1 0 . 9 
n - 1 6 - 2 . 9 - 5 . 4 8 0 0 4 0 . 4 - 4 1 . 2 

- 1 4 2 0 . 8 2 0 . 2 8 0 2 4 1 . 6 4 2 . 0 
C - 1 2 4 8 . 2 - 4 8 . 3 8 0 4 - 0 . 5 - S . 6 
I - 1 . J 2 1 . 1 2 1 . 2 8 0 6 - 6 . 4 - 7 . 0 
~> - 8 6 6 . 4 - 6 3 . 1 8 0 8 1 6 . 7 1 5 . 9 
i) - 6 1 4 . 1 - 1 3 . 9 9 0 - 1 6 2 7 . 8 2 9 . 4 
,v - 4 1 1 . 0 1 0 . 3 9 0 - 1 4 - 2 . 2 - 4 . 0 

- 2 3 7 . 4 3 5 . 1 9 0 - 1 2 2 1 . 2 - 2 1 . 5 
J c 2 0 . 4 2 0 . 2 9 0 - 1 0 - 6 . 5 4 . 8 

2 8 0 . 5 62.9 9 0 - 8 2 2 . 4 - 2 1 . 2 
4 3 0 . 6 - 3 0 . 5 9 0 - 6 - 3 . 5 - 2 . 6 

J e> - 4 . 0 - 5 . 6 9 0 - 4 4 2 . 1 4 2 . 9 
a 1 9 . 1 1 9 . 1 9 0 - 2 9 2 . 3 - 5 3 . 3 

r \J 1 1 . 3 - 1 2 . 1 9 0 0 1 8 . 6 1 6 . 9 
c 12 1 7 . 9 1 8 . 7 9 0 2 1 3 . 8 - 1 5 . 5 
* 14 - 6 . 4 - 4 . 7 9 0 4 2 3 . 4 - 2 4 . 1 

- 1 6 2 2 . 8 2 3 . 2 9 0 6 2 0 . 8 2 0 . 7 
0 - 1 4 1 2 . 6 - 1 2 . 1 10 0 - 1 6 - 9 . 7 - 1 0 . 6 

- 1 2 11.8 1 2 . 8 10 c - 1 4 1 5 . 5 - 1 8 . 0 
C - 1 0 5 7 . 8 5 9 . T 1C 0 - 1 2 2 9 . 3 2 9 . 4 
T - H 3 6 . 2 - 3 6 . 5 10 0 - 1 0 12.0 - 1 3 . 9 
0 - 6 - 0 . 3 2 . 1 10 0 - 8 1 4 . 7 1 3 . 9 
? - 4 1 8 . 7 1 7 . 7 10 0 - 6 1 0 . 5 1 1 . 9 
n - 2 5 6 . 9 - 5 8 . 1 10 0 - 4 18.0 - 1 7 . 7 

J 5 2 . 0 5 1 . 5 10 0 - 2 - 1 . 5 - 3.9 
2 3 4 . 2 - 3 5 . 8 1C 0 0 - 3 . 6 - 2 . 4 
4 2 6 . 2 2 3 . 9 10 0 2 1 2 . 0 - 1 2 . 5 
6 7 5 . 3 7 6 . 9 1C 0 4 2 7 . 1 2 5 . 6 

r 4 1 6 . 7 - 1 6 . ( 11 0 - 1 4 2 9 . 5 3 0 . 2 
I J 1 1 . 2 B.5 11 0 - 1 2 26.0 - 2 5 . 4 

L 12 24.0 - 2 5 . 8 11 0 - 1 C 1 8 . 5 1 8 . 9 
:) - 1 6 2 3 . 7 - 2 3 . 4 11 0 -8 2 0 . 9 2 0 . 3 
n - 1 4 3 8 . 6 - 3 9 . 7 11 0 - 6 1 5 . 5 - 1 4 . 8 
0 - 1 2 4 3 . 4 4 3 . 8 11 0 - 4 2 2 . 5 2 1 . 5 
? -1 ' ) 4 5 . 5 - 4 8 . 2 11 0 - 2 - 7 . 2 - 7 . 7 ? 

- 8 3 1 . 5 3 1 . 5 11 0 C 1 9 . 2 - 1 7 . 9 
0 - 6 1 6 . 1 1 7 . 4 11 n 2 1 1 . 3 1 1 . 2 

- 4 8 4 . 4 - 8 7 . 1 12 0 - 1 4 1 3 . 2 - 9 . 7 
0 - 2 2 8 . 2 - 2 5.9 12 0 - 1 2 2 1 . 9 - 2 1 . 3 
') J 2 1 . 5 • 2 2 . C 12 0 - 1 0 2 1 . 5 2 0 . 7 
•1 2 4 6 . 7 - 4 6.9 12 0 - 8 - 6 . 3 - 6 . 5 
0 4 2 8 . 6 2 9 . 4 12 0 - 6 - 0 . 5 7 . 5 

6 8 . 9 - 1 1 . 1 12 0 - 4 - 5 . 3 - 1 1 . 0 
8 9 . 2 - 1 2 . 1 12 0 - 2 3 0 . 9 - 3 C . 2 

l u 2 6 . 2 2 5 . 8 12 0 1 8 . 9 1 9 . 3 
0 12 3 1 . 7 - 3 2 . 6 13 0 - 1 2 2 1 . 6 2 2 . 9 
J - 1 6 - v . l - 7.0 13 0 - 1 0 - 0 . 5 - 4 . 4 
c - 1 4 5 3 . 6 53.8 13 0 - 8 - 3 . 5 - 4 . 8 

- 1 2 3 3 . 4 - 3 3 . 4 13 0 - 6 1 7 . 2 1 2 . 2 
" - H - 4 . 6 4.9 13 0 - 4 - 0 . 5 1 . 6 
0 -8 2 8 . 7 2 6 . 2 0 1 4 4 . S 4 1 . 7 
1 - a 5 4 . 7 - 5 4 . 9 0 2 1 3 . 9 - 1 4 . 9 
M - 4 4 6 . 3 47.8 0 3 1 0 8 . 2 - 1 0 8 . 7 
n - 2 - 4 . 9 - 4 2 . 7 c 4 2 1 . 9 - 2 1 . 1 

0 1 3 . 7 - 1 4 . 5 0 5 2 9 . 3 3 0 . 0 
• 2 7 2 . 6 7 4 . 1 0 6 1 7 . 6 1 6 . 7 
i' * 2 3 . 3 2 u . « t 0 7 4 4 . 1 - 4 2 . 6 

6 - 0 . 4 - 2 . 8 0 8 - 2 . 9 - 3 . 3 
0 8 4 5 . 3 4 6 . 3 0 9 11.0 - I C S 
c 1J 3 0 . 1 - 3 1 . 4 0 10 2 6 . 7 2 7 . 3 
r - 1 6 - 2 . 7 1 . 9 0 11 1 5 . 2 1 4 . 3 

- \ 1 0 . 3 - 1 0 . 2 0 12 1 3 . 6 - 1 4 . 5 
ti - 1 2 1 . 2 2 1 . 4 0 13 2 0 . 8 - 2 2 . 0 
t> - 1 J 4 2 . 3 4 3 . 1 0 14 - 2 . 0 2 . 8 

'> - 6 4 2 . 3 - 4 3 . 2 c 15 - 0 . 5 1 . 2 
(• -» 2 2 . 7 2 2 . 2 1 - 1 C - S . 7 - 2 . 1 
b - 4 1 5 . 9 I S . 8 1 - I S 2 8 . 9 - 2 9 . 0 
b - 2 7 3 . 6 - 7 3 . . ) 1 - 1 4 - 0 . 5 - 2 . 3 
6 z 5 7 . 2 5 9 . 4 1 - 1 3 1 9 . 6 2 C . 0 
•> C 2 5 3 . 3 - 5 3 . 4 1 - 1 2 1 1 . 9 - 1 2 . 6 
o .i 4 - 6 . 3 - 6 . 2 1 - 1 1 - 4 . 6 5 . 6 
6 & 2 4 . 8 2 4 . 9 1 - 1 0 - 0 . 4 1 . 2 

* K L FO FC H K l FO 
1 - 9 1 6 . 3 - I T . 1 4 1 - 9 9 . 0 
1 - S 1 4 . 5 1 5 . 3 . 4 1 - 8 1 2 . 0 
1 - 7 1 1 . 4 1 2 . 2 4 1 - 7 6 4 . 1 
1 - 6 4 2 . 3 1 9 . 3 4 1 - 6 2 0 . 4 
1 - 5 3 5 . 6 3 2 . T 4 1 - 5 9 6 . 8 
1 - 4 5 3 . 5 5 0 . 1 4 1 - 4 4 4 . 4 
1 - 3 3 6 . 9 - 3 4 . 1 4 1 - 1 T T . 3 
1 - 2 6 1 . 7 5 T . 6 4 1 - 2 8 1 . 6 
1 - 1 1 0 1 . 2 1 0 2 . 8 4 1 - 1 5 5 . 9 
1 0 2 8 . 4 - 2 T . 8 4 1 0 3 2 . 2 
1 1 6 9 . 4 - 7 0 . 1 4 1 1 4 T . 3 
1 2 2 9 . 0 - 2 6 . 9 4 1 2 2 8 . 9 
1 3 2 9 . 2 2 T . 4 4 1 3 2 4 . T 
1 4 7 2 . 1 - 6 8 . 2 4 1 4 3 3 . 0 
1 3 28 . 9 2 6 . 6 4 1 5 3 5 . 9 
1 6 - 1 . 8 - 1 . 3 4 1 6 9 . 9 
1 7 3 2 . 2 - 3 2 . 0 4 1 7 3 3 . 8 
1 8 3 7 . 8 3 T . 1 4 1 a 8 . 3 
1 9 5 0 . 8 5 1 . 2 4 1 9 3 5 . 6 
1 10 8 . 1 - 9 . 2 4 1 10 2 5 . 9 
1 11 1 9 . 8 1 9 . 7 4 1 11 1 6 . 8 
1 12 - 0 . 5 0 . 4 4 1 12 - 0 . 5 
1 13 1 2 . 3 - 1 4 . 3 5 1 - I T 1 4 . 4 
1 14 - 1 . 2 - 3 . 5 5 1 - 1 6 - 2 . 2 
1 15 1 1 . 5 1 1 . 8 5 1 - 1 5 1 9 . 5 
1 - 1 6 - 1 . 4 6 . 5 5 1 - 1 4 - 0 . 5 
1 - 1 5 3 0 . 4 1 0 . 6 5 1 - 1 3 1 2 . 1 

2 1 - 1 4 - 6 . 0 4 . 4 5 1 - 1 2 a . 5 
2 1 - 1 3 - 6 . 8 4 . 0 5 I - 1 1 2 1 . 9 
2 1 - 1 2 2 9 . 6 - 3 0 . 4 1 - 1 0 1 0 . 3 

1 - 1 1 3 2 . 6 - 3 2 . 8 5 1 - 9 4 6 . 6 
1 - 1 0 7 . 8 - 7 . 2 5 1 - 8 4 T . 4 
1 - 9 1 1 . 8 1 1 . 3 5 1 - T 6 8 . 2 
1 - 8 - 2 . 2 - 2 . 5 5 1 - 6 3 T . T 
I - 7 3 9 . 8 - 1 9 . 8 5 1 - 5 2 7 . 3 
1 - 6 9 . 7 9 . 8 5 1 - 4 4 T . 1 
1 - 5 9 1 . 5 8 9 . 5 5 1 - 3 6 . 2 
1 - 4 1 0 . 3 8 . 9 5 1 - 2 2 1 . 2 
1 - 3 7 9 . 9 8 0 . 5 5 1 - 1 5 2 . 6 
1 - 2 5 8 . 9 - 6 0 . 9 5 1 0 1 4 . 5 
I - 1 ' 5 8 . 0 - 5 6 . 6 1 1 2 3 . 6 
1 0 3 6 . 5 3 4 . 3 5 1 2 - 4 . 4 
1 1 8 . 7 8 . 9 5 1 3 2 9 . 8 
1 2 4 0 . 6 - 1 8 . 9 5 1 4 6 . 5 
I 3 - 2 . 1 2 . 2 5 1 3 2 3 . 4 
1 4 1 7 . 2 1 5 . 9 9 1 6 - 3 . 6 
1 5 8 4 . 7 - 8 3 . 7 5 1 7 - 6 . 0 
1 6 7 . 1 T . 4 5 1 8 - T . 7 
1 7 3 4 . 7 3 3 . 7 5 1 9 - 9 . 4 
1 8 9 . 6 - 9 . 5 1 10 - 0 . 5 
1 9 7.8 - 6 . 9 5 1 11 1 6 . 0 
1 10 2 1 . 7 - 2 2 . 8 6 1 - 1 7 - 2 . 5 
1 11 1 5 . 6 - 1 6 . 4 b 1 - 1 6 1 5 . 7 
1 12 - 3 . 4 - 1 . 2 1 - 1 5 - 0 . 5 
1 13 i c e 1 0 . 4 1 - 1 4 - 2 . 7 
1 14 - 3 . 6 - 4 . 8 6 I - 1 3 1 1 . 6 
I - 1 7 19.8 1 6 . 0 6 1 - 1 2 - 5 . 0 
1 - 1 6 1 5 . 9 - 1 6 . 3 I - 1 1 2 5 . G 
1 - 1 5 - 3 . 2 - 4 . 0 I - 1 0 5 3 . 5 
I - 1 4 - 7 . 9 - 9 . 2 6 1 - 9 7 . 2 
1 - 1 3 3 7 . 9 - 3 8 . 6 6 1 - 8 - 2 . 9 
1 - 1 2 29.8 2 6 . 0 6 1 - T 6 6 . 0 
1 - 1 1 4 5 . 6 4 5 . 8 6 1 - 6 2 5 . 4 
1 - 1 0 1 4 . 8 - 1 6 . 2 6 1 - 3 6 0 . 9 
1 - 9 4 6 . 5 - 4 7 . 6 6 1 - 4 2 0 . 4 
1 - 8 - 4 . 4 - 4 . 9 1 - 3 3 C . 2 
1 - 7 1 5 . 7 - I S . 7 6 1 - 2 1 0 . 5 
1 - 6 28.8 2 6 . 3 6 1 - 1 7 . 1 
1 - 5 7 . 1 9 . 6 6 1 0 2 8 . 3 
1 - 4 7 8 . 5 7 8 . 2 6 1 1 2 4 . 0 
1 - 3 1 0 7 . 9 - 1 0 9 . 1 1 2 1 8 . 1 
1 - 2 7 . 3 T . 8 6 1 1 1 1 . 9 
1 - 1 8 4 . 1 9 1 . 2 6 1 4 - 0 . 4 
1 0 7 6 . 5 - 8 0 . 6 6 1 5 1 3 . 3 
1 1 4 3 . 7 4 2 . 3 1 6 - 6 . 1 
1 2 8 . 1 6 . 5 b 1 T 1 4 . 9 
1 3 1 3 7 . 7 - 1 3 6 . 3 6 1 8 1 2 . 6 
1 4 3 3 . 2 3 2 . 7 6 1 9 - 9 . 6 
I 5 6 7 . 6 6 7 . 3 6 1 10 - 3 . 1 
1 6 9 . 6 9 . 6 7 I - I T 1 2 . 6 
I 7 - 5 . 6 7 . 3 T 1 - 1 6 - 2 . 8 
1 8 2 0 . 4 - 2 0 . 5 7 1 - 1 5 1 7 . 3 
1 9 1 5 . 4 - 1 7 . 0 7 1 - 1 4 1 1 . 6 
1 10 1 4 . 1 1 4 . 8 7 1 - 1 3 2 7 . 9 
1 11 2 7 . 7 2 7 . 6 7 1 - 1 2 9 . 5 
1 12 - 0 . 5 - 2 . 1 7 1 - 1 1 l b . 4 
1 1 3 1 8 . 3 - 1 9 . 1 7 1 - 1 0 - 4 . 5 
1 - I T - 2 . 2 0 . 5 - 7 1 - 9 1 7 . C 
1 - 1 6 1 2 . 8 1 2 . 7 7 1 - 6 1 1 . 1 
1 - I S 1 7 . 2 - 1 6 . 4 7 1 - T 2 V . 5 
1 - 1 4 1 1 . 3 1 0 . 2 7 1 - 6 2 5 . 7 
1 - 1 3 3 1 . 8 3 2 . 1 7 1 - 5 2 4 . 6 
1 - 1 2 3 0 . 9 - 3 0 . 2 7 1 - 4 1 7 . 3 
1 - 1 1 1 6 . « - 1 6 . 2 7 1 - 3 1 4 . 8 
1 - 1 0 - 2 . 8 - 2 . 4 T 1 - 2 2 0 . 3 

FC 

NOTE: -FO denotes a r e f l e c t i o n deemed unobserved. 
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H * L FC FC H K L FO FC 

7 1 - 1 5 1 . 0 3 2 . 9 U 1 . 1 1 8 . 4 - 1 7 . 1 
7 1 0 9 . 0 - 9 . 3 11 1 0 1 9 . 6 1 4 . 9 
7 1 | 2 2 . 6 - 2 3 . 3 11 1 1 - 6 . 0 3 .6 
7 1 2 - 2 . 1 4 . 8 11 1 2 - 0 . 3 0 . 2 
7 1 3 - 7 . 1 8 . 4 12 1 - 1 4 - 0 . 3 0 .6 
7 1 4 - 2 . 9 2 . 6 12 1 - 1 3 1 7 . 8 - 1 6 . 9 
7 | 9 - 7 . 4 7 . 6 12 1 - 1 2 1 4 . 2 1 3 . 2 
7 1 6 - o . s - 1 . 7 12 1 - 1 1 1 3 . 7 1 9 . 8 
7 1 7 1 5 . i - 1 4 . 2 12 1 - 1 0 - 3 . 0 - 6 . 4 
7 1 a - 6 . 3 6 . 7 12 1 - 9 - 3 . 0 6 . 7 
7 1 9 - 8 . 5 3 . 7 12 1 - 8 - 0 . * - 0 . 2 
8 1 - 1 7 3 4 . 5 - 3 4 . 8 12 1 - 7 2 0 . 7 - 1 9 . 2 
8 1 - 1 6 - 7 . 7 - 6 . 1 12 1 - 6 9 . 8 4 . 0 
8 1 - 1 4 2 7 . 8 2 7 . 5 12 1 - 3 2 3 . 4 2 4 . 3 
8 1 - 1 4 - 9 . 0 - 3 . 4 12 1 —4 -O.S - 6 . 4 
a 1 - 1 3 - 0 . 5 3 . 7 12 1 - 3 - 7 . 3 - 8 . 8 
8 1 - 1 2 9 . 7 - 1 1 . 3 12 1 - 2 - 0 . 5 - 9 . 9 
8 1 - 1 1 3 4 . 9 - 3 5 . 4 12 1 - 1 - 0 . 5 - 2 . 9 
8 1 - 1 0 1 0 . 5 9 . 0 12 1 0 - 0 . 3 - 2 . 2 
8 1 - 9 2 7 . 1 2 6 . 4 13 1 - 1 2 - 8 . 9 - 9 . 6 
8 1 - 8 - 5 . 1 - 4 . 2 13 1 - 1 1 - 3 . 7 4 . 9 
8 1 - 7 2 3 . 2 - 2 2 . 7 13 1 - 10 - 0 . 3 1 .1 
8 I - 6 - 0 . 4 J . 3 13 1 - 9 2 2 . 2 - 2 C . 6 
8 1 - 3 1 1 . 4 - 1 2 . 1 13 1 - 8 - 6 . 9 9 . 9 
8 1 - 4 1 7 . 6 1 7 . 3 13 1 - 7 1 7 . 4 1 7 . 1 
8 1 - 3 3 7 . 2 3 8 . 8 13 1 - 6 - 0 . 3 - 2 . 9 
8 1 - 2 1 5 . 3 - 1 5 . 9 13 1 - 5 - 2 . 3 - 9 . 7 
8 1 - 1 6 5 . 0 - 6 6 . 4 13 1 - 4 - 3 . 3 - 7 . 6 
8 1 U - 0 . 4 - 1 . 2 13 1 - 3 1 1 . 7 - 1 1 . 0 
8 1 1 - 2 . 6 4 . 0 0 2 0 9 0 . 3 9 9 . 8 
8 1 2 - 0 . 4 - 0 . 2 0 2 1 7 0 . 4 - 7 2 . 6 
8 | 3 9 . 5 7 . 2 0 2 2 9 5 . 0 - 9 3 . 0 
8 I 4 1 2 . 6 1 3 . 1 0 2 3 9 4 . 2 - 9 3 . 3 
8 1 5 2 4 . 2 - 2 4 . 2 0 2 4 2 0 . 0 1 9 . 4 
8 1 6 - 7 . 8 8 . 7 0 2 5 2 3 . 4 2 3 . 2 
a 1 7 1 9 . 9 1 9 . 9 0 2 6 8 9 . 4 8 2 . 8 
9 1 - I T - 7 . 7 1 0 . 1 0 2 7 - 3 . 8 - 3 . 5 
9 1 - 1 6 1 1 . 3 1 2 . 1 0 2 8 9 3 . 7 - 3 3 . 3 
9 1 - 1 5 1 2 . 1 1 2 . 9 0 2 9 2 1 . 9 2 2 . 0 
9 1 - 1 4 - 4 . 6 - 3 . 6 0 2 10 2 6 . 7 2 6 . 3 
9 1 -1 3 2 9 . 7 - 2 9 . 3 0 2 11 - 4 . 9 - 4 . 7 
9 1 - 1 2 - 0 . 5 3 . 3 0 2 12 2 9 . 6 2 9 . 6 
9 1 - 1 1 1 C . 8 8 . 6 0 2 13 2 0 . 2 - 2 1 . 0 
9 1 - 1 0 - 6 . 6 - 5 . 8 0 2 14 3 0 . 6 - 3 1 . 6 
0 1 - 9 - 3 . 6 0 . 8 0 2 15 - 3 . 3 - 1 . 3 
9 1 - 8 1 8 . 5 1 9 . 1 1 2 - 1 5 - 0 . 5 2 . 6 
CI I - 7 - 1 . 5 3 . 1 1 2 - 1 4 1 5 . 0 1 6 . 0 
9 1 - 6 - 5 . 6 - 1 . 0 1 2 - 1 3 1 3 . 1 - 1 3 . 9 
9 1 - 5 3 9 . 8 4 0 . 1 1 2 - 1 2 1 0 . 5 - 6 . 6 
9 1 - 4 3 1 . 1 - 3 1 . 7 1 2 - 1 1 4 3 . 2 - 4 2 . 9 
9 1 - 3 1 7 . 7 - 1 8 . 5 1 2 - 1 0 2 2 . 4 - 2 1 . 6 
9 1 - 2 - 7 . 2 - 6 . 1 1 2 - 9 1 7 . 6 1 8 . 8 
9 1 - 1 - 4 . 0 - 5 . 0 1 2 - 8 4 0 . 9 3 9 . 7 
9 1 j - 5 . 5 9 . 2 1 2 - 7 - 0 . 3 - 0 . 6 
9 1 1 3 0 . 1 3 1 . 2 1 2 - 6 1 7 . 6 1 6 . 4 
9 1 2 1 7 . 6 1 7 . 3 1 2 - 3 - 0 . 3 1 . 0 
9 1 3 2 8 . 8 - 2 8 . 8 I 2 - 4 9 0 . 1 - 8 8 . 7 
9 I 4 - C . 5 2 . 0 1 2 - 3 ( 3 . 2 6 3 . 9 
•» 1 5 2 C . 3 2 1 . 1 1 2 - 2 4 5 . 8 4 6 . 6 
9 1 6 - 0 . 5 2 . 0 1 2 -1 2 7 . 7 - 2 3 . 5 

1 - 1 6 - 9 . 9 - 1 2 . 8 1 2 0 1 9 . 8 1 6 . 4 
n 1 - 1 5 1 6 . 6 - 1 5 . 3 1 2 1 2 2 . 2 - 1 9 . 3 
n 1 - 1 4 - 8 . 4 3 . 6 1 2 2 1 0 1 . 3 - 1 0 1 . 2 
i'i 1 - 1 3 1 4 . 8 1 5 . 4 1 2 3 4 6 . 8 - 4 4 . 2 
>-•• 1 - 1 2 - 3 . 4 4 . 7 1 2 4 6 6 . 2 6 5 . 5 

1 - 1 1 - 0 . 5 - 1 . 6 1 2 3 6 6 . 6 - 6 4 . 8 
i - 1 - l j - 0 . 5 3 . 4 1 2 6 6 2 . 3 - 6 2 . 3 
1>! 1 - 9 - 5 . 0 1 . 3 1 2 7 1 4 . 5 1 5 . 0 
1 1 1 - 8 - 0 . 3 0 . 6 1 2 8 2 1 . 7 2 1 . 5 
1" 1 - 7 - 3 . 7 2 . J 1 2 9 2 6 . 6 2 7 . 8 
r 1 - o - 0 . 4 - 2 . 2 1 2 10 - 3 . 8 - 2 . 1 
11 1 - 5 - 5 . 9 - 5 . 3 1 2 11 - 6 . 3 - 7 . 7 
to 1 - 4 - 4 . 7 - 7 . 8 1 2 12 2 8 . 3 - 2 9 . 1 
1 • 1 - 1 - 0 . 3 7 . 8 1 2 13 - 0 . 5 7 . 0 
1 > 1 - 2 - 7 . 3 - 1 0 . 0 1 2 14 1 3 . 9 1 4 . 6 
If. 1 -1 - 0 . 5 1 .8 2 2 - 1 6 - 6 . 2 - 6 . 6 
1.' 1 1 1 8 . 8 - 1 8 . 7 2 2 - 1 5 1 0 . 9 9 . 6 
i : 1 I 3 0 . 0 - 2 8 . 3 2 2 - 1 4 - 7 . 1 6 . 5 
1 1 2 I C . 9 1 2 . 2 2 2 - 1 3 - 0 . 5 - 1 . 6 
l a 1 3 - C . 3 - 0 . 7 2 2 - 1 2 1 9 . 2 - 1 9 . 6 
I:. 1 4 1 1 . 0 1 0 . 3 2 2 - 1 1 1 1 . 4 1 0 . 7 
11 1 - 1 5 - 3 . 3 3 . 2 2 2 - 1 0 3 4 . 3 3 6 . 1 
11 1 - 1 4 • 6 . 9 - 1 . 8 2 2 - 9 - 0 . 4 3 . 5 
11 1 - I S - 0 . 5 - 2 . 8 2 2 - 6 - 3 . 9 7 . 2 
11 1 - 1 2 - l ' . 3 - J . 6 2 2 - 7 5 1 . 9 - 9 1 . 8 
11 1 - 1 1 2 7 . 0 - 2 7 . 1 2 7 - 6 4 7 . 8 - 4 2 . 3 
11 i - i ; 1 4 . 1 1 2 . 4 2 2 - 5 6 6 . 7 6 5 . 8 
11 1 - 9 2 5 . 4 2 6 . 8 2 2 - 4 3 3 . 9 3 2 . 1 
11 1 - 8 - ' . . 5 1 . 4 2 2 - 3 3 3 . 8 3 4 . 7 
1 1 I - T 1 2 . 0 - 1 0 . 4 2 2 - 2 4 8 . 2 - 4 1 . 3 
11 1 - e 1 7 . 1 - 1 7 . 4 2 2 -1 1 8 . 1 1 8 . 8 
11 1 - 5 - C . . 3 4 . 2 2 2 J 3 2 . 7 - 1 3 . 6 
11 1 - 7 . 3 1 . 6 2 2 1 4 1 . 1 4 3 . 2 
I I 1 - ) - 0 . 3 4 . 8 2 2 2 2 5 . 6 2 6 . 5 
11 1 - 2 - ' ) . 3 - 2 . 1 2 2 3 1 0 . 3 8 . 8 

K t FO FC H K L FC FC 

2 4 10 . 9 - 1 0 . 6 3 2 7 - 1 . 2 - 1 . 2 
2 9 2 8 . 0 2 7 . 1 5 2 8 2 7 . 7 2 7 . 3 
2 6 2 7 . 4 2 7 . 0 9 2 9 1 9 . 1 - 1 9 . 4 
2 7 2 1 . 6 2 1 . 2 5 2 10 1 4 . 7 - 1 1 . 6 
2 8 - 1 . 7 - 4 . 1 5 2 11 - 6 . 9 9 . 1 
2 9 2 3 . 2 - 2 1 . 0 6 2 - 1 7 - 0 . 5 1 . 6 
2 10 - 6 . 4 1 . 9 6 2 - 1 6 2 3 . 1 2 5 . 1 
2 11 - 0 . 5 - 0 . 8 6 2 - 1 9 - 0 . 9 - 4 . 9 
2 12 1 1 . 0 1 1 . 4 6 2 - 1 4 1 5 . 9 - 1 7 . 1 
2 13 - 0 . 3 - 2 . 6 6 2 - 1 3 1 0 . 6 1 2 . 6 
2 14 - 1 . 7 4 . 2 6 2 - 1 2 1 5 . 8 - 1 7 . 1 
2 - 1 6 1 8 . 3 1 8 . 0 6 i - 1 1 2 7 . 7 - 2 9 . 0 
2 - 1 9 1 6 . 3 - 1 9 . 7 6 2 - 1 0 1 6 . 1 1 8 . 1 
2 - 1 4 2 2 . 1 - 2 1 . 6 6 2 - 9 + - 4 1 . 4 
2 - I S 1 9 . 0 1 9 . 3 6 2 - 8 2 9 . 0 - 2 3 . 1 
2 - 1 2 - 7 . 7 6 . 1 6 2 - 7 1 7 . 8 1 7 . 1 
2 - 1 1 - 3 . 2 7 . 1 6 2 - 6 4 9 . 6 9 0 . 4 
2 - 1 0 1 6 . 2 1 6 . 1 6 2 - 9 9 . 9 8 . 2 
2 - 9 2 7 . 1 - 2 6 . 7 6 2 - 4 1 9 . 2 - 1 9 . 3 
2 - 8 3 4 . 1 - 1 3 . 0 6 2 - 3 8 . 3 - 9 . 0 
2 - 7 1 1 . 0 1 0 . 5 6 2 - 2 1 6 . 9 - 1 7 . 0 
2 - 6 6 9 . 7 6 7 . 5 6 2 -1 - 4 . 3 - 3 . 1 
2 - 5 10 . 7 2 9 . 8 6 2 0 9 5 . 3 9 8 . 2 
2 - 4 1 7 . 1 1 4 . 7 6 2 1 - 3 . 8 - 5 . 1 
2 - 3 4 9 . 3 - 4 4 . 1 6 2 2 2 6 . 8 - 2 9 . 0 
2 - 2 8 . C - 9 . 5 6 2 3 - 3 . 6 - 4 . 1 
2 - 1 6 2 . 7 - 6 0 . 8 6 2 4 2 7 . 3 - 2 7 . 4 
2 0 - 2 . 5 4 . 1 6 2 3 - 1 . 3 - 9 . 1 
2 1 1 2 . 3 - 1 0 . 9 6 2 6 1 6 . 7 1 7 . 7 
2 2 - 1 . 7 - 1 . 5 6 2 7 2 1 . 8 - 2 1 . 9 
2 3 4 0 . 9 1 9 . 5 6 2 8 1 6 . 9 - 1 6 . 6 
2 4 1 1 . 6 - 3 1 . 1 6 2 9 - 9 . 6 7 . 7 
2 5 - 3 . 1 4 . 2 6 2 10 - 6 . 8 - 1 . 9 
2 6 2 7 . 8 2 8 . 0 7 2 - 1 7 - 2 . 3 S . 5 
2 7 2 7 . 9 - 2 7 . 5 7 2 - 1 6 3 C . 6 - 3 0 . 9 
2 8 1 0 . 4 - 3 0 . 3 7 2 - 1 5 - 7 . 3 7 . 3 
2 9 1 0 . 9 - 1 1 . 4 7 2 - 1 4 1 1 . 2 1 2 . 1 
2 10 1 3 . 8 1 3 . 1 7 2 - 1 3 - 2 . 1 0 . 5 
2 11 - 4 . 1 - 1 . 4 7 2 - 1 2 - 1 . 2 - 1 . 7 
2 12 - 2 . 8 4 . 2 7 2 - 1 1 2 3 . 0 - 2 4 . 1 
2 13 - 8 . 1 - 8 . 6 7 2 - 1 0 2 0 . 8 - 1 4 . 6 
2 - 1 7 1 1 . 6 - 1 4 . 2 7 2 - 9 2 7 . 9 2 8 . 0 
2 - 1 6 1 7 . 3 - 1 6 . 3 7 2 - 8 - 2 . 2 - C . 8 
2 - 1 5 - 6 . 3 9 . 7 7 2 - 7 - 5 . 7 - 6 . 7 
2 - 1 4 - O . S - 5 . 2 7 2 - 6 6 . 9 6 . 8 
2 - 1 3 - 0 . 5 0 . 6 7 2 - 5 - 4 . 2 - 4 . 3 
2 - 1 2 2 3 . 4 2 3 . 0 7 2 - 4 - 0 . 4 - 4 . 7 
2 - 1 1 1 8 . 3 - 1 9 . 3 7 2 - 3 3 1 . 6 3 3 . 6 
2 - 1 0 3 9 . 2 - 3 8 . 8 7 2 - 2 2 9 . 9 3 1 . S 
2 - 9 1 4 . 3 1 4 . 7 7 2 - I 1 1 . 3 - 1 2 . 4 
2 - 8 1 1 . 0 1 1 . 4 7 2 0 2 8 . 3 - 2 4 . 0 
2 - 7 1 9 . 0 - 1 7 . 9 7 2 1 1 6 . 8 - 1 7 . 2 
2 - 6 2 8 . 8 2 8 . 2 7 2 2 1 6 . J - 1 4 . 1 
2 - 5 8 2 . 2 - 8 2 . 0 7 2 3 2 5 . 5 2 6 . 2 
2 - 4 4 9 . 8 - 4 9 . 4 7 2 4 2 9 . 4 2 8 . 4 
2 - 3 2 9 . 1 2 9 . 7 7 2 5 - 5 . 4 6 . 3 
2 - 2 - 1 . 5 2 . 5 7 2 6 2 2 . 3 - 2 2 . 2 
2 - 1 5 0 . 2 3 0 . 1 7 2 7 1 5 . 2 1 9 . 1 
2 0 1 8 . 9 1 9 . 1 7 2 8 - 3 . 4 0 . 1 
2 1 4 6 . 9 4 6 . 1 7 2 9 - U . 6 1.1 
2 2 6 4 . 7 - 6 3 . 5 8 2 - 1 7 - 3 . 6 1 .1 
2 3 - 4 . 0 4 . 1 8 2 - 1 6 - 0 . 3 1 . 0 
2 4 3 6 . 7 3 6 . 4 8 2 - 1 5 - 2 . 2 - 4 . 4 
2 5 1 8 . C - 1 8 . 7 8 2 - 1 4 1 5 . 9 1 5 . 1 
2 6 3 9 . 4 - 3 9 . 3 8 2 - 1 1 1 7 . 4 - 1 7 . C 
2 7 2 6 . 1 2 5 . 2 8 2 - 1 2 2 8 . 8 - 2 9 . u 
2 8 - C . 5 1.1 8 2 - 1 1 9 . 0 7 . 7 
2 9 1 1 . 1 - 9 . 3 8 2 - 1 0 - 7 . 3 4 . 9 
2 10 2 1 . 8 2 2 . 3 8 2 - 9 9 . 3 8 . 7 
2 11 2 0 . 7 - 1 9 . 6 8 2 - 8 3 0 . 2 3 u . 3 
2 12 1 7 . 1 - 1 8 . 2 8 2 - 7 9 . 9 - 1 0 . 3 
2 - 1 7 - 1 0 . 1 3 . 6 8 2 - 6 3 8 . 3 - 3 7 . 4 
2 - 1 6 1 4 . 9 - 1 4 . 8 8 2 - 5 3 0 . 4 I k . . 1 
2 - 1 5 1 1 . 7 1 1 . 7 8 2 - 4 3 1 . 1 3 1 . 2 
2 - 1 4 1 8 . 6 1 6 . 6 8 2 - 3 - 1 . 3 - 2 . 7 
2 - 1 3 - 3 . 5 - 3 . 8 8 2 - 2 1 4 . 8 l « . 7 
2 - 1 2 2 2 . 5 - 2 2 . 6 6 2 - 1 1 6 . 4 - 1 7 . 1 
2 - 1 1 2 3 . 3 2 4 . 4 8 2 C - 6 . 1 - 4 . 1 
2 - I C 8 . 6 - 7 . 6 6 I 1 - 4 . 9 1 .8 
2 - 9 1 6 . 1 1 8 . 1 8 2 2 3 0 . 3 1 C . 6 
2 - 8 4 8 . 6 4 9 . 6 8 2 3 1 3 . 3 - I J . C 
2 - 7 1 4 . 8 - 1 4 . 7 8 2 4 2 1 . 1 - 2 C . 2 
2 - 6 5 3 . 3 - 3 2 . 8 8 2 5 - 4 . 2 - 3 . 1 
2 - 9 9 . 0 9 . C 6 2 6 - 5 . 2 I .e. 
2 - 4 1 0 9 . 9 1 0 9 . 2 8 2 7 - 9 . C 9 . 3 
2 - 3 7 . 4 5 . 2 9 2 - 1 6 1 7 . J 1 6 . 7 
2 - 2 1 0 . 1 - 4 . 3 9 2 - 1 3 - l . t - 1 . 2 
2 - 1 2 8 . 6 - 2 9 . 5 9 2 - 1 4 - 6 . 5 - 8 . 6 
2 0 2 9 . c - 2 9 . 3 9 2 - U - 2 . 9 - 4 . 4 
2 1 2 2 . 9 2 3 . 3 9 2 - 1 2 - » . 6 - 1 . 2 
2 2 2 2 . 8 2 3 . 8 9 2 - 11 1 2 . 8 - 1 1 . 9 
2 3 - 0 . 4 - 1 . 0 9 2 - 1 0 2 3 . 8 2 2 . 7 
2 4 1 6 . 4 - 2 0 . 1 9 2 - 9 1 4 . 4 - 1 8 . 4 
2 5 2 4 . 1 2 4 . 1 4 2 - 6 1 8 . 7 - 1 8 . « 
2 6 9 . 2 - 7 . 7 9 2 - 7 2 9 . 2 2 8 . t 
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H K L FO F C 

o 2 - 6 - 3 . 1 - 6 . 1 
9 2 - 5 1 0 . 6 - 1 1 . 0 
9 2 - 4 2 5 . 9 2 5 . 6 
9 2 - 3 2 6 . 3 - 2 6 . 0 
9 2 - 2 2 9 . 0 - 2 8 . 8 
9 2 - 1 - 0 . 4 - 1 . 6 
9 2 0 1 3 . 1 1 2 . 3 
9 2 1 - 6 . 2 5 . 5 
9 2 2 9 . 5 9 . 2 
9 2 3 - 9 . 7 1 0 . 9 
9 2 * 1 7 . 9 - 1 8 . 1 
9 2 5 - 7 . 8 8 . 1 
9 2 6 - 7 . 4 7 . 4 

l n 2 - 1 6 1 1 . 3 - 1 0 . 9 
1 0 2 - 1 5 - 4 . 9 - 3 . 3 
n 2 - 1 * - 3 . 4 - 3 . 5 

2 - 1 3 - 9 . 8 1 1 . 9 
1 0 2 - 1 2 1 5 . 5 1 3 . 0 
n 2 - 1 1 - 0 . 5 0 . 8 
1 0 2 - 1 0 2 1 . 4 - 2 2 . 2 

2 - 9 1 6 . 7 1 7 . 6 
11 2 - 8 - 0 . 5 3 . 3 
K ' 2 - 7 1 1 . 5 1 1 . 3 
1 T 2 - 6 - 7 . 2 7 . 8 
10 2 - 5 1 8 . 4 - 1 8 . 8 
13 2 - 4 1 2 . 3 - 1 2 . 4 
1 0 2 - 3 - 6 . 9 9 . 3 
i o 2 - 2 - 7 . 7 6 . 2 
1 0 2 - 1 - 3 . 0 - 2 . 7 
i j 2 0 2 4 . 5 2 4 . 4 
L 0 2 1 - 0 . 5 6 . 0 
1 0 2 2 1 6 . 6 - 1 6 . 2 

2 i 1 1 . 9 1 0 . 3 
1 1 2 4 1 6 . 9 1 5 . 8 
l i 2 - 1 5 - 3 . 1 6 . 5 
1 1 2 - 1 4 2 8 . 4 2 7 . 3 
1 1 2 - 1 3 - 4 . 7 - 3 . 4 
11 2 - 1 2 1 6 . 7 - 1 8 . 5 
n 2 - 1 1 - 5 . 3 0 . 6 
11 2 - K - 1 . 0 2 . 2 
n 2 - 9 - 6 . 7 2 . 5 
n 2 -3 1 6 . 0 1 3 . 3 
1 1 2 - 7 2 2 . 7 - 2 2 . 3 
n 2 - o 3 0 . 4 - 2 9 . 8 
u 2 - 5 - 5 . 5 - 3 . 6 
n 2 - 4 1 9 . 8 1 9 . 4 
1 1 2 - 3 - 0 . 5 3 . 3 
n 2 - 2 - 4 . 9 - 0 . 6 
n 2 - 1 - 0 . 5 - 6 . 2 
u 2 0 - 3 . 8 - 6 . 1 
1 1 2 1 - 2 . 8 5 . 0 
I l 2 2 1 7 . 6 1 7 . 2 
1 2 2 - 1 4 - 9 . 4 - 9 . 1 
1 2 2 - 1 3 - 4 . 0 6 . 6 
1 ? 2 - 1 2 - 8 . 3 - 5 . 8 
1? 2 - 1 1 1 4 . 6 1 0 . 7 
1 2 2 - 1 . ) 1 9 . 7 1 8 . 9 
1 ? 2 - 9 - 6 . 7 - 1 . 3 
1 2 2 - 9 2 7 . 5 - 2 8 . 3 
1 2 2 - 7 - 0 . 5 0 . 9 
1 2 2 - 6 1 2 . 7 1 0 . 1 
1 2 2 - 5 - 0 . 5 - 7 . 2 
1 ? 2 - 4 - 0 . 5 1 . 9 
1 2 2 - 3 1 1 . 3 - 8 . 4 
1 2 2 - 2 1 2 . 4 - 1 1 . 8 
1 2 2 - 1 1 2 . 1 1 2 . 2 
1 3 2 - 1 1 1 4 . 3 - 1 4 . 3 
1 3 2 - 1 0 - 5 . 4 - 4 . 2 
1 3 2 - 9 - 5 . 3 4 . 5 
13 2 - 0 - 5 . 0 2 . 9 
13 2 - 7 - 7 . 9 7 . 7 
1 ) 2 - 6 - 0 . 5 3 . 8 
1 3 2 - 5 - 8 . 8 - 3 . 8 
13 2 - 4 - 1 0 . 3 - 1 0 . 3 

3 1 8 8 . 0 - 8 3 . 3 
1 2 1 4 . 3 1 3 . 0 
3 3 2 U . 3 - 2 0 . 1 
3 5 8 . 9 5 6 . 5 
3 5 8 2 . 4 8 2 . 6 

; 3 9 5 . 6 - 5 . 1 
3 7 1 0 . 5 - 1 0 . 6 
3 8 - 5 . 6 6 . 8 
3 9 8 . 0 - 7 . 5 

- 3 1 0 1 4 . 1 1 4 . 7 
3 1 1 2 9 . 5 2 9 . 7 
3 1 2 1 4 . 8 - 1 3 . 8 
3 1 3 1 4 . 1 - 1 1 . 5 

^ 3 1 4 - 6 . 6 5 . 8 
I 3 - 1 5 1 5 . 8 - 1 6 . 3 
1 3 - 1 4 1 9 . 6 2 0 . 8 
1 3 - 1 3 1 1 . 5 1 1 . 6 
1 3 - 1 2 - 3 . 7 - 4 . 4 
1 3 - 1 1 1 5 . 4 - 1 6 . 5 
1 3 - 1 0 - 0 . 4 2 . 1 
1 1 — i 1 5 . 1 - 1 5 . 0 

K L FO F C H K L FO F C H K L FO 

3 - 8 5 9 . 4 5 9 . 6 4 3 - 2 - 0 . 3 2 . 7 8 3 - 1 3 - 7 . 1 
3 - 7 4 5 . 1 4 6 . 6 4 3 - I 3 4 . 9 3 4 . 4 8 3 - 1 2 2 3 . 4 
3 - 6 4 5 . S - 4 5 . 2 4 3 0 7 0 . 8 - 7 4 . 1 8 3 - 1 1 2 6 . 6 
3 - 5 2 4 . 6 2 2 . 9 4 3 1 3 5 . 3 - 3 6 . 8 8 3 - 1 0 1 4 . 5 
3 - 4 4 9 . 6 4 6 . 8 4 3 2 Z 6 . 6 2 6 . 8 8 3 - 9 3 7 . 9 
3 - 3 7 3 . 3 - 6 7 . 7 4 3 3 2 0 . 9 2 1 . 6 8 3 - 8 7 . 8 
3 - 2 4 1 . 3 - 3 9 . 3 4 3 4 - 5 . 9 - 7 . 4 8 3 - 7 1 6 . 7 
3 - 1 6 0 . 0 5 9 . 5 4 3 5 1 2 . 0 1 2 . 4 8 3 - 6 1 4 . 5 
3 0 2 8 . 9 2 6 . 3 4 3 6 9 . 2 - 9 . 3 8 3 - 5 3 1 . 9 
3 1 2 9 . 6 - 3 0 . 8 4 3 7 3 3 . 9 - 3 3 . 8 8 3 - 4 8 . 6 
3 2 1 7 . 0 1 7 . 6 4 3 8 - 0 . 5 3 . 6 a 3 - 3 3 6 . 2 
3 3 1 4 . 4 1 4 . 6 4 3 9 2 2 . 5 2 2 . 9 8 3 - 2 8 . 6 
3 4 2 6 . 0 - 2 6 . 5 4 3 10 1 0 . 5 - 7 . 9 8 3 - 1 1 8 . 5 
3 5 1 4 . 4 1 4 . 3 4 3 11 - 6 . 3 - 9 . 6 8 3 0 - 5 . 2 
3 6 1 5 . 3 1 5 . 3 5 3 - 1 6 1 4 . 6 1 6 . 8 8 3 1 2 0 . 6 
3 7 2 3 . 9 - 2 3 . 7 5 3 - 1 5 - 0 . 5 1 .1 8 3 2 1 3 . 4 
3 8 5 5 . 7 5 4 . 9 5 3 - 1 4 1 9 . 9 - 2 0 . 0 8 3 3 - 8 . 2 
3 9 1 7 . 4 1 7 . 5 5 3 - 1 3 - 7 . 6 - 4 . 4 8 3 4 1 0 . 5 
3 1C 1 8 . 4 - 1 8 . 7 5 3 - 1 2 - 3 . 6 - 3 . 0 8 3 5 2 3 . 7 
3 11 1 3 . 1 - 1 3 . 8 5 3 - 1 1 2 6 . 2 - 2 6 . 1 8 3 6 1 7 . 8 
3 12 1 8 . 4 - 1 8 . 6 S 3 - 1 0 1 2 . 9 1 3 . 4 8 3 7 - 8 . 5 
i 13 1 3 . 1 - 1 3 . 0 5 3 - 9 3 0 . 8 3 0 . 9 9 3 - 1 6 - 7 . 1 
3 14 - 4 . 9 4 . 2 5 3 - 8 ' 2 9 . 9 - 3 C . 0 9 3 - 1 5 - 6 . 6 
3 - 1 5 - 6 . 9 1 0 . 7 5 3 - 7 1 0 . 3 - 1 1 . 3 9 3 - 1 4 - 0 . 5 
3 - 1 4 1 4 . 1 - 1 . 2 . 9 5 3 - 6 1 5 . 3 - 1 5 . 3 9 3 - 1 3 1 4 . 7 
3 - 1 3 1 0 . 3 - 8 . 5 5 3 - 5 1 7 . 5 1 6 . 9 9 3 - 1 2 1 7 . 3 
3 - 1 2 - 0 . 5 - 3 . 2 5 3 - 4 2 2 . 4 2 3 . 9 9 3 - 1 1 3 6 . 4 
3 - 1 1 - 5 . 1 - 3 . 0 5 3 - 3 4 5 . 5 4 7 . 0 9 3 - 1 0 - 8 . 1 
3 - 1 0 1 2 . 6 1 3 . 3 5 3 - 2 2 6 . 0 - 2 6 . 9 9 3 - 9 - 3 . 5 
3 - 9 7 0 . 0 7 0 . 6 5 3 - 1 2 1 . 2 - 2 2 . 7 9 3 - 8 - 0 . 5 
3 - 8 2 3 . 0 - 2 2 . 3 5 3 0 - 3 . 4 - 1 . 6 9 3 - 7 2 6 . 2 
3 - 7 2 1 . 6 - 2 1 . 6 5 3 1 9 . 8 - 1 0 . 7 9 3 - 6 2 0 . 0 
3 - 6 5 . 5 5 . 2 5 3 2 7 . 2 8 . 5 9 3 - 5 9 . 2 
3 _ K 3 5 . 5 - 3 1 . 7 5 3 3 1 8 . 0 - 1 8 . 6 9 3 - 4 1 7 . 4 
3 - 4 • 0 . 3 0 . 8 5 3 4 4 6 . 4 - 4 6 . 6 9 3 - 3 1 3 . 1 
3 - 3 - 0 . 3 2 . 9 5 3 5 2 3 . 2 - 2 2 . 1 9 3 - 2 - 7 . 8 
3 - 2 8 2 . 3 - 8 4 . 0 5 3 6 2 9 . 8 2 9 . 5 9 3 -1 - 5 . 9 
3 -1 4 8 . 4 - 5 0 . 1 5 3 7 10 .1 8 . 9 9 3 0 - 7 . 5 
3 0 4 9 . 6 - 4 7 . 3 5 3 8 - 6 . 7 - 2 . 0 9 3 1 2 2 . 2 
3 1 6 . 7 7 . 6 5 3 9 - 4 . 4 5 . 8 9 3 2 - 6 . 5 
3 2 2 0 . 0 - 1 9 . 1 5 3 10 - 0 . 5 0 . 5 9 3 3 1 7 . 9 

3 1 9 . 2 1 9 . 3 6 3 - 1 6 - 0 . 5 - 0 . 6 9 3 4 - 9 . 3 
3 4 6 . 0 - 5 . 9 6 3 - 1 5 - 6 . 7 8 . 1 9 3 5 1 2 . 1 
3 5 1 9 . 8 - 1 9 . 8 6 3 - 1 4 - 4 . 4 9 . 0 10 3 - 1 5 - 4 . 6 
3 6 4 9 . 9 4 9 . 8 6 3 - 1 3 2 5 . 9 - 2 5 . 7 10 3 - 1 4 - 7 . 6 
3 7 2 9 . 8 2 9 . 3 6 3 - 1 2 1 7 . 1 1 7 . 8 10 3 - 1 3 1 3 . 2 
3 8 2 9 . 7 - 2 9 . 6 6 3 - 1 1 - 0 . 4 - 3 . 2 10 3 - 1 2 1 3 . 4 
3 9 1 1 . 6 - 8 . 8 6 3 - 1 0 3 2 . 8 - 3 2 . 5 10 3 - 1 1 1 7 . 4 
3 10 1 6 . 0 - 1 5 . 8 6 3 - 9 7 . 5 7 . 8 10 3 - 1 0 1 9 . 9 
3 11 1 5 . 7 - 1 5 . 0 6 3 - 8 - 6 . 3 7 . 2 10 3 - 9 - 2 . 4 
3 12 1 9 . 7 1 8 . 7 6 3 - 7 2 6 . 3 - 2 6 . 6 10 3 - 8 3 1 . 8 
3 13 1 4 . 6 1 4 . 6 6 3 - 6 5 1 . 8 5 3 . 4 10 3 - 7 1 1 . 0 
3 - 1 6 1 4 . 0 - 1 3 . 2 6 3 - 5 3 3 . 1 3 4 . 5 10 3 - 6 2 0 . 2 
3 - i ; - 4 . 9 - C . 7 6 3 - 4 - 1 . 4 3 . 7 10 3 - 5 - 4 . 3 
3 - 1 4 - 0 . 5 5 . 5 6 3 - 3 1 4 . 4 - 1 4 . 6 10 3 - 4 - 7 . 8 
3 - 1 3 1 7 . 3 - 1 7 . 2 6 3 - 2 7 . 2 - 5 . 9 10 3 - 3 - 0 . 5 
3 - 1 2 - 0 . 5 2 . 3 6 3 - I 6 . 3 6 . 2 10 3 - 2 - 5 . 5 
3 - 1 1 2 5 . 1 2 6 . 1 6 3 0 1 7 . 1 1 7 . 7 10 3 - 1 1 5 . 8 
3 - 10 - 1 . 5 - 2 . 2 6 3 1 1 8 . 5 1 7 . 9 10 3 0 1 8 . 7 
3 - 9 5 3 . 8 - 5 3 . 7 6 3 2 7 . 8 - 8 . 7 10 3 1 - 8 . 3 
3 - 8 9 . 3 9 . 2 6 3 3 - 4 . 1 - 7 . 2 10 3 2 - 9 . 4 
3 - 7 2 2 . 0 2 C . 5 6 3 4 2 8 . 2 2 8 . 4 10 3 3 - 0 . 5 
3 - 6 4 7 . 4 4 6 . 9 6 3 5 - 0 . 8 - 1 . 5 11 3 - 1 4 - 8 . 2 
3 - 5 7 7 . 4 7 7 . 2 6 3 6 1 5 . 5 - 1 5 . 9 11 3 - 1 3 - 4 . 8 
3 - 4 4 2 . 3 - 4 2 . 7 6 3 7 - 0 . 5 3 . 4 11 3 - 1 2 - K . 5 
3 - 3 6 7 . 3 - 6 8 . 1 6 3 8 - 0 . 5 - 1 . 7 11 3 - 1 1 1 0 . 6 
3 - 2 3 9 . 1 3 8 . 0 6 3 9 1 1 . 8 - 9 . 8 11 3 - 1 0 1 2 . 4 
3 - 1 1 1 . 1 1 1 . 4 7 3 - 1 6 1 4 . 9 - 1 4 . 8 11 3 - 9 1 3 . 3 
3 0 1 1 . 3 - 1 1 . 0 7 3 - 1 5 2 3 . 5 - 2 4 . 3 11 3 - 8 - 9 . 1 
3 1 4 3 . 1 4 3 . 7 7 3 - 1 4 1 6 . 0 1 5 . 3 11 3 - 7 2 2 . 9 
3 2 3 0 . 2 - 3 1 . 4 7 3 - 1 3 2 1 . 1 2 1 . 0 11 3 - 6 - 0 . 5 
3 3 4 7 . 1 - 4 7 . 4 7 3 - 1 2 - 7 . 6 - 7 . 8 11 3 - 5 - 3 . 6 
3 4 4 1 . 5 4 2 . 8 7 3 - 1 1 - 6 . 3 - 2 . 2 11 3 - 4 1 9 . 5 
3 5 2 0 . 4 1 9 . 9 7 3 - 1 0 - 3 . 7 - 6 . 5 11 3 - 3 1 6 . 1 
3 6 7 . 6 8 . 7 7 3 - 9 1 5 . 6 - 1 5 . 4 11 3 - 2 - 0 . 5 
3 7 3 3 . 9 - 3 4 . 3 7 3 - 8 2 9 . 3 3 0 . 3 11 3 -1 - 7 . 9 
3 8 1 9 . 7 1 9 . 8 7 3 - 7 4 3 . 2 4 3 . 8 11 3 0 1 2 . 3 
3 9 2 0 . 4 - 2 0 . 9 7 3 - 6 4 7 . 5 - 4 8 . 6 11 3 1 - 0 . 5 
3 10 1 4 . 1 1 5 . 3 7 3 - 5 1 2 . 2 1 2 . 1 12 3 - 1 3 1 2 . C 
3 11 3 2 . 7 3 3 . 1 7 3 - 4 9 . 0 9 . 5 12 3 - 1 2 - 5 . 2 
3 12 1 0 . 6 - 7 . 7 7 3 - 3 2 4 . 2 - 2 4 . 8 12 1 - 1 1 1 0 . 7 
3 - 1 6 - 0 . 5 - 5 . 3 7 3 - 2 - 3 . 2 6 . 2 12 3 - 1 0 - 1 0 . 0 
3 - i ; - 5 . 5 - 5 . 4 7 3 - 1 - 1 . 3 5 . 7 12 3 - 9 - 7 . 9 
3 - 1 4 1 8 . 0 2 0 . 2 7 3 0 1 8 . 5 - 1 8 . 3 12 3 - 8 - 0 . 5 
3 - 1 3 2 4 . 9 2 5 . 3 7 3 1 2 0 . 0 - 2 0 . 1 12 3 - 7 1 6 . 9 
3 - 1 2 1 1 . 1 - 1 1 . 7 7 3 2 - 7 . 9 - 9 . 8 12 3 - 6 1 3 . 4 
3 - 1 1 1 5 . 2 - 1 6 . 2 7 3 3 1 7 . 4 1 6 . 1 12 3 - 5 2 4 . 8 
3 - 1 0 - 0 . 4 2 . 4 7 3 4 - 9 . C - 1 1 . 2 12 3 - 4 - l u . 2 
3 - 9 - 5 . 8 - 8 . 0 7 3 5 - 5 . 2 4 . 9 12 3 - 3 - C . 5 
3 - 8 3 7 . 4 3 8 . 0 7 3 6 - 7 . 4 - 8 . 8 12 3 - 2 - 5 . 2 
3 - 7 2 6 . 2 2 6 . 2 7 3 7 1 5 . 6 - 1 6 . 6 13 3 - 9 1 3 . 6 
3 - 6 4 4 . 9 - 4 3 . 1 7 3 8 - 7 . 3 9 . 3 13 3 - 8 1 3 . 8 
3 - 5 5 6 . 2 - 5 6 . 9 8 3 - 1 6 1 2 . 8 • 2 . 1 13 3 - 7 1 4 . 4 
3 - 4 4 8 . 0 4 8 . 7 8 3 - 1 5 1 5 . 2 1 5 . 1 13 3 - 6 - 8 . 8 
3 - 3 3 C . 1 2 9 . 2 8 3 - 1 4 - 7 . 5 - 4 . 9 0 4 0 2 5 . 1 
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H K L re n 
0 4 1 2 1 . • - 2 1 . 9 
0 * 2 84 .0 - • 6 . 2 
1 4 3 - 4 . 5 - 2 . 4 
0 4 * 4 0 . 1 39 .7 
0 4 5 19 .» 19 .8 
0 4 6 4 8 . 0 4 9 . 5 
0 4 7 47 .3 - 4 7 . 7 
3 * • 13.T - 3 4 . 0 
0 * 9 1 6 . * 16.2 
0 4 10 - 2 . 2 0 . 9 
0 4 11 - 2 . 0 0 . 4 
0 4 12 -O .S 2 . 8 
0 4 13 11 .4 - 1 3 . 0 
0 4 14 14.3 - 1 4 . 3 

4 - 1 4 - 0 . * - 0 . 3 
4 - 1 3 - 4 . 6 5 .9 
4 - 1 2 10.2 8 .3 
4 - 1 1 29 .0 - 2 9 . 7 
4 - 1 0 31 .0 - 3 1 . 9 
4 - 9 36 .3 36 .1 
4 - 8 23 .0 22 .8 
4 - 7 4 9 . 1 - 4 8 . 6 
4 - 6 - 2 . 1 3 . 1 
4 - 5 6 6 . 4 - 6 4 . 6 
4 - 4 2 0 . 1 - 2 0 . 4 
4 - 3 4 2 . 4 4 1 . 9 
4 - 2 3 0 . 1 28 .7 
4 - 1 S2.6 - 3 5 . 4 
4 0 1 1 . 1 - 1 2 . 6 
4 1 9 .3 9 . 9 
4 2 18.3 17 .9 
4 3 3 9 . 1 18.8 
4 4 33 .3 1 3 . 1 
4 » 12.9 - 1 3 . 1 
4 6 20 .2 - 1 9 . 7 
4 7 - 0 . 4 - 1 . 6 
4 8 - 4 . 3 - 3 . 4 
4 9 - 3 . 3 1.4 
4 10 9 .8 9 .3 
4 11 18 .4 - 1 8 . 3 
4 12 22 .9 - 2 2 . 6 
4 13 23 .3 2 3 . 5 
4 - 1 5 - 0 . 3 1.3 
4 -14 - 0 . 3 6 . 6 
4 - 1 3 - 3 . 3 - 4 . 7 
4 - 1 2 2 2 . 6 - 2 0 . 8 

2 4 - 1 1 32 .7 32 .8 
2 4 - 1 0 32-7 33 .9 
2 4 - 9 - 6 . 9 7 .7 
2 4 - 8 - 4 . 1 1.3 
2 4 - 7 49 .0 - 4 5 . 8 
2 4 - 6 9 .8 - 1 1 . 8 
2 4 - 5 67 .9 66 .8 
2 4 - 4 30.5 - 2 9 . 1 
2 4 - 3 - 4 . 9 - 3 . 1 
2 4 - 2 - 9 . 0 1.4 
2 4 - I 12 .3 - 1 2 . 0 
2 4 0 5.2 4 . 4 
2 4 1 49 .8 30 .7 
2 4 2 - 4 . 7 3 .7 
2 4 3 16.3 - 1 6 . 4 
2 4 4 - S . l - 5 . 2 
2 4 5 - 4 . 8 - 4 . 4 
2 4 6 22.7 22 .4 
2 4 7 24 .3 24 .1 
2 4 8 - 3 . 8 4 . 6 
2 4 * 12 .8 - 1 1 . 0 
2 4 10 27 .3 - 2 8 . 2 

4 11 24 .8 23 .1 
4 12 - 3 . 4 2 .2 

3 4 - I S - 4 . 0 - 3 . 2 
3 4 -14 - 0 . 3 0 . 9 
3 4 - 1 3 15.4 1 4 . 4 
1 4 -12 - 0 . 3 2 . 1 
3 4 - 1 1 - 6 . 7 - 6 . 1 
3 4 - 1 0 - 3 . 8 - 4 . 0 
3 4 - 9 23.4 - 2 1 . 8 
3 4 - 8 31.4 - 1 1 . 4 
3 4 - 7 20 .5 20 .2 
3 4 - » 10.4 10.6 
3 4 - S 32.8 - 1 1 . 9 
3 4 - 4 16.2 15.9 
3 4 - 3 4 9 . 7 - 9 0 . 9 
3 4 - 2 4 0 . 1 - 4 0 . 1 
3 4 - I 4 6 . 3 4 9 . 1 
3 4 0 32.5 34 .4 
3 4 1 21 .9 - 2 4 . 7 
3 4 2 15.2 14.1 
3 4 3 - 3 . 6 1.0 
3 4 4 1 0 . ' 11 .7 
3 4 3 7 . t - 7 . 7 
3 4 » 19.6 - 1 3 . 9 
3 4 7 18.9 - 1 7 . 5 
1 4 8 11.3 - 1 1 . 0 
3 4 t - 0 . 3 2 . 1 

t ro *C * K I to K M K L ro 
10 16 .4 13 .6 7 4 - 4 3 3 . 8 • 3 3 . 2 0 5 j 11 . 3 
11 - 4 . 3 - 1 . 3 7 4 - 1 2 3 . 9 30 .3 0 9 J - 0 . 4 
12 - 6 . 8 7 .7 7 4 - 2 - 3 . 0 - 3 . 0 0 S 4 27 .4 

- I S -O.S l . T 7 4 - 1 2 3 . 1 - 2 3 . 4 0 5 S 13 .9 
- 1 4 9 . 9 l . S 7 4 0 18.4 - 1 7 . 9 0 9 6 2 2 . 9 
- 1 1 11 .4 12 .3 7 4 1 - 0 . 4 - 0 . 4 0 3 7 1 3 . 1 
- 1 2 34 .0 3 4 . 4 7 4 2 17 .4 1 8 . 1 0 S 8 2 5 . 2 
- 1 1 12 .1 - 1 1 . 0 7 4 3 2 8 . 8 2 3 . 7 0 S 9 - 3 . 8 
- 1 0 34 .2 - 3 3 . 7 7 4 4 - 4 . 4 6 . 8 0 S 10 33 . 0 

- 9 2 2 . 9 22 .2 7 4 3 22 .8 - 2 2 . 1 0 3 11 - 5 . 3 

-• - 4 . 9 2.S 7 4 6 - 3 . 8 - 8 . 3 3 12 2 0 . 1 
- T - 3 . 1 - S . 4 7 4 7 - 4 . 0 4 . 3 S 13 - 6 . 2 
- 6 - 3 . 2 5 . 0 8 4 -13 10.9 12.7 1 S - 1 4 19 .7 
- 3 2 7 . 3 - 2 3 . 9 8 4 - 1 4 11.6 11 .0 1 9 - 1 3 10 .7 
- 4 2 9 . S - 2 9 . 2 8 4 - U 13 .6 - 1 S . 7 1 9 - 1 2 -O.S 
- 3 19.2 4 0 . 1 8 4 - 1 2 11 .7 - 1 1 . 4 1 9 - 1 1 - S . S 
- 2 2 3 . 2 2 9 . 4 6 4 - I I 2 0 . 0 14.4 1 9 -10 11 .4 
- 1 9 8 . 0 - 5 4 . 3 6 4 -10 1 6 . 1 14 .1 1 5 - 9 20 .4 

0 - 4 . 7 S.S 3 4 - 4 1 0 . 1 7 . 1 1 5 - 8 19 .3 
1 - 4 . 0 - 1 . 9 8 4 - 8 - 0 . 3 - 0 . 7 1 3 - 7 - 4 . 2 
2 - 3 . 3 - 4 . 1 3 4 - 7 28 . 9 • 2 8 . S 1 9 - 6 S I . 2 
3 2 0 . 9 2 0 . 3 8 4 - * 2 1 . 1 - 2 0 . 3 1 S - 3 7 . 1 
4 3 2 . 9 3 3 . 4 3 4 - 5 2 0 . 6 2 1 . 4 1 S - 4 27 .0 
9 14.3 - 1 4 . 7 6 4 - 4 - 4 . 9 2 . 3 1 3 - 3 16 .4 
6 - 0 . 4 - 3 . 8 6 4 - 3 - 4 . 5 - 4 . 1 1 5 —2 7 .4 
7 23 .7 2 7 . 2 6 4 - 2 - 9 . 2 2 .3 1 9 - 1 9 . 1 
( 16 .0 - 1 S . 9 8 4 - 1 - 3 . 4 - T . S 1 5 0 2 3 . 1 
4 14.0 13 .3 8 4 0 14 .2 - 1 S . 2 1 5 1 19 .2 

10 - 9 . 6 11 .4 6 4 1 19.9 19.6 1 9 2 6 3 . 4 
11 -O .S - 4 . 4 8 4 2 - 3 . 1 3 .4 1 9 1 - 4 . 4 

- 1 * - 0 . 4 • 4 . 4 8 4 3 18 .4 - 1 7 . 7 1 9 4 - 3 . 2 
- I S 17.0 17 .6 8 4 4 - 0 . 5 O.S 1 9 9 2 2 . 0 
- 1 4 11.3 12 .7 6 4 9 12.9 • 1 3 . 1 1 S 6 12 .4 
- 1 3 13 .8 - 1 6 . 8 8 4 6 •O.S 0 . 9 1 9 7 20 .4 
- 1 2 30 .9 - 3 1 . 4 9 4 - 1 3 14 . 3 - I S . 4 1 S 8 1 4 . 1 
- 1 1 10.4 3 . 9 \ 9 4 - 1 4 • 4 . 8 - 1 0 . 9 1 9 9 - 3 . 4 
-10 11.1 11.9 9 4 - 1 3 - 3 . 4 7 .3 1 3 10 34 .6 
- 9 10.4 11 .3 9 4 - 1 2 - 3 . 4 0 . 1 1 9 11 - 0 . 3 
- a 2 9 . 4 29 . 6 9 4 - I I - 4 . 8 1.1 1 9 12 13 .4 
- 7 I S . 3 19.4 9 4 - 1 0 1 9 . 3 3 1 . 3 2 9 - 1 4 - 3 . 4 
- 4 33 .2 - 3 9 . T 9 4 - 4 32 .2 - 3 1 . 4 2 9 - 1 3 - 3 . 1 
- 1 2S.3 2S.3 9 4 - 8 - 4 . 4 1.0 2 9 - 1 2 12 .4 
- 4 - 3 . 4 3 . 1 9 4 - T 23 .2 2 3 . 3 2 9 - 1 1 13 .0 
- 1 - 1 . 4 - S . 4 9 4 - 4 18.4 - 1 9 . 1 2 S - 1 0 20 .6 
- 2 - 5 . 6 3 . 4 9 4 - 9 - T . I S . l 2 5 - 4 13 .1 
- 1 29 .9 - 2 9 . 9 9 4 - 4 to* 11.3 2 9 - 8 1 7 . 1 

0 10 .3 - 1 3 . 3 9 4 - 3 - 0 . 3 - 3 . 1 2 5 - 7 12 .3 
1 36 .2 M . I 9 4 - 1 2 1 . 7 - 2 1 . 8 2 S —4 8 .6 
2 14.3 13 .8 9 4 - I 14.T 11 .9 2 3 - 3 2 3 . 3 
3 29 .4 - 3 0 . 2 9 4 0 1 4 . 1 13.2 2 3 - 4 8 .4 
4 19.7 - 1 9 . 4 9 4 1 1 4 . 1 - 1 3 . 6 2 9 - 3 - 0 . 4 
3 11.9 12.4 9 4 2 - 0 . 3 2 .4 2 S - 2 6 0 . 8 
4 2 1 . 4 - 2 0 . T 9 4 3 - 3 . 7 - T . 4 2 9 - 1 - 2 . 4 
7 I S . 3 12 . 3 9 4 4 - 4 . 4 - 9 . 1 2 9 0 4 2 . 7 
3 26.0 23 .4 10 4 - 1 4 -O .S 2 .0 2 5 ^ 22 .4 
9 2 1 . 1 - 1 9 . 4 10 4 - 1 3 11 .7 3 .7 2 5 2 30 .4 

10 19.1 - 1 4 . 0 10 4 - 1 2 13 .3 13 .0 2 5 3 29 .7 
- 1 6 - 0 . 3 3 .9 10 4 - 1 1 14.6 - 1 9 . 4 2 5 4 4 4 . S 
- I S 2 3 . 9 - 2 9 . 1 10 4 -10 2 2 . 4 - 2 3 . 3 2 5 5 14.0 
- 1 4 11 .3 - 3 . 8 10 4 - 9 12 .3 11.4 2 5 6 - 7 .8 
- 1 3 - 9 . 0 6 . 4 10 4 - 8 - 3 . 9 4 . 2 2 5 7 - 9 . 9 
- 1 2 - S . J 4 . 1 10 4 - 7 12 .3 10 .7 2 9 6 - 6 . 3 
- 1 1 14 .3 14.4 10 4 - 4 13.9 1 4 . 1 2 5 9 - 3 . 7 
-10 - 2 . 4 4 . 4 10 4 - S 2 6 . 4 - 2 1 . 2 2 5 10 - 1 . 8 

- 9 - 3 . 3 3 .9 10 4 -4 14 .3 - 1 4 . 0 2 5 11 10.6 
- 8 2 3 . 1 - 2 2 . 7 10 4 - 1 3 3 . 3 33 .3 2 5 12 22 .0 
- 7 - 4 , 1 4 . 9 10 4 - 2 - 9 . 4 2.0 1 5 - 1 4 - 6 . 6 
- 4 7 .3 T .6 10 4 - 1 - 4 . 3 2 .4 1 5 —13 - 1 . 6 
- 3 33 .1 - 3 8 . 1 10 4 0 - 8 . 9 4 .2 3 5 - 1 2 1 4 . 1 
- 4 11.0 10 .4 10 4 1 - 3 . 9 1.4 1 5 - 1 1 2 0 . 1 
- 1 17 .1 - 1 8 . 1 10 4 2 •O.S - 4 . 7 1 5 - 1 0 21 .9 
- 2 11.9 - 3 3 . 6 11 4 - 1 3 - 7 . 7 - 4 . 7 1 5 - 9 11.9 
- 1 11.3 11.7 11 4 - 1 2 14.3 - 1 4 . 9 3 5 - 8 • 6 . 8 

0 24.9 23 .0 11 4 - 1 1 - 0 . 5 - 2 . 4 1 9 - 7 - 5 . 4 
1 19 .8 - 4 1 . 3 11 4 - 1 0 - 4 . 0 12.7 3 5 - 6 - 4 . 8 
2 13 .0 - 1 2 . 1 11 4 - 9 - 9 . 4 3 . 1 1 5 - 5 22 .5 
3 9 . 9 - 9 . 4 11 4 - 8 - 4 . 9 1.4 1 5 - 4 11 .6 
4 13.3 14 .3 11 4 - 7 12.5 - J 2 . S -3 5 - 3 2 0 . 1 
9 23.3 2 1 . 1 11 4 -6 13.6 - 1 4 . 0 1 5 - 2 71 .4 
* 13.4 1S.0 11 4 -S 12 .4 12.7 1 S - 1 S . l 
7 13.7 - 1 4 . 7 11 4 - 4 1 2 . 1 11.7 1 5 0 2 2 . 1 
3 14.7 - 1 4 . 1 11 4 - 3 - 0 . 5 0 . 4 1 5 1 - 1 . 6 
9 - 2 . 3 3 .4 I I 4 - 2 - 0 . 9 1.9 1 5 2 2 1 . 3 

- 1 4 1 1 . T - 1 0 . 3 11 4 - I 17 .4 - 1 3 . 7 3 5 3 - 1 . 6 
- 1 9 - 4 . 2 - 3 . 3 11 4 0 11.6 - 8 . 3 1 5 4 14.4 
-14 - 0 . 3 - 0 . 7 12 4 - 1 1 - 2 . 3 0 . 6 1 5 5 44.4 
- 1 3 14.2 14.9 12 4 -10 - 6 . 9 6 .7 ] 5 6 - 4 . 4 
- 1 2 - 4 . 4 1.3 12 4 - 4 - 1 0 . 1 - 3 . 3 3 5 7 - 1 . 4 
- 1 1 33 .9 - 3 1 . 0 12 4 -3 10.4 - 1 1 . 6 1 5 6 15 .1 
- 1 0 10 .1 - 7 . 4 12 4 - 7 11 .2 6 .7 3 5 9 12.7 

- 9 33 .9 33 .4 12 4 - 4 - 8 . 3 7 . 9 1 5 10 2 6 . 1 
42 .9 4 2 . 9 12 4 - 5 - 2 . 4 3 .4 1 5 11 - 0 . 9 

•r 10.9 I t . 2 12 4 - 4 11.4 11.3 4 5 -.15 - 1 0 . 1 
- 4 10.0 11.4 12 4 - 3 10.6 - 7 . 4 4 5 - 1 4 n.i 
- 3 - 4 . 3 1.7 0 9 1 33 .6 16 .0 4 3 - 1 1 - 7 . 2 
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H K L F0 ft H K L FO FC H K L FO fC K L FO fC 

- 1 2 2 0 . * - 1 9 . 8 a 5 - 1 1 - 0 . 5 1.7 1 6 8 21 .9 21 .0 « 6 6 1 2 . 1 - 1 1 . 2 
- 1 1 1 2 . 1 - 1 2 . 2 8 5 - 1 2 11.2 - 9 . 8 1 6 9 - 0 . 5 - 1 . 2 5 6 7 12 .4 6 . 5 
-10 - 7 . 8 5 .4 8 5 - 1 1 - 0 . 5 - 2 . 4 1 6 10 17 .2 1T.0 5 6 8 - 5 . 7 - 6 . 4 

- 9 - 7 . 4 - 7 . 3 8 s - i c 2 6 . 1 24 .5 1 6 11 - 1 0 . 0 - 9 . 8 6 - 1 1 11 .4 6 .6 
- 8 24 .6 24 .3 8 5 - 9 28 .4 29 .5 2 6 - 1 3 2 2 . 0 - 2 2 . 4 6 -12 - 4 . 3 11 .5 
- 7 2 6 . S 2 4 . 7 8 5 - 8 26 .8 - 2 7 . 1 6 -12 - 1 . 2 7 . 1 6 - 1 1 12 .3 10.5 
- 6 15.7 - 1 4 . 8 8 5 - T 11.9 - 1 0 . 8 2 6 - 1 1 - 5 . 4 8 .4 4 6 - 1 0 - 5 . 8 - 1 . 6 
- 5 29 .4 - 3 0 . 0 8 5 - 6 16.3 - 1 7 . 1 2 6 - 1 0 2 1 . 7 - 2 4 . 1 6 6 - 9 10.4 - 1 1 . 6 
- 4 2 4 . 1 24 .0 8 5 - 5 11.8 - 1 0 . 4 6 - 4 1 1 . 1 1 1 . 7 6 6 - 8 - 6 . 2 - 1 0 . 4 
- 3 14.1 - 1 3 . 2 8 5 - 4 14 .1 12 .3 2 6 - 8 10.5 - 1 0 . 0 6 6 - 7 16 .7 1 5 . 1 
- 2 21 .8 22 .4 8 5 - 3 14.3 16.2 2 6 - 7 1 2 . 1 - 1 1 . 0 6 6 - 6 10.4 10.2 
- 1 14.7 - 1 4 . 6 8 5 - 2 11.3 - 1 1 . 4 2 6 - 6 21 .0 21 .6 8 6 - 5 2 6 . 2 - 2 5 . 1 

7 6 . 1 - 7 9 . 1 8 5 - 1 13.8 - 1 2 . 4 6 - 3 4 6 . 1 4 5 . 7 6 6 - 4 - 7 . 6 - 2 . 9 
1 8 .0 - 7 . 6 8 5 0 18.4 18.5 2 4 - 4 15 .5 15 .7 6 6 - 1 - 7 . 4 - 4 . 4 
2 4 2 . 1 42 .7 8 5 1 - 8 . 1 5 .3 2 6 - 3 24 .6 - 2 4 . 4 8 6 - 2 - 5 . 7 1.8 
3 23 .5 2 3 . 4 8 5 2 - 8 . 0 7 .9 6 - 2 9 . 7 - 1 1 . 1 6 6 - 1 2 4 . 2 2 3 . 1 
% 14.9 - 1 5 . 3 8 5 3 12.0 11.2 2 6 - 1 9 . 1 9 .5 6 0 - 0 . 5 - 1 . 6 
3 10 .7 - 9 . 5 8 5 4 - 9 . 6 - 4 . 7 2 6 0 - 0 . 4 6 . 1 6 6 1 12 .7 - 1 1 . 7 
6 22 .8 - 2 1 . 9 8 5 5 - 6 . 5 - 9 . 2 2 6 1 49 .2 4 7 . 8 6 6 2 - 3 . 9 2 . 0 
7 15.5 - 1 6 . 8 9 5 - 1 4 - 8 . 7 - 1 0 . 5 2 6 2 11.4 - 1 2 . 1 6 6 1 - 0 . 5 - 4 . 5 
8 18.6 18 .8 9 5 - 1 3 - 0 . 5 - 0 . 6 6 3 32 .6 - 1 2 . 0 6 6 4 - 5 . 6 - 2 . 5 
9 14.7 13 . 8 9 5 - 1 2 26 .0 2 6 . 7 2 6 4 13 .5 - 1 6 . 1 6 6 5 19 .9 19.4 

10 - 7 . 7 - 1 . 7 9 5 - 1 1 - 9 . 7 6 .8 2 4 5 11 .2 - 8 . 4 6 6 6 - 9 . 1 6 . 7 
-15 - 6 . 5 3 . 8 9 5 - 1 0 12 .5 - 9 . 9 2 6 6 - 5 . 8 - 1 . 8 7 6 - 1 1 15.4 16.0 
-14 14.5 - 1 2 . 2 9 5 - 9 - 5 . 9 - 6 . 9 2 6 T - 4 . 0 10.0 7 6 -12 - 7 . 3 - 2 . 1 
- 1 3 - 0 . 5 - 1 . 9 9 5 - 8 - 0 . 5 - 4 . 1 2 6 ' 8 11.5 - 7 . 1 7 6 - 1 1 16 .8 - 1 9 . 1 
-12 15 .1 - 1 5 . 0 9 5 - 7 - 9 . 4 - 9 . 1 2 * 9 20 .0 • 1 8 . 8 7 6 -10 - 2 . 1 2 .5 
- 1 1 - 2 . 7 - 7 . 0 9 5 - 4 - 8 . 4 12 .1 2 6 10 - T . 9 T . l T 6 - 9 2 1 . 7 2 2 . 6 
-10 - 7 . 7 6 . 3 9 3 - 3 9 . 4 9.T 2 6 11 16.9 15 .7 7 6 - 8 4 . 4 4 . 2 

- 9 9 .3 10 . 8 9 9 - 4 13.4 - 1 4 . 1 3 6 - 1 1 1 2 . 1 11.5 7 6 - 7 14 .7 • 1 6 . 0 
- 8 31.3 - 3 1 . 2 9 5 - 1 - 8 . 9 - 9 . 4 3 6 -12 - 5 . 6 - 4 . 5 7 6 - 6 11.5 - 1 1 . 1 
- 7 - 2 . 4 - 4 . 2 9 5 - 2 2 3 . 7 2 1 . 4 3 6 - 1 1 - S . 8 0 . 7 7 6 - 5 2 0 . 1 - 2 0 . 5 
- 6 - 3 . 9 4 . 6 9 5 - 1 - 6 . 8 - 3 . 3 6 -10 - 2 . 7 5 . 1 7 6 - 4 - 1 . 3 2 .7 
- 5 7.2 - 6 . 0 9 5 0 - 4 . 8 2 .2 3 t - 9 24 .4 • 2 3 . 2 7 6 - 1 -24.0 26 .9 
- 4 39.3 4 1 . 0 9 5 1 - 4 . 8 4 . 0 3 6 - 3 - 1 . 7 - 1 . 8 T 6 - 2 11 .6 11.2 
- 3 7.0 7 .4 9 5 2 16 .1 - 1 4 . 4 3 4 - 7 2 0 . 1 14 .4 7 6 - 1 - 8 . 7 - 5 . 1 
- 2 5 0 . 1 - 3 2 . 8 9 5 3 14 .8 - 1 * . » 3 4 - 4 16 .5 - 1 7 . 1 7 6 0 - 6 . 1 5 .8 
- t - 6 . 6 7 . 9 10 5 - 1 1 - 6 . 7 - 1 . 9 3 6 -5 19 .6 - 2 0 . 3 7 6 1 - 8 . 7 - 2 . 6 

J 30.5 30 . 4 10 3 - 1 2 - 0 . 5 - 1 . 4 3 4 - 4 22 .0 • 2 2 . 0 7 6 2 - 7 . 6 2 .6 
1 - 3 . 4 - 3 . 0 10 5 - 1 1 - 0 . 5 1.1 3 4 - 1 - 2 . 4 - 4 . 4 7 4 J 24 .2 2 8 . 7 
2 8 . 3 8 . 5 10 5 - 1 0 11 .1 - 1 4 . 1 1 4 - 2 16 .1 1 6 . 1 T 6 4 - 1 . 6 2 .2 
3 10 . 0 3 . 9 10 5 - 9 - 4 . 4 4 . 8 3 6 - 1 44 .5 4 4 . 4 7 6 9 2 4 . 1 - 2 1 . 5 

21 .4 - 2 9 . 1 10 5 - 8 - 4 . 5 5 .8 1 6 0 11.9 • 1 1 . 0 8 6 - 1 3 - 1 0 . 0 - 4 . 9 
5 - e . 3 8 . 4 10 5 - 7 - 3 . 8 5.0 3 6 1 22 .0 - 2 1 . 5 § 6 —12 - 1 . 2 2 .9 

14 .2 14 . 5 10 3 -6 2 2 . 1 - 2 2 . 7 3 6 2 18 .4 - I T . 3 6 6 - I t 11.0 1 0 . 1 
7 17.4 16 . 6 10 5 - 5 - 4 . 4 - • . 4 1 6 1 - T . l - 2 . 9 6 6 - 1 0 - 7 . 7 - 7 . 4 

- 5 . 5 - 6 . 3 10 5 - 4 - 8 . 3 8 . 1 3 4 4 - 5 . 2 - 2 . 1 6 6 - 9 - 0 . 5 1.5 
5 - 0 . 5 - 0 . 2 10 5 -3 - 0 . 3 - 4 . 1 3 4 5 - 0 . 5 - I . S 6 6 —6 - T . 4 0 . 8 

-15 - 5 . 5 - 1 . 9 10 5 - 2 17.2 15.6 3 4 6 11 .8 12 .4 6 6 - 7 26 .0 - 2 4 . 7 
e» -14 2 2 . 0 -23 . (J 10 5 - 1 - 6 . 6 1 .4 3 6 T 22 .4 - 2 2 . 3 • 6 - 6 9 .T - 7 . 1 
14 - 1 i - 0 . 5 1 . 9 10 5 0 2 4 . 1 - 2 4 . 1 3 6 8 1 2 . 1 T.0 6 6 - 5 21 .5 21 .4 
6 - 1 2 37.0 37 .3 10 5 1 - 0 . 6 2 .1 3 6 9 1 2 . 1 8 .3 6 6 - 4 - 6 . 8 1.1 
<. - 1 1 - 0 . 5 3 .1 11 5 - 1 1 - 0 . 5 - 0 . 4 3 4 10 - 2 . 9 - 1 . 1 8 6 - 3 16.T - 1 7 . 0 
t> -10 10.2 - 6 . 6 11 5 - 1 0 11 .1 11 .1 4 6 - 1 1 - 0 . 5 2 . 3 6 6 - 2 - 6 . 4 - 6 . 2 
6 - 9 10.2 11.3 11 5 - 9 - 6 . 8 4 . 0 4 6 -12 - 0 . 5 1.6 6 6 - 1 12 .1 - 1 1 . 7 
f. - 8 21 .9 2 1 . 4 11 5 - 8 - 0 . 5 1.2 4 6 - 1 1 2 7 . 4 - 2 4 . T 6 6 0 - T . 7 - 7 . 2 
6 - 7 - 5 . 0 - 5 . 8 11 5 - 7 - 0 . 5 - 2 . 1 4 6 - 1 0 11 .2 - 1 0 . 8 8 6 1 26 .3 2 7 . 0 
& -ft 7.9 - 9 . 0 11 5 - 6 - 5 . 4 2 . 1 4 6 - 9 11.5 11.4 6 6 2 - 1 0 . 1 - 9 . 1 
6 - 5 8 . 2 6 . 9 11 5 - 5 - 7 . 3 3 .3 4 6 - 8 - 5 . 7 5 .2 6 6 1 - 1 0 . 1 - 6 . 0 
ft - 4 24.3 - 2 5 . 2 11 5 - 4 13.3 15.5 4 6 - 7 - 7 . 1 4 . 1 9 6 - 1 2 14.7 - 1 3 . 4 
A - 3 9 . 7 - 9 . 4 11 5 - 3 - 7 . 7 2 .6 4 6 -6 34.0 15 .1 9 6 - 1 1 13.3 13.4 
6 - 2 2 1 . 8 21 .2 11 3 - 2 23 .9 - 2 3 . 3 4 6 - 5 1 4 . 1 - 1 4 . 6 9 6 -10 - 4 . 4 - 4 . 0 
6 - 1 16.4 - 1 6 . 7 0 6 0 12.3 13.7 4 6 - 4 - 1 . 8 0 . 6 9 6 - 9 24 .3 - 2 4 . 9 

0 18 . 2 19 .0 0 6 1 23.6 - 2 4 . 6 4 6 - 3 3 2 . 6 13 .9 9 6 - 8 - 6 . 2 6 .2 
*• 1 - 6 . 2 3 . 8 0 6 2 7.3 - 6 . 5 4 6 - 2 - 3 . 4 6 .6 9 . 6 - 7 13.3 11.6 
fi i 2 5 . 2 - 2 4 . 7 r 6 3 - 6 . 3 - 6 . 9 4 6 - I 2 9 . 1 - 3 0 . 1 9 6 - 6 13.6 14.6 
1, 3 - 3 . 6 1 . 2 6 4 17.0 - 1 8 . 3 4 6 0 11.8 12 .1 9 6 - 5 12.8 - 1 4 . 2 
t> 2 1 . 5 21 . 6 c 6 5 30.3 30 .6 4 6 1 9 .0 9 .8 9 6 - 4 - 3 . 4 7 .4 
t 5 - C . 5 - 2 . 6 0 6 6 - 3 . 9 6 . 4 4 6 2 12 .7 - 1 1 . 6 9 6 - 1 - 6 . 8 - 1 . 4 
0 - 0 . 1 10 .1 c 6 7 43 .4 - 4 2 . 7 4 6 3 28 .9 27 .9 9 6 - 2 - 0 . 5 - 2 . 1 . 
t 7 - 0 . 1 - 4 .4 0 6 8 18.7 - 1 9 . 1 4 6 4 15.6 15.6 9 6 - 1 23 .0 21.4 
c B - 1 . 0 - 7 . 5 c 6 9 - 4 . 9 6 . 9 4 6 5 32 .7 - 3 3 . 0 9 6 Q - 0 . 5 - 1 . 4 
7 -1 ^ - 9 . 4 - 4 . 7 0 6 10 - 0 . 5 - 3 . 0 4 6 6 - 9 . 0 - 9 . 8 9 6 1 13.4 - 1 1 . 3 
7 - 1 •* 2 " . 1 2 6 . 5 c 6 11 - 7 . 4 1.1 4 6 7 10.9 10.4 10 6 -10 11.8 7 . 1 
7 - 1 3 - S . 7 7 . 8 u 6 12 - 5 . 8 1.2 4 6 8 - 3 . 9 6.3 10 6 - 9 - 7 . 7 4 . 4 
7 - 1 ̂  I t . 8 - 1 2 . 4 1 6 - 1 2 - 0 . 5 - 1 . 3 4 6 9 - 3 . 1 3 .1 10 6 - 8 - 6 . 6 - 3 . 6 
7 - I 1 1 1 . 1 - 1 1 . 0 1 6 - 1 1 20 .2 - 2 1 . 2 5 6 - 1 3 14.3 - 1 7 . 3 10 6 - 7 - 4 . 1 4 . 0 
7 - 1 . 13 .2 - 1 3 . 2 1 6 -10 10.9 9 .6 5 6 -12 - 0 . 5 0 .6 10 6 - 6 - 0 . 5 - 3 . 5 
7 15 . 6 - 1 5 . J 1 6 - 9 20 .5 19 .1 5 6 - 1 1 14 .1 13.0 10 6 -5 17.2 - 1 3 . 5 
7 - 8 19 . 5 19.C I 6 - 8 - 6 . 4 6 . 6 3 6 -10 - 5 . 8 0 .2 10 6 - 4 - 2 . 3 2.4 
7 - 7 14 . 9 15 .4 1 6 - 7 17.7 - 1 7 . 6 5 6 - 9 - 6 . 9 4 . 3 10 6 - 3 21 .3 20 .4 
7 - *i 18 . 8 - 1 8 . 1 1 6 - 6 8 .5 - 6 . 4 5 6 - 8 10.6 10.8 10 6 - 2 - 6 . 8 3 .0 
7 -5 13 .2 - 1 2 . 9 1 6 - 5 13.6 - 1 3 . 7 6 - 7 2 2 . 3 - 2 1 . 5 0 7 | 27 .2 2 6 . 1 
7 - 4 - 3 . 4 - 5 . 5 1 6 - 4 - 4 . 4 1.6 5 6 - 6 38 .2 - 3 9 . 3 0 7 2 40 .2 - 4 0 . C 
7 - 1 - 5 . 1 - 7 . 3 1 6 - 3 46 .9 4 7 . 1 5 6 - 5 16.3 15 .9 0 7 3 - 0 . 5 1.8 
7 - 2 - 5 . 3 6 . a 1 6 - 2 16.2 13.5 5 6 - 4 - 3 . 1 - 3 . 6 0 7 4 31.6 30.3 
7 -1 1 0 . 7 B . 8 1 6 - 1 43 .4 - 4 5 . 4 5 6 - 3 - 3 . 3 - 1 . 4 0 7 4 2 2 . C - 2 2 . 1 
7 12 .8 - 1 1 . > 1 6 0 - 3 . 7 - 3 . 0 5 6 - 2 - 2 . 4 2 .2 0 7 6 - 1 . 7 - 2 . 9 
7 'j 1 5 . 4 - 1 1 . 1 6 1 - 0 . 4 2 .8 5 6 - 1 - 0 . 4 - 3 . 1 0 7 7 - 7 . 7 7 .1 
7 I 2 6 . 0 2 5 . - 1 I 2 - 3 . 2 - 6 . 9 5 6 0 12 .6 - 1 1 . 8 0 7 8 - 0 . 3 - 1 . 7 
7 * \ - 3 . 2 0 . 9 1 6 3 44 .5 41 .4 5 6 1 17 .4 37.1, fa 7 9 - 7 . 6 6 .9 
7 •> * I C . 2 - 1 0 . 8 1 6 4 13.3 13 .1 5 6 2 12.9 13.5 0 7 10 12 . 4 11.6 
7 *, 5 - 5 . 8 4 . 1 1 6 5 32.2 - 3 1 . 5 5 6 3 12 .4 - 3 2 . 8 1 7 - 1 1 - 4 . 7 10.2 
7 •i h >7 .0 - 2 7 . 5 1 6 6 9 .6 - 1 0 . 0 5 6 4 - 4 . 7 3.0 1 7 - 1 0 15.4 - 1 4 . 2 

- * . l 10 . 1 1 6 7 - 4 . 8 - 8 . 4 5 6 5 - 7 . 4 9.4 1 7 - 9 - 4 . 3 - 3 . 1 
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L ro FC H K L FO FC 

_| 28 .8 2 8 . 6 4 
T T - 6 . 9 1.3 

• 7 - 7 . 2 - 4 . 9 9 T - 1 2 - 4 . T - 2 . 6 
- 6 2 1 . 2 - 2 0 . 1 9 T ~ H -O .S 4 . 1 
- 3 - 0 . 3 2 . 9 9 7 - 1 0 26.9 29 . 9 
- 4 3 3 . 0 34.6 S 7 - 9 19.8 - 1 6 . 3 
- 3 1 1 . * - 1 1 . 4 5 T - 8 14. T - 1 1 . 8 
- 2 2 4 . 1 - 2 9 . 1 9 7 - 7 13 .9 13 .4 
- 1 - 4 . 4 2 . 1 3 T - 6 - 4 . 5 - 0 . 9 

20 .4 - 2 0 . 3 9 7 - 9 9 . 2 8 .7 
1 13.0 - 1 2 . 1 9 T - 4 13.6 1 1 . 1 
2 3 3 . 1 34 .6 9 7 —3 -S .S - 2 . 4 
3 14 .0 - 2 1 . 0 9 T - 2 27 .0 - 2 8 . 6 
4 1 0 . 1 - 1 0 . 8 S 7 - 1 - 6 . 1 1.6 
3 -O.S 1.9 9 7 0 12.7 11 .9 
6 2 6 . 9 - 2 6 . 3 9 7 1 - l . S 4 . 6 
7 - 9 . 4 - 8 . 2 s 7 2 - 6 . 9 11.0 
0 21 .9 21 .2 3 7 3 - 6 . 1 6 . 3 
9 - 2 . 1 - 1 . 1 5 7 4 20.0 - 2 0 . 3 

10 - 1 0 . 0 - 9 . 4 S 7 9 - 8 . 4 9 . 6 
- 1 1 - 2 . 8 - T . 6 9 7 6 23.7 24 .2 
- 1 0 19.9 17 .9 6 7 - 12 2 0 . 3 19.9 

- 9 - 6 . 8 - 6 . 7 6 7 - 1 1 - 0 . 5 - 4 . 6 
- a 1 6 . 1 - 1 7 . 1 6 7 - 1 0 23 .4 - 2 2 . 9 
- 7 - 4 . 7 - 2 . 6 6 7 - 9 - 6 . 3 6 . 1 
- 6 - 0 . 3 - 1 . 8 6 7 - 6 - 0 . 3 - 0 . 6 
- 3 - 0 . 3 - 0 . 1 6 7 - 7 10.2 6 .6 
- 4 - 6 . 9 7.5 6 7 - 6 20 .4 2C.0 
- 3 18.0 1 8 . 8 6 7 -S - 4 . 1 • 4 . 6 
- 2 17.2 - 1 3 . 2 6 7 - 4 20.4 • 1 4 . 6 
- 1 - 0 .4 - 0 . 4 6 7 - 1 12.7 14.0 

32 . 8 33.3 6 7 - 2 - 6 . 1 T .7 
1 - 8 . 1 - 8 . 6 6 7 - 1 - 1 . 9 1.2 
2 - 2 . 7 - 3 . 9 6 7 0 1S.S 1S.0 
3 - 0 . 3 - 3 . 0 6 7 1 10 . s - 6 . 4 
4 2 0 . 7 - 2 0 . 9 6 7 2 21.0 - 2 1 . 9 
5 - 7 . 0 0 . 8 6 7 3 - 4 . 7 • 1 . 9 
6 11.7 32.2 6 7 4 16.3 12 .9 
7 - 5 . 9 - 8 . 7 6 7 9 11.6 - 1 2 . 2 
8 11 . 8 - 1 4 . 0 7 7 - 1 1 - 7 . 2 - 6 . 6 
9 1 6 . 1 13 .8 7 7 - 10 - 0 . 3 - S . 2 

-12 - 9 . 1 10.1 , 7 7 - 9 11.1 - 7 . 9 
- 1 1 - 9 . 2 9 . 1 7 7 - 6 21 .9 21 .6 
- 1 0 - 8 . 9 - 4 . 3 7 7 - 7 17 .1 - 1 7 . 5 

- 9 10.6 6 . 9 7 7 - 6 29.0 - 2 6 . 6 
- 8 - 4 . 6 1 . 6 7 7 - 9 -O.S - 3 . 1 
- 7 11.7 1 0 . 9 7 7 - 4 14.2 14.0 
- 6 24.7 24 .2 7 7 - 3 13.3 14.5 
- 5 - 4 . 2 4 . 1 7 7 - 2 - 6 . 4 8 . 1 
- 4 18 . 6 - 3 7 . 7 7 7 - 1 13.0 12.9 
- 3 - 5 . 4 1 .0 7 7 0 20.0 - 1 9 . 2 
- 2 16.2 1 3 . 9 7 7 1 - 8 . 9 - 6 . 1 
- 1 6 .6 8 . 2 7 7 2 - 3 . 2 7.9 

- 1 . 0 - 3 . 2 7 T 1 - 6 . 7 - 1 0 . 1 
1 15 . 8 - 1 4 . 6 6 7 - 1 0 19 . 4 13.0 
2 19 . 8 - 1 9 . 1 8 7 - 9 - 0 . 9 2 . 1 
3 - 7 . 4 - 5 . 2 8 7 - 6 11.8 - 1 1 . 9 
4 26 .1 26 .4 8 7 - 7 -O .S 4.S 
5 - 7 . 4 6 . 1 8 7 - 6 - 9 . 2 7.6 
6 11.6 - 1 2 . 3 8 7 - 9 - 4 . 0 9 .7 
7 - 9 . 4 10.3 6 7 - 4 - 7 . 1 6 . 7 
8 12.1 - 9 . 0 6 7 - 1 10.7 11 .0 

- 1 2 10 . 8 - 1 1 . 5 6 7 - 2 19.8 - 1 4 . 4 
- 1 1 - 0 . 3 - 4 . 0 8 7 - 1 - 0 . 5 - 5 . 5 
- 1 0 - 7 . 4 - 3 . 9 8 7 0 - 7 . 5 6 . 9 

- 9 12 . 4 11.2 8 7 1 - 0 . 6 3 . 8 
- 8 19.2 20 .7 9 7 - 9 - 8 . 5 - 1 1 . 2 
- 7 - 0 . 3 - 1 . 8 9 7 - 8 - 5 . 3 - 1 0 . 2 
- 6 3 4 . 6 - 3 1 . 6 9 7 - 7 -O.S - 1 . 1 
- 5 - 1 . 3 - 1 . 3 7 - 6 12.9 13.8 
- * 16.3 15 . 8 9 7 - 3 - 8 . 1 S.6 
- 3 - 0 . 5 - 1 . 4 9 7 - 4 14.5 - 1 5 . S 
- 2 16.7 1 6 . 3 9 7 - 1 - 0 . 5 0 . 7 
-1 - 4 . 4 - 5 . 8 9 7 - 2 12.4 11.0 

3 2 3 . 9 - 2 4 . 3 0 8 0 - 0 . 3 2 .4 
I 14 .9 - 1 5 . 4 0 8 1 19.0 - 1 9 . 9 
2 30.7 10.7 0 6 2 - 4 . 4 - 3 . 1 
3 - 0 . 3 - 4 . 8 0 8 3 11.1 9 . 1 
% - 6 . 4 - 6 . 4 0 6 4 11.0 - 1 0 . 4 
5 12 . 0 - 1 3 . 7 0 6 5 22 .1 2 1 . 6 
i 13.7 - 1 3 . 4 0 8 6 - 8 . 4 - 1 1 . 3 

H K L FO FC H K L FO FC 

0 « f 13.6 - 1 4 . 6 4 6 - 1 1 2 . 1 - 1 2 . 1 
0 8 8 - 7 . 4 4 . 0 5 6 0 1 0 . 1 - 1 2 . 1 
0 8 9 14 .6 15.4 9 8 1 15.9 16.7 

6 -4) 2 4 . 1 2 2 . 4 5 6 2 • 8 . 7 1 .6 
6 - 8 - 0 . 9 - 1 . 8 9 6 3 2 0 . 4 - 2 0 . 1 
6 - 7 - 0 . 9 - 2 . 0 8 4 - 0 . 4 1 .6 
6 - 6 - 6 . 7 - 2 . 6 6 6 - 9 2 1 . 9 - 1 9 . 4 
6 - 5 - 3 . 8 - 4 . 7 6 6 - 6 - 1 1 . 1 1.1 
8 - 4 1 1 . 1 14 .6 6 6 - 7 2 1 . 7 21 .5 
6 - 1 11 .2 11 .2 4 6 - 6 12.4 - 1 1 . 1 
6 —2 - 2 . 9 - 2 . 7 6 8 — 3 - 7 . 3 10 .4 
8 - 1 2 0 . 1 - 2 0 . 6 6 6 - 4 - 2 . 9 2 . 9 
8 0 - 4 . 4 - 1 . 0 6 6 - 3 10.4 - 6 . 8 
6 1 - 4 . 1 - 4 . 2 6 8 - 2 - 4 . 9 10 . T 
8 2 1 4 . 1 1 6 . 1 6 6 - 1 17.6 17.9 
8 1 - 9 . 2 1.4 6 8 0 - 0 . 4 - 1 . 4 
8 4 1 2 . 6 - 1 2 . 1 6 8 1 12.3 - 1 1 . 1 
6 5 17.6 - 1 9 . 1 6 8 2 - 0 . 6 - 0 . 9 
6 6 - 0 . 5 4.S 7 8 - 8 - 6 . 1 1 . 6 
8 7 16 .1 17.9 7 8 - 7 - 6 . 9 - 7 . 7 
6 8 -O .S O.S 7 6 - 6 11 .4 - 1 1 . 7 
a - 9 -O.S - 0 . 7 7 8 - 5 16 . 6 - 1 6 . 9 
8 —6 - 8 . 6 - 1 0 . 1 7 6 - 4 - 7 . 4 13 .6 
6 - 7 1 2 . 3 - 1 1 . 0 7 8 - 3 2 0 . 1 2 0 . S 
8 - 6 15.7 1S.0 7 6 - 2 - 9 . 1 1.5 
8 - 9 21 . 6 22 .6 7 8 - 1 11.4 - 1 1 . 6 
6 - 4 - S . 7 - 6 . 6 7 6 0 - 5 . 2 - 3 . 5 
6 - 1 2 6 . 9 - 2 6 . 6 0 4 1 - 7 . S - 6 . 4 
8 - 2 - 1 . 4 4 . 7 0 4 2 17.0 - 1 6 . 1 
6 - 1 19.2 - 2 1 . 0 0 4 3 15.3 14.9 
8 0 - S . S 4 . 5 0 9 4 11 . 6 4 . 6 
6 1 14 .1 17 .6 0 9 S - 3 . 0 - 4 . 6 
6 2 21 . 9 - 2 2 . S 0 4 6 11.6 - 4 . 4 
8 1 11.9 - 9 . 7 1 4 - 6 22.0 - 2 1 . 6 
6 4 - 4 . 1 2.8 1 4 - 5 -O.S l . S 
6 9 11.4 11.0 1 4 - 4 - 6 . 4 6 . 4 
6 4 - 0 . 9 0.2 1 4 - 1 - S . 4 - 4 . 9 
8 T 12 .7 1 1 . s 1 4 - 2 10 .1 4 ; a 
8 - 10 11.4 - 1 3 . 0 1 4 - 1 - 0 . 3 l . S 
6 - 9 11.4 - 1 2 . 0 1 4 0 17.9 - 1 6 . 6 
8 -8 11 .1 14.4 1 9 1 22 .0 21 .4 
8 - 7 2 1 . 1 20 .9 1 9 2 - 9 . 6 S . 6 
8 * 6 - 8 . 0 - 6 . 8 1 9 3 19.6 - 1 4 . 8 
6 - S - 0 . 9 1 . 6 1 9 4 I S . 3 - 1 4 . 1 
6 - 4 - 0 . 9 - 1 . 7 1 4 3 - 0 . 9 3 .4 
8 - 1 12.7 - 1 2 . 7 2 4 - 6 - 7 . 1 7.4 
8 - 2 - 0 . 9 0 . 7 2 4 - 5 - 7 . 9 - 6 . 1 
8 - 1 1 9 . 1 16.0 2 4 - 4 17.4 16.7 
8 0 -O.S - 0 . 6 2 4 - 3 - 8 . 2 - 7 . 1 
8 1 12.0 - 3 1 . 6 2 9 - 2 17 .2 - 1 8 . 6 
6 2 - 4 . 6 - 4 . 1 2 9 - 1 - 6 . 4 4 . 0 
8 1 10 .8 11 .4 2 9 0 17.8 16.0 
6 4 - 0 . 9 - 2 . 1 2 9 1 10.8 - 1 2 . 0 
8 S 16 .8 1 6 . 1 2 9 2 - 6 . 9 - 2 . 4 
8 6 1 6 . 1 - 1 6 . 4 2 9 3 - 6 . 6 6 .3 
8 - 1 0 11 .1 12.9 9 4 - 2 . 1 - 1 . 0 
8 - 9 1 9 . 6 16.9 1 9 - 6 12.7 13 . 4 
8 - 8 - 2 . 9 - 2 . 6 1 9 -5 - 4 . 7 - 6 . 0 
8 - 7 - 0 . 3 1.8 1 9 - 4 14 .6 - 1 4 . 0 
8 - 6 - 6 . 4 - 6 . 6 1 9 - 3 - 7 . 7 4 . 3 
8 - 9 2 0 . 6 - 2 0 . 5 1 9 - 2 - 1 . 7 - 1 . 3 
8 - 4 -O.S 3.7 3 9 - 1 - 0 . 9 7.3 
8 - 1 22.0 2 1 . 0 3 9 0 - 8 . 1 - 1 0 . 6 
8 - 2 17.4 16.2 3 9 1 - 0 . 9 1.1 
6 - 1 16 .1 - 1 6 . 2 3 4 2 12.0 - 1 0 . 8 
8 0 - 1 . 2 4 . 7 3 9 3 - 4 . 6 8 . 8 
8 1 - 9 . 6 6 . 3 4 9 - 6 2 1 . 9 - 2 3 . 2 
6 2 - 6 . 9 - 8 . 7 4 9 - 3 - 2 . 9 - 1 . 2 
6 3 - 6 . 5 9.4 4 9 - 4 - 4 . 4 - 4 . 1 
8 4 - w S - 1 . 8 4 9 - 3 - 0 . 5 4 . 3 
6 5 11.7 - 1 4 . 8 4 • 9 - 2 17.7 14 .6 
8 - 9 - 4 . 0 0 . 3 4 9 - 1 - 4 . 4 - 4 . 0 
6 - 8 - 8 . 9 - 3 . 5 4 9 0 11 .1 . - 1 3 . 6 
6 - 7 13 .1 - 1 7 . 8 4 9 1 - 1 . 0 3 . 6 
6 - 6 12.2 11 . 6 5 9 - 3 - 7 . 0 3.2 
8 - 5 - 5 . 2 7.5 5 9 - 4 13.8 15.5 
8 - 4 - 6 . 7 - 8 . 9 5 4 - 3 14.2 - 1 4 . 1 
8 - 3 - 6 . 8 - 4 . 7 •> 9 - 2 2 3 . 9 - 2 1 . 1 
8 - 2 - 0 . 3 0 . 9 5 9 - 1 12.3 14 .0 
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CHAPTER V 

THE CRYSTAL AMD MOLECULAR STRUCTURE OF AVO 

5.1 INTRODUCTION 

The p r i n c i p a l s t r u c t u r a l f e a t u r e s found i n AVO may "be s t a t e d 

as f o l l o w s : 

The an ion conta ins a vanadyl i o n (V = 0 ) w i t h the metal atom 

coord ina ted t o two oxa la to groups and a water molecule . The 

vanadium atom i s thus coord ina ted t o s i x oxygen atoms and not f i v e 

as p r e v i o u s l y suggested . 

The oxa la to groups are aplanar and have a c i s arrangement t o one 

another . The "bond leng ths and angles i n these groups correspond w i t h 

those found i n s i m i l a r s t r u c t u r e s . 

A l l the oxygen, n i t r o g e n and hydrogen atoms i n the molecule 

p a r t i c i p a t e i n hydrogen bonding . 

5.2 THE STRUCTURE OF THE [vO (C 2 0 ) 2 H2o] A M ON 

F i g . 5*1 g ives a pe r spec t ive view o f the a n i o n . 

5-2.1 THE COORDINATION CAGE OF THE VANADIUM ATOM 

The arrangement o f the oxygen atoms may be descr ibed as t h a t o f 

a d i s t o r t e d octahedron. The depar ture f r o m r e g u l a r i t y was assessed 

by c a l c u l a t i n g mean planes and atomic d e v i a t i o n s . 

The general equa t ion f o r the plane i s IX + mY + nZ - P = 0 

where X , Y and Z are the f r a c t i o n a l coordina tes i n A* u n i t s w i t h 

respect t o the or thogonal axes a, b and c*, and P i s the o r i g i n t o 

plane d i s t ance i n $ u n i t s . 

The r e s u l t s f o r the t h r e e planes are g iven i n Table 5» 1 • 
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The vanadium atom i s d i s p l a c e d f r o m the e q u a t o r i a l plane i n the 

cent re towards the p a i r o f 0X0 l i g a n d s . 

The atoms 0 ( l ) , V and 0 ( 6 ) are not c o l i n e a r , the enclosed 

angle be ing 171°. 

5 .2 .2 INTERATOMIC DISTANCES AM) BOM) ANGLES I N THE OCTAHEDRON 

These parameters are g iven i n t a b l e s 5*2 and 5'3 

The bonds i n the octahedron may be d i s t i n g u i s h e d as f o l l o w s : 

(a ) the shor t a p i c a l vanadyl bond, V = 0. 

(b ) the l o n g a p i c a l bond i n the t r a n s p o s i t i o n . 

( c ) the e q u a t o r i a l bonds. 

The l eng ths o f these bonds found i n AVO, are compared i n 

t a b l e 5»4 w i t h those r e p o r t e d f o r o ther oc tahedra l complexes. 

agrees, w i t h i n the l i m i t s o f exper imenta l e r r o r , w i t h those i n 

t a b l e 5 .4 . I n p a r t i c u l a r i t corresponds c l o s e l y w i t h the d i s t ance 

o f 1.591(11) £ found f o r VOC^H-jNO . 4 H ? 0 1 4 . 

S i m i l a r l y the l e n g t h o f the a p i c a l bond V - 0 (6 ) i s i n 

good agreement w i t h the o ther values i n the t a b l e . I t s l e n g t h 

i s much g rea te r t h a n those o f the e q u a t o r i a l bonds, due t o the 

t r a n s i n f l u e n c e o f the V = 0 bond (see s e c t i o n 5«2.4)« 

The V - 0 e q u a t o r i a l bonds range i n va lue f r o m 1.985(3) t o 

2 . 033(3) A*. The longes t d i s t ance i s t o the water oxygen 0 (2 ) 

whereas the remain ing th ree s h o r t e r d i s tances i n v o l v e oxa la to oxygens. 

f 0 .302(1) A d i r e c t i o n o f the vanadyl oxygen 0(1 ) by a d i s t ance o 
3 

[ v o 2 (c 2 o ) 2 ] 15 found t h a t i n the case o f the Scheldt et a l an ion 

d i s p l a c e d by approximate ly O.4O A f r o m the e f f e c t i v e oc tahedra l i t was 

The l e n g t h o f the V = 0 bond i n AVO i s 1.594(3) £ and 
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Bers ted et a l noted a s i m i l a r r e l a t i o n s h i p i n the case o f vanadyl ( I V ) 

p y r i d i n e 2.6 d i c a r b o x y l a t e t e t r a h y d r a t e . 

There i s i n general good agreement among the e q u a t o r i a l bond 

l eng ths i n the compounds l i s t e d i n the t a b l e . 

Comparison may "be made w i t h f i v e - c o o r d i n a t e square pyramidal 
Q 

monoxocomplexes. Vanadyl b i s a c e t y l a c e t o n a t e which has a 

symmetr ical molecule , has the bond l eng ths ($ ) 

(a ) A p i c a l V = 0 bond 1•56(1) 

(b ) Basal plane V - 0 bonds 1 . 9 7 ( 0 , 1.96(1) 

1.98(1), 1.96(1) 
13 

However i n t e t r a sod iumdivanady l ( i V ) - d l - t a r t r a t e they a r e , 

(a ) A p i c a l V = 0 bond 1.619(7) 

(b ) Basal plane V - 0 bonds 2.004(6), 1.994(6) 

1-917(6), 1.902(6) 

Table 5« 5 compares the l e n g t h o f the V = 0 bond i n f i v e and 

s i x coordina te vanadyl compounds. I t a l so shows t h a t the l e n g t h 

o f t h i s bond i s cons ide rab ly g rea t e r i n the dioxocomplexes. 

5.2.3 0XYGE&-0XYGEN DISTANCES 

The two shor tes t d i s tances i n the octahedron are the " b i t e s " 

o f the oxa la to groups. Th i s i s i n agreement w i t h the corresponding 

i n t e r a t o m i c d is tances i n the oc tahedra l [ ^ X ^ ^2^4^2 - I an ion ' ' ^ , 

which are g iven i n pa r en thes i s . 

(a ) e q u a t o r i a l — a p i c a l c h e l a t i o n : 
0(3) t o 0(6) 2.567(4), [ 2 . 5 8 1 ( 3 ) ] 

(b ) e q u a t o r i a l c h e l a t i o n : 

0(7) t o 0 (10) 2.599(4), [ 2 .587 (3 ) ] 
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Scheidt et a l have p o i n t e d out t h a t these d is tances are much 

s h o r t e r t han the accepted van der Waals pack ing diameter o f oxygen 

atoms (2.8 X). The separa t ions o f the o the r p a i r s o f oxygen atoms 

i n the oxa la to groups correspond w i t h t h i s v a l u e . The 0(4) t o 0(5) 

d i s t ance i s 2.823(4) and the 0(8) t o 0(9) d i s t ance i s 2.795(5) 

The abnormally shor t d i s tances between the che la ted oxygen atoms 

may be p a r t l y r e spons ib le f o r the i n e q u a l i t y i n the bond angles about 

the a x i s o f the C - C l i n k s . (See t a b l e 5*9) 

5.2.4 THE TRAMS INFLUENCE OF THE VANADYL GROUP 

The two a x i a l bonds have markedly d i f f e r e n t l e n g t h s . The 

shor t vanadyl bond i s s t r o n g and i s considered t o be a m u l t i p l e bond. 

On the o the r hand the g rea t e r l e n g t h o f the bond t o the o ther a p i c a l 

oxygen can be asc r ibed t o the t r a n s i n f l u e n c e o f the V = 0 bond. 

Ligands i n t h i s p o s i t i o n are compara t ive ly e a s i l y detached i n 

accordance w i t h the w e l l known t r a n s e f f e c t . 

5.3.1 THE STEREOCHEMISTRY OF THE OXALATO GROUPS 

Each oxa la to group c o n t r i b u t e s two oxygen atoms t o the 

c o o r d i n a t i o n cage. I t was p r e v i o u s l y supposed t h a t the p a i r s o f 

oxygens would be s i t u a t e d t r a n s t o one another at the corners o f the 

basal plane o f a square pyramida l s t r u c t u r e . However, the present 

work shows t h a t i n f a c t the oxa la to groups take up a c i s arrangement 

i n an octahedron. 

This d i s p o s i t i o n may be a consequence o f the mode o f f o r m a t i o n o f 

the compound. I n a d i s c u s s i o n o f s i x coord ina ted complexes o f the 
65 

t r a n s i t i o n meta l s , Stranks y s t a t e s , " I n wa te r , aqua t ion i n v a r i a b l y 

precedes s u b s t i t u t i o n by anions" and he reviews the s u p p o r t i n g 

exper imenta l evidence. 
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I n the f o r m a t i o n o f complex vanadyl (iv) oxala tes i n aqueous 
s o l u t i o n , we may thus regard the attachment o f l i g a n d s as a process 
which replaces coord ina ted water molecules i n the complex aquo i o n 
shown i n P i g . 5'2 

o 
l-UO OH Z(4> 0) 

V 

HsO OH 
a) (5) 

OH 

FIG. 5.2 

Owing t o the t r a n s e f f e c t , s u b s t i t u t i o n by a s i n g l e bidendate 

oxa la to l i g a n d may be expected t o rep lace the water molecules i n 

p o s i t i o n s ( l ) and ( 2 ) . S u b s t i t u t i o n by a second oxa la to group can 

now on ly occur by replacement o f two water molecules i n the 

e q u a t o r i a l p l ane . 

60 
Bal lhausen and Gray s t a t e t h a t , " the accumulated s p e c t r a l and 

magnetic evidence s t r o n g l y support the assumption t h a t the vanadyl 

2+ 

i o n a c t u a l l y r e t a i n s i t s VO i d e n t i t y i n s o l u t i o n and i s surrounded 

by water molecules t o complete a d i s t o r t e d oc tahedra l a r r a y " . The 

water molecule i n the t r a n s p o s i t i o n would be the weakest l i g a n d and 

the mode o f s u b s t i t u t i o n o f the oxa la to groups which has been 

proposed, would appear to be f e a s i b l e . 

Sathyanarayana et a l prepared vanadyl monoxalate t e t r a h y d r a t e 
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and, on the bas is o f thermal and s p e c t r a l da t a , proposed the 

s t r u c t u r e i n F i g . 5*3 

O 
H2C) 

V 

O —CO 

H 2 0 

H 2 0 O - C O 

H s O 

FIG. 5.3 

They considered t h a t the oxygens around the vanadium atom f o r m 

a d i s t o r t e d octahedron, w i t h a weakly bonded water molecule 

occupying the a p i c a l p o s i t i o n t r a n s t o the vanadyl group. On the 

bas is o f the p rev ious d i s c u s s i o n a more probable c o n f i g u r a t i o n i s 

t h a t g iven i n F i g . 5«4 

O 
HpO OH 

V 

H 2 0 
HoO O 

\ O 
o \ o 

o o 

FIG. 5.4 
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I t may be noted t h a t the [ v0 2 (C 2 0 ) J an ion ( F i g . 1 . 5 ) 

has the c i s c o n f i g u r a t i o n as i n "AVO, but t h i s i s a necessary 

consequence o f the f a c t t h a t one o f the vanadyl oxygens occupies an 

e q u a t o r i a l p o s i t i o n . 

I n ( N H ^ g [ jvO^CS^HgoJ .^gO 1 1 the coord ina ted water molecule 

i s t r a n s t o the vanadyl oxygen. The f o u r i s o t h i o c y a n a t o 

l i gands occupy the e q u a t o r i a l p o s i t i o n s which would seem b e t t e r 

s u i t e d t o the strongTTbonding w i t h the metal atom. 

5.3 .2 THE APLANARITY OF THE OXALATO GROUPS 

The mean planes and d e v i a t i o n s o f the atoms c o n s t i t u t i n g the 

oxa la to groups, are g iven i n Tables 5*6 and 5«7« 

These r e s u l t s show t h a t the planes o f the ca rboxy l groups are 

t w i s t e d by 10.0 about the a x i s o f the C(1) - C(2) bond and by 

12.8° about the ax i s o f the C(3) - 0(4) bond. 

An examinat ion o f the pub l i shed work (Chap. I ) on complex 

oxala tes shows t h a t , as w i t h s imple oxa la tes the group may have a 

p lanar or aplanar c o n f i g u r a t i o n . Indeed i n the case o f triammonium 

b isoxa la todioxovanadate (v) d i h y r a t e (ADVO) 1^ one oxa la to 

group i s p l ana r but the o t h e r , the authors s t a t e , depar ts 

app rec i ab ly f r o m p l a n a r i t y as a consequence o f the f o l d i n g o f the 

edge of the c o o r d i n a t i o n po lyhedron . The d i h e d r a l angle between the 

ca rboxy l groups i s not g i v e n . 

I t i s poss ib le t h a t the d i s t o r t i o n s o f the angles o f the 

polyhedron are p a r t l y due t o the requirement o f p l a n a r i t y i n the 

C - COO groups. I f the ca rboxy l planes can be t w i s t e d as a 

25 

consequence o f hydrogen bonding as s t a t e d by Robertson , t hen 

t h i s would n e c e s s a r i l y cause some i r r e g u l a r i t y i n the octahedron. 
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Table 5.8 g ives the re fe rences o f pub l i shed s t r u c t u r e s , c l a s s ­

i f i e d i n accordance w i t h the s te reochemis t ry o f t h e i r oxa la to groups. 

5*3.3 BOND LENGTHS AMD ANGLES I N THE OXALATO GROUPS 

The s t r u c t u r a l parameters o f the oxa la to groups are shown i n 

P i g . 5-5. 

The bond l eng ths and angles correspond g e n e r a l l y w i t h those 

found i n bo th complex and simple compounds. Kuppers" has 

presented t a b u l a t e d data f o r a c i d oxa la tes and Hodgson and I b e r s " ^ 

have compiled da ta f o r o x a l i c a c i d and i t s s a l t s . 

Table 5'9 compares the bond l eng ths and angles found i n 

complex oxala tes and i n some simple o x a l a t e s . I n the case o f the 

complexes, the bonds a t t a c h i n g t o the coord ina ted oxygens (0 ) and 
c 

uncoordina ted oxygens (0 ) are d i s t i n g u i s h e d . I n the t a b l e the 

parameters g i v e n are s imple averages o f bond l eng ths and angles o f 

the same t y p e . D i scus s ion o f the i n d i v i d u a l va lues i n AVO i s 

d e f e r r e d t o s e c t i o n 5«3.4-

69 

Hahn s t a t e d t h a t a f u l l y i o n i s e d ca rboxy l group should have 

equal C - 0 bonds o f 1.260 £ enc lo s ing an angle o f 125° and making 

equal angles o f 117.5° w i t h the C - C bond. The t a b l e shows t h a t 

i n g e n e r a l , the s imple oxa la tes t end t o correspond more c l o s e l y 

w i t h Hahn's v a l u e s . I n the case o f AVO the re i s a d i f f e r e n c e i n the 

average l eng ths o f the C - 0 and G - 0 bonds o f 0.051(5) 1. Th i s 
C IX 

d i f f e r e n c e i s approximate ly the average va lue o f those p e r t a i n i n g t o 

the complex oxala tes l i s t e d . However the o v e r a l l average (1.249 £) 

agrees w i t h Hahn's v a l u e . As w i t h most o x a l a t e s , the enclosed 

angle (125-4°) corresponds w e l l , the l a r g e s t d e v i a t i o n s be ing i n the 

angles which the two bonds make w i t h the C - C l i n k . 
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The C - C bond lengths i n the oxalate groups i n AVO correspond 
70 

to the simple type of bond to which Sutton has assigned a value of 

1.537 + 0.005 They also agree closely wi th the accepted bond 

length i n diamond (1.544 & ) . The length of t h i s bond i n AVO 

(1.542(6) 1.549(6) X), agrees closely wi th the average value 

(1.552 $)» found i n the other complex oxalates l i s t e d i n the t a b l e . 
The environment of the carbon atoms suggests that these two 

2 
atoms are i n sp hybrid states. However a C/ 2\ - C/ 2\ bond 

(sp ) (sp ) 

has a length which has been var ious ly estimated as from 1-47 "to 1.51 

2 , which i s s i g n i f i c a n t l y shorter than that found i n AVO and other 

oxalates. I t has been found however, that when the carbon atoms 

are attached to oxygens, a considerably lengthening of the bond may 

occur. Kuchitsu, Pukuyama and Morino showed that i n the series, 

butadiene, ac ro le in , glyoxal the 0, 2\ - C/ 2\ bond length was 

(sp ) (sp ) & 

1.463, 1.482 and 1.525 t respect ively . 
72 

Brown and Harcourt have studied various k r f i ^ systems such as 

CgO^ and NgO^, using the molecular o r b i t a l theory and they suggest 

that the expected C - C bond length i n oxalates should be s l i g h t l y 

longer than that i n ethane (1.534 and have a sigma bond order 

of 0.93. 
25 

I t has been pointed out by Robertson that i n simple oxalates, 

there i s no connection between p lana r i ty and the length of t h i s bond. 

The parameters of the complex oxalates previously discussed, suggests 
27 

that t h i s also applies to them. Haas found that i n potassium 

te t roxala te K (H CgO )̂ (RV, ®/^)' 2HV,0, t h i s bond had the same length 

i n both the planar oxal ic acid molecules and the aplanar acid oxalate 

groups. 
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5.3.4 THE TRANS INFLUENCE IN RELATION TO BOND LENGTHS IN THE OXALATO GROUPS 

As a consequence of the trans in f luence , the V - 0(6) bond i s long 

and an examination of the dimensions of the oxalato groups indicates that 

the C - 0 bond lengths are also a f f ec t ed . 

The C - 0 bond lengths (X) are as f o l l o w s : c 

0(6) 1.259(4) & 

0(3) 1.283(4) 

0(7) 1.284(6) 

0(10) 1.275(5) 

Thus the C - 0 distance invo lv ing the oxygen i n the trans 

pos i t i on , i s the shortest by a s i g n i f i c a n t margin. I n p a r t i c u l a r 

i t i s 0.024 shorter than the other C - 0 bond i n the same oxalato 
c 

group. 

When the r i n g comprising the atoms V, 0 ( 6 ) , C(2), C( l ) and 0(3) 

i s considered, an a l t e rna t ion occurs of longer and shorter bonds, 

i n a comparative sense, w i t h i n the two carboxyl groups. We have 

the f o l l o w i n g bond lengths; 

( a ) v M M 3 l 0 ( 6 ) h£QiALC(2) 1 ^ M I 2 0 ( 5 ) 
( t rans) 

0,) v 2 - 0 2 2 ( 3 ) o(3) 1 - 2 8 3 (4) C ( i ) 1 - 2 2 6 ^ ) o(4) 

On the other hand, when we examine the corresponding bond 

lengths i n the r i n g which i s not involved i n the trans e f f ec t we have: 

( a ) v 1 ^ 3 1 0 ( ? ) hmi§lcO) l ^ H M 0(8) 
( b ) v 2 £ 2 § m 0 { i o ) 1 ^ 5 1 c(4) 0(9) 

These C - 0 bond lengths match reasonably w e l l . 

C(2) -

C(D -
C(3) -

C(4) -



This pa t te rn , which appears to "be a consequence of the trans 

1 5 

in f luence , was also found i n ADVO "by Scheidt et a l . Table 

5.10 compares t h e i r C - 0 bond lengths, d i f f e r e n t i a t i n g between 

those which involve oxygens i n the trans pos i t i on and those which 

do not. The C - 0 ( t rans) bond i s shorter than the other three C - 0 
c v c 

distances, which are the same w i t h i n the l i m i t s of experimental e r ror . 

The C - 0^ bond adjacent to the C - 0 c ( t rans) bond i s longer than 

the other three C - 0 distances, which are also the same w i t h i n the 
u ' 

l i m i t s of experimental er ror . The same e f f e c t i s found i n ADVO 

when appropriate pairs are considered. 

Thus by tak ing in to account the trans in f luence , the lengths 

of corresponding C - 0 bonds are seen to be the same w i t h i n the 

l i m i t s of e r ror . 

Included i n the Table are the corresponding parameters f o r 

K 2 [ l lo0 ( 0 2 ) 2 ( C 2 0 4 ) ] and Na NH^ [ M O 0 3 (CgO ) ] . 2 H 2 0 6 ? . I n 

the former case a Mo = 0 bond (1.678 %) exerts a trans inf luence 

and the parameters given, though not of the highest accuracy, 

indicate that t h i s 0X0 group may also modify the bond lengths i n the 

oxalato chelate. 

The jjfoO^ (C 2 0^)J anion has an equatorial plane which has 

the metal atom at the centre, the four corners being occupied by 

oxygens. Two terminal oxygens are i n the cis pos i t i on and are 

l inked to the metal atom by short M = 0 bonds (1.850, 1.815 $.) 

and the two remaining equatorial posi t ions are occupied by the 

bidentate oxalato group. Thus the trans inf luence can. be expected 

to occur along both diagonals of t h i s plane producing the two longest 

bonds i n the octahedron (2.235» 2.242 i£). Because of the equal 
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lengths of these "bonds i t would be expected that the lengths of the 

pai rs of C - 0 c ( t rans) and of the pairs of C - 0^ would also be the 

same. This i s , i n f a c t , the case. 

Reference to Tables 5*9 and 5*10 shows that the C - 0 and 
J c 

C - 0^ lengths found i n t h i s molybdenum compound, d i f f e r s i g n i f i c a n t l y 

from t y p i c a l values. This i s possibly a consequence of what may be 

termed a mul t ip le trans in f luence , as d i s t i n c t from a simple trans 

in f luence . I t may also be noted that the C - C bond i s short 

compared w i t h that of the other oxalates l i s t e d i n Table 5«9« 

THE AMMOMUM I0M5 

The four hydrogen atoms bonded to each of the ni t rogen atoms 

form a d i s to r t ed tetrahedron. I n the case of N ( l ) the N - H bond 

lengths range from 0.843 to 0.968 X. The te t rahedral angles about 

the ni t rogen atom range from 103 to 118°. The N(2) - H bond lengths 

are from 0.805 to O.934 & and the tetradhedral angles from 103 to 122°. 

(See Table 5 .11 ) . 

" 32 

Kuppers , i n an accurate determination of the s t ructure of 

ammonium hydrogen oxalate hemihydrate, found that the N - H distances 

and 0 - H distances ranged from 0.83 to 0.99 A*. As may be expected the 

N - H distances are shorter than those determined by neutron d i f f r a c t i o n 
26 

methods. Thus Currie et a l found that the length of t h i s bond i n 

ammonium te t raoxala te i s 1.009 

The ni t rogen atom N ( l ) has s ix oxygen atoms w i t h i n a radius o f 

3 .1 X and two f u r t h e r oxygen atoms w i t h i n 3.3 %. 

Atom N(2) also has s i x close neighbours w i t h i n 3.104 (See 

Table 5 .12) . 
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THE WATER MOLECULES 

One of the water molecules, H ( l l ) , 0 ( 2 ) , H(12) i s a l igand 

of the vanadium atom and the other, H ( 9 ) , 0 ( 1 1 ) , H ( l O ) . i s l a t t i c e 

water. 

The anion i s therefore co r rec t ly formulated as, 

[VO ( C 2 0 4 ) 2 H 2 o] 2 

and the compound AVO as, 

( M 4 ) 2 [VO ( C 2 0 4 ) 2 H 2 o] H 2 0 

The coordinated water oxygen 0(2) has s ix oxygen atoms as 

close neighbours and four of these are coordinated to the vanadium 

atom. 

The l a t t i c e water oxygen 0 (11 ) has f i v e atoms w i t h i n 3.104 A* 

and a f u r t h e r oxygen atom at 3.227(4) ^« 

Table 5«12 l i s t s the atoms which make close approaches to the 

ni t rogen and the water oxygen atoms. The superscripts give the 

equivalent pos i t i on of the atom i n accordance wi th the appended 

symmetry code. 

Atoms 0 0 1 1 ) , 0 ( P ) , 0 ( 6 V I ) and N(2 I ) are almost coplanar 

0(|1 ) having the greatest dev ia t ion from the mean plane ( -0 .10 1). 

Nitrogen atoms N(1 X ) and N ( 2 V A i ± ) l i e on opposite sides of t h i s plane 

at distances of 2.91 and -3 .17 & respect ive ly . 

MOLECULAR PACKING AM) HYDROGEN BONDING IN THE STRUCTURE 

The molecular packing of AVO as viewed down the b axis of the 

c e l l i s shown in Pig . 5.6. 

The four atoms which generate hydrogen bonds l i e approximately 

on a plane as f o l l o w s : 
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in 
O 
U. 

• 



90 

Equation of mean plane: 

0.0523X - 0.9867Y - 0.1539Z + 1.4815 = 0 

Atomic deviations: 

0(2) 0.0387(3) H(1) 0.0688(3) 

0(11) 0.1283(3) H(2) 0.0982(4) 

The twelve hydrogen atoms associated with the two ammonium 

ions and the two water molecules, form a complex network of 

hydrogen, bonds, involving a l l the oxygen atoms, both coordinated and 

uncoordinated. As a resul t the anions i n d i f f e r e n t asymmetric units 

are linked together v i a the ammonium ions and water molecules. They 

also serve t o l i n k together ions i n adjacent u n i t c e l l s , thus giving 

r i s e to a three dimensional network throughout the c r y s t a l . 

The hydrogen bonding parameters are given i n Table 5 » 1 3 . 

Hydrogen atoms H(3) and H(4) which are attached t o N( l ) form 

bifurcated bonds. Hydrogen atom H(8) attached to W(2) appears to 

form an unsymmetrical bond. 

The nitrogen atom N(2) i s at a suitable distance from 0 ( 9 I ) f o r 

hydrogen bonding t o occur but the enclosed angle i s small. A more 

favourable angle exists with respect t o 0(9^""") but the distance 

between these two atoms i s longer than would be expected. Thus the 

postulation of a bifurcated bond i s much less certain i n t h i s case. 

There are two types of hydrogen bond i n the structure: 

(a) W - H 0 bonds 

This type of bond involves some of the coordinated and some of 

the uncoordinated oxalato oxygens. The two ammonium ions are 

linked together by bonds of t h i s type attaching to the water 

oxygen, 0(11). 

The average length of these bonds associated with N(1) i s 2.961 X 
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and that of the bonds associated wi th W(2) i s 3.082 A*. These 

values are i n reasonable agreement wi th those found i n ammonium 

t a r t r a t e 7 3 (2.87 and 2.98 £ ) , ammonium te t roxa la te (2.947 ^ ) 

and ADVO (2.863, 2.863 and 2.896 2). 

03) 0 - H 0 bonds 

The bond lengths i n AVO vary over a considerable range 

(2.62 to 3.06 £ ) . This was also found i n the case of ammonium 

te t roxa la te where they ranged from 2.47 "to 2.90 A*. The average 

length of these bonds i n AVO i s 2.829 ^ and t h i s value i s i n 

agreement wi th that found i n ADVO (2.877 £ ) . 

SUMMARY 

The s t ruc tu ra l de t a i l s of the AVO anion show that i t i s 

monomeric and that the vanadium atom i s coordinated to s ix oxygens, 

( inc lud ing a water oxygen), which form a d i s to r t ed octahedron. The . 

two oxalato groups, which are coordinated t o the metal atom, have 

carboxylate planes which are twis ted w i t h respect to one another. 

I t i s suggested that the cis arrangement of the oxalato groups 

may be a consequence of the trans e f f e c t of the vanadyl i o n . 

The deviations from geometric r e g u l a r i t y i n the octahedron and 

from p l ana r i t y i n the oxalato groups, may possibly be due to the 

e f f e c t s of hydrogen bonding forces . However there i s evidence which 

suggests that the lengths of the bonds i n the octahedral complexes of 

vanadium, tend to have spec i f i c values. This f a c t o r , combined w i t h 

the evident requirement of p l ana r i t y i n the C - COg groups, may also 

play a part i n determining the nature of the d i s t o r t i o n s i n the 

s t ructure of the anion. 

The general stereochemical features of the oxalato groups agree 
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w i t h those found i n s imi l a r s t ructures . Evidence has been presented 
which supports the view that the trans inf luence may a f f e c t the C - 0 
bond lengths i n chelated oxalato groups. 

The water molecules and ammonium ions generate a network of 

hydrogen bonds i n which a l l the oxygen atoms are involved. 
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TABLE 5.1 

MEAN PLANES 

Equation of the equatorial p i ; a,ne: 

O.2424X - 0.8349Y - O.4942Z - 1.115 = 0 

Atomic deviations and t h e i r e . s . d . ( & ) 

0(2) 0.069 (3) 0 ( 7 ) - O.O76 (3) 

0(3) - 0.068 (2) 0(10) 0.076 (3) 

V 0.302 ( 1 ) 

Equation of diagonal plane I : 

O.8O84X + 0.4595Y - 0.3679Z - 1.2123 . = 0 

Atomic devia t ions : 

0 (1 ) 0 .051 (3) 0 (6) • O.056 (3) 

0(3) - 0 .057 (3) 0 ( 7 ) - 0 .050 (3) 
V 0.030 (1) 

Equation of diagonal plane I I 

- O.4987X+ 0.34201- O.7965Z - 2.9788 = 0 

Atomic devia t ions: 

0(1) - 0.121 (3) 0 (6) - 0.113 (2) 

0(2) 0.118 (3) 0(10) 0.116 (3) 

v 0.024 ( 1 ) 
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TABLE 5.2 

.INTERATOMIC DISTANCES 

ATOMS LENGTH (£) ATOMS LENGTH (£) 

V - 0 ( 1 ) 1.594 (3) 0 (2) - 0 (7) 2.871 (5) 

V - 0 (2) 2.033 (3) 0 (3) - 0 ( 1 ) 2.704 (4) 

V - 0 (3) 2.022 (3) 0 (3) - 0 (10) 2.883 ( 4 ) 

V - 0 (6) 2.184 (3) 0 (3) - 0 (6) 2.567 (4) 

v - 0 (7 ) 1.985 (3) 0 (10)- 0 ( 1 ) 2.729 (4) 

V - 0 (10) 2.006 (3) 0 ( 1 0 ) - 0 (7) 2.599 (4) 

0 (2) - 0 (3) 2.896 (4) 0 ( 1 0 ) - 0 (6) 2.814 (4) 

0 (2) - 0 (6) 2.798 ( 4 ) 0 (7) - 0 ( 1 ) 2.860 ( 4 ) 

0 (2) - 0 ( 1 ) 2.700 ( 4 ) 0 (7) - 0 (6) 2.776 (3) 

TABLE 5.3 

BOND ANGLES 

ANGLE DEGREES ANGLE DEGREES 

0 ( 1 ) - V - 0 ( 2 ) 95.49 (14) 0 ( 6 ; - V - 0 (10) 84.27 (11) 

0 ( 1 ) - V - 0 (3) 96.09 (13) 0 (6 ; - V - 0 ( 2 ) 83.06 (11) 

0 ( 1 ) - V - 0 ( 6 ) 171.02 (13) 0 (6] - V - 0 (3) 75.12 (10) 

0 ( 1 ) - V - 0 ( 7 ) 105.57 (13) 0 (7 ; > - V - 0 (10) 81.27 (11) 

0 ( 1 ) - V - 0 (10) 97-97 (13) 0 (3] ) - V - 0 (10) 91.44 (11 ) 

0 ( 6 ) - V - 0 ( 7 ) 83.34 (11) 0 (2 ; ) - V - 0 (3) 91.19 (11) 

0 (2 ; ) - V - 0 ( 7 ) 91.20 (12) 
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TABLE 5.4 

BOND LENGTHS (%) IN OCTAHEDRAL VANADIUM COMPLEXES 

COMPOUND APICAL APICAL (TRANS) EQUATORIAL 

V = 0 V - 0 V - 0 

AVO 1.594(3) 2.184(3) 2.033 (3) 

2.022 (3) 

1.985 (3) 

2.006 (3) 

av.= 2.011 

vo s o / 2 

4 1-59 ( 4 ) 2.28 (4 ) 2.00 ( 5 ) 

2.01 (6) 

2 .05 (6) 

2.05 (6) 

av.= 2.03 

V - N 

( N H 4 ) 2 V0(NCS)4 5H 20 1 1 1.62 (6) 2 .22 ( 5 ) 

V - N 

2.04 (3) 

V - 0 

VO C 7 H 3 N0 4 .4H 2 0 1 4 1.591 (11) 2.184 ( 2 ) 2.027 (12) 

2.027 (12) 

2.017 (10) 

2.017 (10) 

av.= 2.022 
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TABLE 5.5 

VANADYL BOND LENGTHS 

COMPOUND BOND LENGTH 
0 

(A) 
COORDINATION NO. 

OF VANADIUM 

REP. 

( N H 4 ) 2 [vo (C 2 0 4 ) H 2 0 > ? 0 1.594 (3) 6 This Work 

voso^^o 1.67 6 8 

voso 4 1.59 ( 4 ) 6 62 

(NH4)2VO(NCS)45H20 ' 1.62 (6) 6 11 

VO(C 7H 30 4N)4H 20 1.591 ( 11 ) 6 14 

VOfC-H^COCHCOCH. ) 0 

O P DC. 
1.612 (10) 5 63 

VO(CH3COCHCOCH3)2 1.56 (1) 5 9 

Na 4 (VO-dl- C ^ O g ) 212H 20 1.619 ( 7 ) 5 13 

(NH 4 ) 2 VO(d-C 4 H 2 0 6 )H 2 0 1.60 (2) • 5 12 

( N H 4 ) 3 [ V 0 2 ( C 2 0 4 ) J 2H20 1.641 (2) 6 15 

Na3 [vOgEDTA] 4H20 1.648 (2) 6 64 
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TABLE 5.6 

MEAN PLANES I N OXALATO GROUP 

Equation of Mean Plane f o r C ( l ) , C(2 ) , 0(3), 0 ( 4 ) , 0 ( 5 ) , 0 ( 6 ) 

0.8119X + 0.5495Y - 0.1973Z - 1.9607 = 0 

Atomic devia t ions: 

C(1) - 0.007 ( 4 ) 0 ( 4 ) 0.095 (3) 

C(2) 0.000 ( 4 ) 0 ( 5 ) - 0.091 (3) 

0(3) - 0.097 (3) 0 ( 6 ) 0.102 (3) 

Equation of Mean Plane f o r C ( l ) , C (2 ) , 0 ( 3 ) , 0(4) 

0.8051X + O.5229Y - 0.2799Z - 1.4996 = 0 

Atomic devia t ions: 

C(1) - 0.007 ( 4 ) 0 (3) 0.002 (3) 

0 ( 2 ) 0.002 ( 4 ) 0 ( 4 ) 0.003 (3) 

Equation of Mean Plane f o r C ( l ) , C (2 ) , 0 ( 5 ) , 0 ( 6 ) 

0.8140X + 0.5699Y - 0.1123Z - 2.4084 = 0 

Atomic devia t ions : 

C(1) - 0.000 ( 4 ) 0 ( 5 ) - 0.000 (3) 

C(2) 0.001 ( 4 ) 0 ( 6 ) - 0.000 (3) 
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TABLE 5.7 

MEAN PLANES IN OXALATO GROUP 

Equation of Mean Plane f o r C(3), 0 (4) , 0(7), 0 (8 ) , 0(9), 0(10) 

0.0331X - 0.7330Y - 0.6794Z - 1.6385 = 0 

Atomic deviat ions: 

C(3) - 0.002 ( 4 ) 0 (8) - 0.119 (3) 

C(4) 0.012 ( 4 ) 0 (9) 0.115 (3) 

0(7) 0.128 (3) 0 (10) - 0.133 (3) 

Equation of Mean Plane f o r C(3) , C ( 4 ) , 0(7) , 0(8) 

-0.0741X - 0.7107Y - 0.6996Z - 1 .6367 = 0 

Atomic deviat ions: 

C(3) - 0.003 (3) 0 (7) 0.001 (2) 

0 (4) 0.001 ( 4 ) 0 (8) 0.001 (3) 

Equation of Mean Plane f o r C(3), c ( 4 ) , 0(9), 0(10) 

0.1427X - O.7415Y - 0.6556Z - 1. 6200 = 0 

Atomic devia t ions : 

C(3) - 0.003 ( 4 ) 0 (9) - 0.004 (3) 

0 (4) 0.010 ( 4 ) 0 (10) - 0.004 (3) 
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TABLE 5.8 

PLAKARITY OP COMPLEX OXALATES 

COMPOUND PLANAR APLANAR 

AVO This Work 

ADVO 15 

K^MoO ( 0 2 ) 2 ( C 2 0 4 ) ] 66 

( N H 4 ) 2 [(Ju ( C 2 0 4 ) 2 ( H 2 0 ) 2 ] 35 

Na4Zr ( C 2 0 4 ) 4 . 3H£0 37 

K [ c r ( C 2 0 4 ) 2 ( H 2 0 ) 2 ] 3H20 34 

M 2 ^C2°4^3* 1 0 * 5 H 2 ° 36 

cs [mo ( C 2 O 4 ) 2 ( H 2 O ) 2 ] 2H 2O 67 

[ U 0 2 ( C 2 0 4 ) 3H20 ] 40 
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TABLE 5.10 

COMPARISON OF C - 0 BOND LENGTHS 

COMPOUND BOND LENGTH 1 COMPOUND 

C - C 
c 

( t rans) 

C - 0 
c 

C - 0 
u 

( N H 4 ) 2 [VO ( C 2 0 4 ) 2 H 2 o] .H 2 0 1.259(4) 1.237(5) 

1.283(4) 1.226(4) 

1.284(6) 1.217(6) 

1.275(5) 1.217(6) 

av. = 1.281 

( M 4 ) 3 [ V 0 2 ( C 2 0 4 ) 2 ] . 2 H 2 0 1.263(3) 1.239(3) 

1.262(4) 1.241(4) 

av. = 1.262 1.291(3) 1.221(3) 

1.280(4) 1.234(4) 

- av. = 1.285 

K 2 [MOO ( 0 2 ) 2 ( C 2 0 4 ) ] 1.266(20) 1.213(23) 

NaNH4 [MO0 3 (CgO ) J 2 ^ 0 

1.287(23) 1.207(25) 

NaNH4 [MO0 3 (CgO ) J 2 ^ 0 1.360(8) 1.260(8) 

1.360(8) 1.260(8) 

I 
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TABLE 5.11 

BOND LENGTHS AND ANGLES IN THE AHMONIUM IONS AND WATER MOLECULES 

ANGLE DEGREES BOND LENGTH (£) 

H(1)-N(1)-H(2) 110 N(1)-H(1) 0.968 

H(1)-N(1)-H(3) 103 N(1)-H(2) 0.852 

H(1)~N(1)-H(4) 110 N(1)-H(3) 0.843 

H(2)-N(1)-H(3) 118 N(1)-H(4) 0.915 

H(2)-N(1)-H(4) 110 

H(3)-N(1)-H(4) 106 

H(5)-N(2)-H(6) 104 N(2)-H(5)• O.8O5 

H(5)-N(2)-H(7) 122 N(2)-H(6) 0.867 

H(5)-N(2)-H(8) 106 W(2)-H(7) 0.853 

H(6)-N(2)-H(7) 108 N(2)-H(8) 0.934 

H(6)-N(2)-H(8) 103 

H(7)-N(2)-H(8) 112 
-

H(H)-0(2) -H( l2) 101 0(2)~H(11) 0.812 

0(2)-H(l2) 0.902 

H(9)-0(11)-H(10) 96 0(11)-H(9) 0.897 

0(11)-H(10) 0.880 
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TABLE 3.12 

CLOSE APPROACHES TO NITROGEN AND WATER OXYGEN ATOMS 

/ 

ATOMS DISTANCE 
0 

( A ) 

ATOMS DISTANCE 
0 

( A ) 

NO 1 ) o(8 T) 2.979(5) N(2 T ) 0 (9 T ) 3.096(5) 

0 C 9 1 ) 2.887(5) oCn 1) 3.016(6) 

0 0 1 1 ) 3.097(5) o ( 4 v n ) 3.003(6) 

0(4 V ) 2.828(4) o ( 7 I V ) 2.893(5) 

0 ( 5 V I ) 2.886(5) 0 ( 8 V I ) 3.043(5) 

o ( i o m ) 3.087(4) 0 ( 1 1 X I 1 1 ) 3.104(5) 

0(2 T ) 0(3 X) 2.621(4) 0(11*) N d 1 ) 3.097(5) 

0 ( 5 I X ) 2.685(4) N(2 T) 3.016(6) 

0(6 T ) 2.798(4) N ( 2 V I 1 1 ) 3.104(5) 

o d 1 ) 2.700(4) o d m ) 3.056(4) 

0(3 T ) 2.896(4) 0 ( 6 V I ) 2.955(4) 

0(7*) 2.871(5) 0 ( 8 I V ) 3.227(4) 

EQUIVALENT POSITION SYMMETRY CODE 

x , y , z I 

- x , - y , -z I I 

- - x , i + y , i - z I I I 

• x , i - y , -§- + z IV 

- 1 + x , -g- - y , - T> + z V 

- x , - i + y , i - z V I 

1 - x , - y , 1 - z V I I 

- x , - y , 1 - z V I I I 

x , i - y , z - i IX 

1 - x , -g- + y , -g- - z X 
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TABLE 5 .13 

HYDROGEN BONDING PARAMETERS 

BOND 
DISTANCE BETWEEN 
HYDROGEN BONDED 

ATOMS (S) 

BOND 
ANGLE 

( ° ) 

N O 1 ) - H O 1 ) - 0(4 V ) 2.828(4) 160.6 

N O 1 ) - H ( 2 I ) - 0 ( 5 V I ) 2.886(4) 173.3 

N O 1 ) - H(4 T ) - 0(8 T ) 2.979(5) 155.5 

N O 1 ) - H ( 4 I ) - 0(9*) 2.887(5) 123.0 

N O 1 ) - H ( 3 I ) - o ( i o m ) 3.087(4) 138.9 

N O 1 ) - H O 1 ) - o C u 1 ) 3.097(4) 132.2 

N(2 I) - H(6X) - o(9 T ) 3.096(5) 91.8 

NC21) - H(6 T ) - o ( 9 m ) 3.379(5) 146.4 

N(2 I) - H(5 T ) - 0(11 T) 3.016(6) 159.9 

NC21) - H O 1 ) - o ( 4 V I 1 ) 3.003(6) ' 155.8 

N(2 T) - HQ1) - o ( 7 I V ) 2.893(5) 152.7 

N(2 J ) - E(QJ) - 0 ( 1 1 V I 1 1 ) 3.104(5) 114.3 

0(2 T ) - H 0 1 1 ) -- o ( 5 I X ) 2.685(4) 171.4 

0 ( 2 ^ - HC121) -- C(3X) 2.621(4) 167.2 

0C111) - HC91) • - o ( i m ) 3.056(4) 160.3 

0 O 1 1 ) - H(10 T) - 0 ( 6 V I ) 2.955(4) 163.4 
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