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SUI11AKY

The theme o f th i s  th e s is  i s  th e  study o f hydrogen bonding, 

mainly in  ac id  s a l t s ,  by neutron and X-ray d if f r a c t io n .

In  P a rt I  some aspec ts  of th e  theory  and p ra c tic e  o f neutron 

d i f f r a c t io n  and i t s  a p p lic a tio n  to  the  study of c ry s ta l  s tru c tu re  

a re  d iscussed  and comparisons made w ith  X-ray d i f f r a c t io n .  P a rt I I  

contains a sh o rt review  o f hydrogen bonding.

The c iy s ta l- s t r u c tu r e  analyses by neutron d i f f r a c t io n  o f the 

ac id  s a l t s  potassium  te tro x a la te  and potassium  hydrogen malonate and 

o f the  Tutton s a l t  ammonium n ick e l su lphate  hexahydrate a re  described 

in  P a rt I I I .  The s tru c tu re  of each compound i s  d iscu ssed .

In  P a rt IV th e  X-ray c ry s ta l- s t r u c tu r e  a n a ly s is  o f th e  acid  s a l t  

l-m e th y l-2-quinolonium dihydrogen a rsen a te  i s  described  and i t s  

s tru c tu re  d iscu ssed . Also described  i s  th e  s tru c tu re  an a ly s is  of a  

m a te ria l which was thought to  be potassium  deuterium  d i-a s p ir in a te ,  

bu t which was re c e n tly  found not to  be d eu tera ted .

A r e p r in t  o f a published paper (C urrie , Curry and Speakman, 1967) 

on th e  c ry s ta l- s t ru c tu re  a n a ly s is  by neutron  d i f f r a c t io n  o f ammonium 

te tro x a la te ,  which i s  isomorphous w ith potassium  te t r o x a la te ,  i s  

included as Appendix I ,  and a note on th e  se ttin g -u p  o f c ry s ta ls  on 

a  fo u r -c i rc le  neutron  d iff ra c to m e te r  as Appendix I I .
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SOME ASPECTS OF NEUTRON DIFFRACTION
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1 . INTRODUCTION

J u s t  as Rontgen's d iscovery  of X-rays in  1895 was followed 

by th e  d iscovery  o f X-ray d if f r a c t io n  by c ry s ta ls  (F ried rich , 

Knipping and Laue, 1912) so a lso  was th e  d iscoveiy  of neutrons 

i n  1932 follow ed by th a t  o f n e u tro n 'd if f r a c t io n  in  1936 .

The neutron i t s e l f  was discovered by Chadwick in  1932, and 

E lsa sse r  (1936) made th e  suggestion  th a t  wave-mechanical con

s id e ra tio n s  would determ ine th e  motion o f neu trons, which should, 

th e re fo re , be d if f ra c te d  by c iy s ta ls  in  the  same way as X -rays. 

The d i f f r a c t io n  of neutrons was duly dem onstrated f i r s t  o f a l l  

by Kalban and Preiswerk (1936) ,  whose experim ents were c a rrie d  

ou t w ith  p o ly c ry s ta llin e  samples, and then  by M itch ell and Powers 

(1936) ,  who showed th a t  d i f f r a c t io n  by s in g le  c ry s ta ls  took p lace . 

In  both cases radium -beiylliura neutron sources were used, which, 

w h ils t s u f f ic ie n t  to  prove th a t  d if f r a c t io n  d id  occur, were too  

weak to  provide ary  q u a n tita t iv e  d a ta .

I t  was thus not u n t i l  a f t e r  1945> w ith th e  co n stru c tio n  o f 

n u c lea r re a c to rs , from which neutrons were a v a ila b le  in  r e la t iv e  

abundance, th a t  th e  a p p lic a tio n  o f neutron d i f f r a c t io n  to  th e  

se r io u s  study o f c ry s ta l  s tru c tu re  became p ra c tic a b le . Since 

th en  i t  has become a technique o f considerab le  importance fo r  

supplem enting and am plifying th e  r e s u l ts  o b ta in ab le  by X-ray 

d i f f r a c t io n .



NEUTRON SCATTERING BY A NUCLEUS

I f  a  plane wave o f neutrons described  by a w ave-function,

t  = exp (iKz) ,

where K = 2 t t  / \  i s  the  wave-number, i s  in c id e n t on a nucleus, 

th e  sc a tte re d  wave w ill  be sp h e r ica lly  symmetrical and o f th e  form,

♦ = -  (b /r)  exp (iKr) , 

where r  i s  th e  d is ta n ce  from th e  nucleus to  th e  po in t a t  which 

th e  sc a tte re d  wave i s  measured. The q u a n tity  b , which has th e  

dimensions o f a le n g th , i s  known as th e  n u c lea r s c a tte r in g  len g th , 

o r  neutron  s c a tte r in g  am plitude, o f th e  nucleus (Bacon, 1962, 19o3).

With th e  exception o f  c e r ta in  n u c le i which have high abso rp tion  

c o e f f ic ie n ts  b i s  r e a l ,  and may be p o s i t iv e  o r  neg ativ e . I f  b 

i s  p o s i t iv e  th e re  i s  a change o f phase o f  180° between th e  in c id e n t 

and sc a tte re d  beams, w h ils t  i f  b i s  neg a tiv e  no change of phase 

o ccu rs. In  th e  case o f n u c le i w ith high ab so rp tion  c o e f f ic ie n ts  

b ' i s  a  complex number, in d ic a tin g  th a t  th e  change of phase i s  

ap p rec iab ly  d if fe re n t  from e i th e r  0°  o r 180°.

The s c a tte r in g  c ro s s -se c tio n  o f th e  nucleus i s  defined  as 

outgoing cu rren t o f s c a tte re d  neutronsQ = ------------------------------------------------------------
in c id e n t neutron f lu x

|(b /r )  exp (iK r)| 2 

V v |ex p  (iKz)! 2

= 4 n b 2 , 

where v  i s  th e  neutron v e lo c ity .
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The a c tu a l v a lu e ’o f th e  s c a tte r in g  le n g th  o f ary  nucleus 

depends on the  boundary- conditions a t  th e  n u c lea r su rface , which 

cannot a t  th e  p resen t tim e be determined d i r e c t ly .  I t  i s ,  however, 

p o ss ib le  to  express them in  terms of c e r ta in  q u a n tit ie s  r e la t in g  

to  th e  compound nucleus formed by combination o f the  in c id e n t 

neu tron  and th e  nucleus* On th i s  b a s is  the  s c a tte r in g  le n g th  i s  

composed o f two term s, v iz .  th e  " p o te n tia l” term , which i s  equal 

to  th e  n u c lea r rad iu s , and hence i s  always p o s it iv e , and th e  

"resonance" term, which i s  a  fu n c tio n  o f  th e  energy o f th e  in c id e n t 

neutron  i t s e l f  and th e  energy i t  should have i f  i t  i s  to  produce 

resonance in  th e  compound nucleus. The resonance term may be 

e i th e r  p o s it iv e  o r n eg a tiv e , and in  a  few cases i t  i s  negative  and 

s u f f ic ie n t ly  la rg e  num erically  to  outweigh th e  p o te n tia l  terra, 

th u s  g iv ing  a re s u lta n t  s c a tte r in g  len g th  which i s  negative*

So f a r  we have considered neutron s c a t te r in g  by a nucleus 

w ith  zero  spin* Such s c a t te r in g  i s  e n t i r e ly  "coherent", i . e .  i t  

i s  coheren t w ith th a t  by o th e r  nuc le i and can th e re fo re  produce 

in te r fe re n c e . I f ,  however, th e  s c a t te r in g  nucleus has a non-zero 

sp in  I  , combination may tak e  p lace w ith  a  neu tron , o f sp in  £  , 

to  form one o f two a l te r n a t iv e  compound n u c le i , having sp in s  o f 

I  ♦ ■§• and I  -  £  re sp e c tiv e ly . D iffe re n t s c a tte r in g  le n g th s , 

b+ and b_ , a re  a sso c ia te d  w ith th ese  two p o ss ib le  compound 

n u c lea r systems,' and th e  re s u l ta n t  s c a t te r in g  i s  o f two d if f e r e n t  

ty p es , th e  t o t a l  s c a tte r in g  c ro s s -se c tio n  n being  th e  sura o f



—

two to re s ,  one o f which i s  th e  c ro ss -se c tio n  f o r  11 coherent” 

s c a t te r in g , and th e  o th e r th a t  fo r  " incoheren t11 s c a tte r in g , i . e .  

s c a t te r in g  which does not give d if f r a c t io n .  I t  i s  noteworthy th a t  

th e  m ajor component o f th e  s c a tte r in g  c ro s s -se c tio n  i s  not always 

coherent and th a t  in  c e r ta in  cases,- e .g .  hydrogen, p ra c t ic a l ly  a l l  

th e  s c a t te r in g  i s  in co h eren t.

As th e  nuc lear s c a t te r in g  len g th  cannot be ca lcu la ted  d i r e c t ly  

from th e o re t ic a l  co n sid era tio n s  i t  i s  in  p ra c tic e  determined 

experim en tally . There a re  th re e  main methods fo r  doing th i s  i th e  

de term ina tion  o f the  r e f r a c t iv e  index fo r  slow neu trons, the  

measurement o f th e  t o t a l  s c a t te r in g  c ro s s -se c tio n  by transm ission  

experim ents, and th e  measurement o f the in t e n s i t i e s  o f coherent 

Bragg peaks in  d if f r a c t io n  p a tte rn s . These methods a re  d iscussed  

a t  le n g th  by Bacon (1962).

3 . NEOTRQN SCATTERING BY AN ASSEMBLY 0? NUCLEI

I f  a: p lane wave o f  neutrons d escribed , a s  be fo re , by a wave- 

fu n c tio n ,

f  = exp (iKz) , 

i s  in c id e n t on an assembly o f n u c le i in  a  c iy s ta l ,  th e  r e s u l ta n t  

wave a f t e r  s c a tte r in g  by th e  s e t  o f p lanes having M ille r  in d ic e s  

(hk<?) i s  given by

f = exp (iKz) -  £ ( b . / r )  exp (iKr) e x p 2 n i (h x  + ky. + ) , z . )
• { V  J 0 J



i n  vhich  th e  summation i s  over a l l  th e  n u c le i in  th e  u n i t  c e l l  of 

th e  c ry s ta l  and Xj , and z*  a re  th e  f r a c t io n a l  coordinates

o f  th e  j  th  nucleus, whose s c a tte r in g  le n g th  i s  b j .

At un it, d is tan ce  from th e  n u c le i t h i s  becomes

= exp (iK) | l  -  £ b^ exp 2 TTi  ( hXj + kyj + Zz j )} ,

and th e  s tru c tu re  f a c to r  f o r  th e  s e t  o f p lanes (hki) i s  defined as

F(hkX) = H b j exp 2 n i ( hXj + kyj + X3j  ) ,

which i s  analogous to  th e  s im ila r  expression  in  X-ray c ry sta llo g rap h y ,

F(hkX) = E f . exp 2n i ( hx. + ky . + Zz.  ) ,
j  J J J J

where f . i s  th e  X-ray s c a tte r in g  f a c to r  o f the  j th  atom*
«J

The c lo se  resemblance o f th e  expressions fo r  the  s tru c tu re  

f a c to r  in  neutron and X-ray ciystallograpfcy i s  not only immediately 

ap p aren t, bu t i s  a lso  in d ic a tiv e  o f th e  ready a p p l ic a b i l i ty  to  the  

form er o f  p r in c ip le s  o r ig in a l ly  derived  f o r  th e  l a t t e r .  These are 

d e a l t  w ith  a t  len g th  in  th e  many tex t-books on th e  su b je c t, e .g . 

L ipson and Cochran (1966), and i t  i s  no t th e re fo re  proposed to  

m ention them fu r th e r  h e re .

, COMPARISON 0? X-RAY AID NEUTRON SCATTERING A-ITLITUDBS

The nuc lear s c a t te r in g  len g th , o r neutron  s c a tte r in g  am plitude, 

b , i n  neutron d i f f r a c t io n  i s  analogous to  th e  s c a t te r in g  fa c to r  f x 

i n  X-ray d if f r a c t io n ,  bu t d i f f e r s  from i t  in  sev era l ways, thus
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g iv ing  r i s e  to  the  d iffe ren c es  between X-ray and neutron d if f r a c t io n .

The X-ray s c a tte r in g  fa c to r  o f an element (a t s in  9 = 0 )  i s

d i r e c t ly  p ro p o rtio n a l to  i t s  atomic number, tho X-rays being

s c a tte re d  by th e  e x tra -n u c lea r e lec trons*  Neutrons, however, are

s c a t te re d  by th e  nucleus, and, w h ils t th e re  i s  a s l ig h t  o v e ra ll

in c re a se  in  s c a tte r in g  le n g th  w ith in c re as in g  atomic weight as a

r e s u l t  o f p o te n tia l  s c a t te r in g , resonance s c a tte r in g  causes marked

d if fe re n c e s  from nucleide  to  nucleide, and in  c e r ta in  cases b has

a  neg a tiv e  va lue . The X-ray and neutron cases a re  compared in

F igure  1 . I t  should a lso  be remarked th a t ,  as a r e s u l t  o f  the

d i f f e r in g  masses o f t h e i r  n u c le i, d i f f e r e n t  iso to p es  o f th e  same

elem ent have d if f e r e n t  va lues of b , c f .  hydrogen and deuterium ,
-12-0 .3 7 3  and 0.65  x 10 cm. re sp e c tiv e ly .

Another s tr ik in g  d iffe re n c e  i s  t h a t ,  u n lik e  f  , b does not 

v a iy  w ith  the  Bragg angle 9 (Figure 2 ) .  This i s  because th e  

dim ensions o f the nucleus a re  small in  comparison w ith a neutron  

w avelength in  the reg io n  o f l l .  The cloud o f  e le c tro n s , however, 

by which X-rays a re  s c a tte re d , has dim ensions which a re  comparable 

to  th e  wavelength o f th e  X -rays, and hence f  d im inishes as the  

Bragg angle  9 in c re a se s .

5. FACTORS AFFECTING INTENSITY

The in te n s i ty  I ( h k 9  o f a beam o f  neutrons d if f r a c te d  by 

th e  s e t  o f  p lanes having M ille r in d ice s  (hki) o f an id e a l ly
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im perfec t c ry s ta l  which i s  ro ta t in g  w ith  uniform v e lo c ity  through 

th e  p o s it io n  o f th e  Bragg re f le x io n  may be expressed as

K hki) = K . L(hk;«). |F(hki)j 2

where K = constan t fo r  th e  experim ent,

L(hk.J) = lo re n tz  fa c to r ,

and |F(hk.4)| = s tru c tu re  am plitude.

The Lorentz f a c to r  depends on th e  v e lo c ity  w ith  which a 

p a r t ic u la r  s e t  o f p lanes pass through th e  re f le c t in g  p o s itio n , and 

i s  given by

L(hki) -
s in  20

U nlike th e  X-ray case no p o la r is a t io n  co rre c tio n  i s  req u ired .

True abso rp tion  of neu trons, i . e .  a tte n u a tio n  of the  in c id en t 

neu tron  beam through n u c lea r cap ture  p rocesses, i s  n e g lig ib le  fo r  

most elem ents, though th e re  a re  a.few  notable  excep tions, e .g . 

l i th iu m , boron and cadmium. Incoherent s c a t te r in g  p rocesses, 

however, may co n trib u te  to  th e  e f fe c t iv e  ab so rp tio n  c o e f f ic ie n t p 

more than  tru e  absorp tion ; th i s  i s  p a r t ic u la r ly  so in  th e  case of 

compounds con tain ing  hydrogen, which has a  la rg e  incoheren t 

s c a t te r in g  c ro s s -se c tio n . I t  i s  th e re fo re  p re fe ra b le  to  determ ine 

p  experim entally  by measuring th e  a tte n u a tio n  o f  a narrow mono

chrom atic beam in  passing  through a sample o f  known th ic k n e ss . 

N onetheless, abso rp tion  i s  not a se rio u s  problem in  neutron • 

d i f f r a c t io n ,  and in  any case a c o rre c tio n  fo r  i t  may be applied
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r e la t iv e ly  e a s ily , e .g . Busing and Levy (1957).

More serious in  neutron d if f r a c t io n ,  owing to  th e  s iz e  o f 

th e  c iy s ta ls  gen era lly  used, i s  th e  problem o f e x tin c tio n , i . e .  

a tte n u a tio n  o f the in c id e n t beam through Bragg re f le x io n . There 

a re  two types, v iz .  prim ary e x tin c tio n , by which the  in c id en t 

beam i s  a tten u ated  in  a p e rfe c t c ry s ta l ,  and secondary e x tin c tio n , 

by which the in c id e n t beam i s  a tten u a ted  by re fle x io n  in  two o r 

more mosaic blocks w ith id e n tic a l  o r ie n ta t io n s . Fundamental 

co rrec tio n s  fo r  e x tin c tio n , p a r t ic u la r ly  fo r  secondary e x tin c tio n , 

a re  very d i f f i c u l t  to  make, but n ev erth e le ss  a re  now p o ss ib le  on 

th e  b a s is  o f a th e o re t ic a l  trea tm ent developed by Zachariasen (19&7)•

6 . THE COLLECTION OF NEUTRON-DIFFRACTION DATA

The lay o u t o f a ty p ic a l neutron d iffra c to m e te r i s  shown in  

F igure 3* E sse n tia lly  th e  c o lle c tio n  o f n e u tro n -d if f ra c tio n  data 

i s  s im ila r  to  th a t  o f X-ray d i f f r a c t io n  d a ta  although th e re  a re  

n e c e ssa r ily  d iffe ren c es  in  th e  techniques employed in  th e  two cases.

U seful q u a n tita t iv e  d if f r a c t io n  measurements u su a lly  req u ire  

a  beam o f monochromatic ra d ia tio n , so th a t  B ragg 's Law,

n \  = 2d s in  0 , 

may be s a t i s f ie d .  With X -rays, which have a c h a r a c te r is t ic  

spectrum (Figure 4a) > th i s  i s  e a s i ly  achieved by using  a s u f f ic ie n t ly  

high vo ltage  and th e  ap p ro p ria te  f i l t e r ,  e .g .  f o r  ra d ia tio n  from a 

copper ta rg e t  a n ick s! f i l t e r  d r a s t ic a l ly  c u r ta i l s  th e  um anted
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wavelengths.

The therm al neutron spectrum, however, i s  ‘’w h ite1’ (Figure /fb ), 

and m onochroraatisation i s  achieved by d if f r a c t in g  th e  collim ated 

beam o f f  a la rg e  s in g le  c ry s ta l  o f a  su ita b le  m a te r ia l, e .g . 

calcium  f lu o r id e , copper, z inc o r  le a d . The p o s itio n  o f th i s  

c ry s ta l  i s  ad ju sted  so th a t ,  in  accordance w ith Bragg’ s Law, 

ra d ia t io n  o f a. narrow range of wavelength i s  d if f ra c te d  from a 

p a r t ic u la r  s e t  o f p lanes. The re s u lta n t  beam i s  n o t, th e re fo re , 

s t r i c t l y  monochromatic, and th e  range o f wavelength obtained may 

be v a ried  by a d ju stin g  th e  cadmium s l i t s  a t  th e  end o f a second 

co llim a to r p laced between th e  monochromator and th e  specimen.

The obvious choice fo r  th e  Bragg angle A i s  th a t  which would 

g ive  a  beam o f maximum in te n s i ty .  However, i f  t h i s  i s  done th e re  

would be a  f a i r l y  strong  component o f ra d ia tio n  o f wavelength one- 

h a l f  o f th a t  d e s ire d , as a r e s u l t  o f  second-order re f le x io n  

s a t is fy in g  th e  cond ition ,

n -  =  2 -  s in  6 .
2 2

To overcome th i s  d i f f i c u l ty ,  0 i s  u su a lly  chosen so as to  give a 

wavelength on the  sh o rt wavelength s id e  o f th e  peak in te n s i ty  

(F igure  4b) and hence th e  in te n s i ty  o f th e  second-order re f le x io n  

i s  very  low.

As th e  energy o f therm al neutrons i s  o f  th e  o rd er o f  0 .1  eV. 

compared w ith  10 eV. f o r  X-ray quanta, th e  neutrons d if f r a c te d  

from th e  specimen cannot be d e tec ted  d i r e c t ly ,  bu t only through
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t h e i r  re a c tio n s  w ith atomic r.uciei which give r i s e  to  p a r t ic le s  of

much g re a te r  energy. In  th e  neutron work. to  be described  l a t e r  in

t h i s  th e s is  b o ro n - tr if lu o r id e  p ro p o rtio n a l counters were used.

These a re  f i l l e d  w ith BF gas which has been enriched to  96 w 
10

in  th e  re a c tiv e  B iso to p e . The' n u c lea r re a c tio n ,

10rj A 1 4 7 -.
5 0 2 a + 3 '

tak es  p la ce , and th e  e n e rg e tic  p a r t ic le s  produced, v iz . ^ a 

^Li a re  then  detec ted  (Arndt and W illis , 1966). Such coun ters, 

and indeed most counters used to  d e te c t neu trons, a re  la rg e  in  

comparison w ith those used to  d e te c t X -rays.

Owing to  the  comparative weakness o f  th e  beam of therm al 

neutrons th e re  a re  c e r ta in  problems p e c u lia r  to  th e  c o lle c tio n  of 

neutron  d a ta  which do not a r is e  to  any s ig n if ic a n t  ex ten t in  th e  

c o lle c t io n  o f  X-ray d a ta . Not l e a s t  o f th e se  i s  th e  n e ce ss ity  of
3

u sing  a much la rg e r  c ry s ta l ,  o f minimum volume 3 mm , which i s  

sev e ra l tim es th a t  o f a  c ry s ta l  from which X-ray d a ta  would be 

c o lle c te d . In  p ra c tic e  even la rg e r  c ry s ta ls  a re  o f te n  used in  o rder 

th a t  s u f f ic ie n t  neutrons may be d if f ra c te d  fo r  d e te c tio n  w ithout 

excessive counting tim es. The production  o f c ry s ta ls  both o f a 

su ita b le  s iz e  and o f good q u a lity  i s  o f te n  d i f f i c u l t ,  and th e  use 

o f  a  la rg e  c ry s ta l  may in  i t s e l f  cause se rio u s  e x tin c tio n  problems. 

To overcome th ese  d i f f i c u l t i e s  to  some e x ten t, more e f f ic ie n t  

monochromators have re c en tly  been developed a t  A .E .R .E ., Harwell 

i n  o rd e r to. in c rease  th e  in te n s i ty  of th e  monochronatised neutron
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beam in c id e n t on the  specimen so enabling d a ta  to  be co lle c ted  

from sm alle r c ry s ta ls  and hence reducing th e  e f fe c ts  o f e x tin c tio n .

7 .  THE APPLICATIONS OF NEUTRON DIFFRACTION

Neutron d if f r a c t io n  i s  by no means as widely used a technique 

as X-ray d if f r a c t io n  and seems u n lik e ly  to  become so owing to  the 

very  h igh  cost o f prov id ing  th e  neutrons. Indeed, Arndt and W illis  

(1966) have estim ated th a t  i t  co sts  in  th e  reg ion  o f £1  p e r  

re f le x io n  to  c o lle c t  neutron d a ta  on a f u l ly  autom atic d iffra c to m e te r, 

w h ils t th e  cost o f s im ila r ly  co lle c ted  X-ray d a ta  i s  approxim ately 

fid p e r re f le x io n . (These co sts  assume in te n s iv e  u t i l i s a t i o n  o f  

th e  equipm ent.) Neutron d i f f r a c t io n  i s  n o t, th e re fo re , to  be used 

l ig h t ly ,  and hence i t s  a p p lic a tio n  i s  g en era lly  lim ited  to  problems 

which cannot be solved in  a  f u l ly  s a t is fa c to ry  way by X-ray methods.

The advantages o f u sing  neutron d i f f r a c t io n  in  p reference  to  

X-ray d i f f r a c t io n  nearly  a l l  a r is e  from th e  d iffe re n c e s  between the  

n uc lear s c a tte r in g  len g th  b and th e  X-ray s c a tte r in g  fa c to r  f x 

which have already  been b r ie f ly  d iscussed .

I t s  f i r s t  a p p lic a tio n , which i s  o f  p a r t i c u l a r  i n t e r e s t  to  th e  

chem ist, i s  fo r  the  lo c a t io n  o f  l ig h t  atoms, in  p a r t ic u la r ,  hydrogen. 

The accuracy o f th e  de term ination  o f an atomic p o s it io n  depends on 

th e  c o n trib u tio n  o f the atom to  th e  in te n s i ty  d a ta , and th e  average 

c o n trib u tio n  o f an atom i  to  th e  in te n s i ty  o f a Bragg re fle x io n  

may be w ritte n



where i s  the  s c a t te r in g  am plitude o f the  atom i  and n 

i s  th e  number o f atoms in  the  asymmetric u n it  o f the  u n it  ce3.1 of 

th e  c ry s ta l .

Thus in  the s tru c tu re  an a ly s is  by neutron  d if f r a c t io n  o f  

ammonium te tro x a la te ,  C^H^KOg.ZEjO (Appendix I ) , th e  c o n trib u tio n  

o f the  hydrogen atoms to  th e  to t a l  s c a t te r in g  was approxim ately 

20% and th e i r  p o s itio n s  were determined to  w ith in  0 .01  A. I f ,  

however, th i s  an a ly s is  had been ca rried  out by X-ray d i f f r a c t io n  

th e  c o n trib u tio n  o f th e  hydrogen atoms to  th e  to t a l  s c a t te r in g  

would have been in  th e  reg ion  o f 1 % a t  low s i n 0 and zero a t  

h igh  s i n  0 , w ith th e  r e s u l t  th a t  t h e i r  p o s itio n s  could no t have 

been determined w ith a iy  degree o f accuracy, i f  indeed they  could 

have been lo ca ted  a t  a l l .

A complementary use o f neutron d i f f r a c t io n  i s  in  d is tin g u ish in g  

between atoms o f neighbouring atomic number; such a d is t in c t io n  

i s  d i f f i c u l t  using  X-ray d if f r a c t io n  owing to  the  s im ila r i ty  o f 

t h e i r  s c a tte r in g  f a c to r s .  Neutron d i f f r a c t io n ,  in  which th e  

s c a tte r in g  leng th  has no re g u la r  dependence on atomic number, can 

o f te n  provide a so lu tio n  to  th i s  problem, and has been used 

su cc e ss fu lly  in  th e  s tru c tu re  de term ina tions o f a llo y s  o f  t r a n s i t io n  

elem ents, e .g . an iro n -c o b a lt a llo y  (S hull and S ieg e l, 194-9), and
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o f sp in e ls , e .g . magnesium aluminium oxide (Bacon, 1952).

A th i r d ,  and very  im portant, a p p lic a tio n  o f neutron d if f r a c t io n  

i s  in  s tu d io s  o f m agnetic m a te ria ls , e .g . th e  oxides o f th e  

t r a n s i t io n  m etals. The o b jec t o f such s tu d ie s , which have to  be 

c a rr ie d  out a t  low tem peratures, i s  to  a sc e r ta in  th e  p a r t ic u la r  

form o f magnetic coupling between th e  m agnetic atoms, and hence 

to  r e la te  th i s  to  th e  e le c tro n ic  s t ru c tu re .  A comprehensive 

account o f  th i s  a sp ec t o f neutron d i f f r a c t io n  i s  given by Bacon (1962).

A veiy  re c en tly  developed a p p lic a tio n  involves a combination 

o f  very  accura te  X-ray and n e u tro n -d if f ra c tio n  s tu d ie s  o f  r e la t iv e ly  

sim ple s tru c tu re s . Param eters derived from th e  refinem ent of 

n e u tro n -d if fra c tio n  d a ta  are  used w ith observed s tru c tu re  am plitudes 

from th e  X-ray a n a ly s is  to  compute e le c tro n -d e n s ity  d iffe ren c e  

syntheses in  which atom ic charge d is t r ib u t io n s  and bonding e lec tro n s  

may be d e tec ted  (e .g . Coppens, 1967). Such d e ta i ls  o f chemical 

bonding were h ith e r to  in a cc e ss ib le  experim entally .

i



PART II

THE HYDROGEN BOND



-  u  -

1 . BIT INDUCTION

The concept o f the  hydrogen bond o rig in a te d  towards the  end o f 

th e  l a s t  century when i t  was e s tab lish ed  -not only th a t a sso c ia tio n  

was more l ik e ly  among molecules con tain ing  c e r ta in  fu n c tio n a l groups 

th an  among o th e rs , bu t a lso  th a t  the  presence o f hydroxyl groups was 

e sp e c ia lly  s ig n if ic a n t ,  v iz .  a lcohols and phenols formed a sso c ia tio n  

complexes whereas hydrocarbons did  not (N ernst, 1891). Hydrogen 

bonding in  ammonium s a l t s  was p o s tu la ted  by Werner in  1903 and in  

1912 Moore and Winmill proposed a hydrogen-bonded s tru c tu re  fo r  

tr im e th y l ammonium hydroxide. In tra -m o lecu la r hydrogen bonding in  

some azo d e riv a tiv e s  o f eugenol was proposed by Oddo and Puxeddu 

in  1906 and in  1-hydroxy-anthraquinon© by P f ie f f e r  in  1913»

An im portant development came when i t  was recognised by Latim er 

and Rodebush (1920) th a t  hydrogen bonding was th e  cause o f th e  

a s so c ia tio n  o f w ater, which r e s u l ts  in  i t s  unusual chemical and 

p h y sica l p ro p e rtie s , e .g . high m elting p o in t, high b o ilin g  p o in t, 

expansion on s o l id i f ic a t io n ,  e tc .

Since then hydrogen bonding has been found in  many d if f e r e n t  

environm ents, from in o rg an ic  s a l t  hydra tes  to  p ro te in s  and n u c le ic  

a c id s . Of p a r t ic u la r  importance i s  i t s  ro le  in  b io lo g ic a l systems, 

o f which th e re  i s  no b e t te r  example than  de-oxyribonucleic  a c id  (DNA), 

in  which bases a ttached  to  two sugar-phosphato chains a re  lin k ed  

through hydrogen bonds to  form a double h e l ix  (Watson and C rick, 1953).



THE CIl-tR*iCTERI ST IG S OF HYDROGEL'! BONDS

A hydrogen bond e x is ts  between a fu n c tio n a l group X—H

'and an atom o r group o f atoms Y in  th e  same o r  in  a d i f f e r e n t

m olecule when ( i)  th e re  i s  evidence o f bond form ation (a sso c ia tio n  

o r  chela tion ) o r (2) th e re  i s  evidence th a t  th i s  new bond lin k in g  

X—H and Y s p e c if ic a l ly  involves th e  hydrogen atom lin k ed  to  X 

(Pim entel and M cClellan, I 960) .

Strong hydrogen bonds are  u su a lly  formed only when X and Y

a re  e lec tro n e g a tiv e , e .g . f lu o r in e , oxygen o r n itro g en , which have

e le c tro n e g a tiv ity  values o f ^ .0  , 3*5 and 3 .0  re sp e c tiv e ly  

(Pauling, I960). Weaker bonds may, however, occur in  c e r ta in  

favourable  circum stances, e .g . in  o-chlorobenzoyl ace ty lene  th e re  

i s  a 0—H***0 bond between the  =C—H ethynyl group and a 

neighbouring carbonyl oxygen a^om (Ferguson and Islam , 1966). 

Typical hydrogen bonds normally have energ ies in  th e  range

6—12 Kcal.mole"^ and a re  hence about te n  tim es weaker than
\

covalen t bon is . In  th e  b if lu o r id e  io n , however, th e  energy o f the 

bond may be in  th e  reg ion  o f 4-0 Kcal.mole’*'*' — a 

remarkably high value.

THE DETECTION OF HYDROGEN BONDS

U n til th e  advent o f spectroscop ic  and d i f f r a c t io n  techniques 

only th e  c la s s ic a l  methods of physica l chem istiy , such as
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measurements of s o lu b i l i ty ,  m olecular weight, d ie le c t r i c  constant 

and co n d u ctiv ity , were av a ilab le  fo r  th e  d e tec tio n  o f hydrogen bonds. 

By th e se  methods t h e i r  presence i s  u su a lly  im plied in d ir e c t ly ,  e .g . 

when a sso c ia tio n  o f so lu te  molecules i s  tak in g  p lace  through 

hydrogen bonding cryoscopic measurements in d ic a te  in c reas in g  values 

o f th e  apparent m olecular weight as th e  concen tra tion  o f so lu te  

goes up.

Hydrogen bonding may a lso  be s tu d ied  by various spec tro scop ic  

tech n iq u es . Of th e se , th e  most u se fu l a t  the  p resen t tim e i s  the  

in f r a - r e d  spectrum, in  which a c h a r a c te r is t ic  low ering o f th e  

X—H s tre tc h in g  frequency i s  observed i f  a bond X—H*• *Y i s  

formed. For 11 s t r a ig h t11 hydrogen bonds th e re  i s  an approxim ately 

l in e a r  re la tio n s h ip  between the  X—H s tre tc h in g  frequency and 

th e  X***Y d is tan ce  (Nakamoto, Margoshes and Bundle, 1955;

Bellamy and Pace, 1969), and hence i t  i s  p o ssib le  not only to  

d e te c t  th e  bond from th e  spectrum, but a lso  to  make an e stim ate  

o f i t s  le n g th .

I t  i s ,  however, from X-ray and, more re c e n tly , neu tron  

d i f f r a c t io n  th a t  most o f th e  q u a n tita t iv e  inform ation  about the  

dim ensions of hydrogen bonds a v a ilab le  a t  the  p resen t tim e has cerne. 

A lthough hydrogen atoms a re  not e a s i ly  d e tec ted  by X-ray d i f f r a c t io n  

i t  i s  nonetheless one o f th e  few ways by which the X***Y d is tan ce  

may be determined d i r e c t ly .  Using neutron  d if f r a c t io n  even the  

hydrogen atoms may be lo ca ted  w ith considerab le  p re c is io n .
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This su b jec t has been reviewed by Hamilton (1962), Ib e rs  (1965) 

and Hamilton and Ib e rs  (1963).

BONDS

The hydrogen bonds most commonly found in  c ry s te ls  a re  formed 

between oxygen atoms. On general grounds i t  i s  to  be expected th a t ,  

as th e  0***0 d is tan ce  dim inishes th e  C5—H d is tan ce  w ill  in c rease , 

bu t i t  i s  only since  th e  advent o f neutron  d if f r a c t io n  th a t  th e re  

has been any d ir e c t  evidence th a t  th i s  i s  so.

A graph to  show th e  re la tio n sh ip  between 0* • *0 and 0—H 

d is tan ces  in  hydrogen bonds was f i r s t  drawn by Nakamoto, Margoshes 

and Rundle (1955)• A s im ila r  graph by Pim entel and McClellan (i960) 

makes use o f the  in form ation  a v a ila b le  in  1959 and i s  shown in  

Figure l . / f o f P a rt I I I  o f  th i s  th e s i s .  While th e  use o f even l a t e r  

d a ta  might change th e  p o s itio n  o f th e  curve s l ig h t ly ,  th e  trend  i s  

obvious: as th e  0*•*0  d is tan ce  d im in ishes th e  0—H d is tan ce  

in c re a se s , and, h y p o th e tic a lly , a po in t should be reached a t  which 

th e  bond i s  t r u ly  symmetrical, w ith the  pro ton  mid-way between the  

two ozygen atoms..

The study of c ry s ta ls  con tain ing  0—H*»*0 bonds, and, in  

p a r t ic u la r ,  sh o rt 0—H***0 bonds, i s  th e re fo re  o f sp ec ia l 

i n t e r e s t ,  and has provided the  main theme o f t h i s  th e s is .
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1*1 INTRODUCTION

The c iy s ta l- s t r u c tu r e  an a ly s is  o f  ammonium te tro x a la te  (ATO) 

was one o f the  f i r s t  in  th i s  country to  be ca rried  out using  f u l l  

th ree-d im ensional n e u tro n -d if fra c tio n  d a ta . These da ta  were 

co lle c te d  a t  A .E.R .E., Harwell by Mr. N.A. Curiy a id  Dr. J .C .

Speakraan in  the  summer o f 1965; th e  subsequent s tru c tu re  an a ly s is  

and le a s t-sq u a re s  refinem ent were undertaken by the p re sen t w rite r .

A comprehensive account o f the  ATO work, w ritte n  mainly by Dr. 

Speakman, has a lready  been published (C urrie , Curry and Speakman, 

1967); a re p r in t  o f th i s  paper and a ta b le  o f observed s tru c tu re  

am plitudes and f in a l  ca lcu la ted  s tru c tu re  fa c to rs  are  p resen ted  as 

Appendix I .

Also mentioned b r ie f ly  in  th e  paper i s  the  c ry s ta l- s tru c tu re  

a n a ly s is  by neutron d if f r a c t io n  o f potassium  te tro x a la te  (KTO), 

which was p rev iously  stud ied  by Haas (1964.) using  X-ray methods.

In  th i s  case th e  d a ta  were co llec ted  a t  Harwell by th e  w r ite r , who 

a lso  ca rried  out th e  subsequent work. The s tru c tu re  a n a ly s is  o f 

potassium  te tro x a la te  i s  now described  in  more d e ta i l .

1 .2  EXPERIMENTAL 

C ry sta l Data

The u n it  c e l l  used in  th i s  an a ly s is  d i f f e r s  from th a t  o f  Haas. 

The a l te rn a t iv e  c e l l s  a re  sym m etrically re la te d  by th e  transfo rm ation
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m atrix  OOl/OlO/lOO,

• The follow ing param eters were e s ta b lish e d  by Cu-Ka X -rays, 

f o r  which \  was taken as 1 .5 4 1 8 1  fo r  a and 1 . 54-05 1  f o r  c^, 

by use o f a le a s t-sq u a re s  trea tm en t o f h ig h -o rd er re flex io n s  

whose p o s itio n s  on Weissenberg photographs were compared w ith 

l in e s  due to  aluminium w ire.

Potassium te tro x a la te ,  C^HyCOg^I^O, F.V.T. = 254-.09.

T r ic l in ic ,  a = 6.354- (±5), b = 10.605 (±7), s  = 7.021 (±5) K  

a = 36 .13°, P = 100.16°, Y = 78.10° (each ± 0 .0 3 °), U = 453-92 A3 . 

^  = 1 .7 9 , Z = 2 , Dx = 1.859.

Space group P i  <i ¥.o,2) .
/  ° \  -1L inear absorp tion  c o e ff ic ie n t fo r  neutrons U r j I  A), p = 1 .35  cm .

P rep a ra tio n  o f C rystals

One o f th e  main problems fac ing  th e  neutron c iy s ta llo g rap h e r 

i s  th a t  o f preparing su ita b ly  la rg e  and a t  th e  same tim e w ell- 

formed c ry s ta ls .  The method used to  prepare  such c y s t s ! s  o f KT0 

was as follow s :

A sa tu ra ted  so lu tio n  o f KT0 in  w ater was prepared and f i l t e r e d
o

in to  a beaker immersed in  a therm ostat a t  20 G. A small volume- o f 

t h i s  so lu tio n  was tra n s fe r re d  to  a  5 ml. beaker placed on a g la ss  

stand  in  a wide g lass  tu b e . This tube , which contained a sm all 

amount o f  concentrated su lphuric  ac id , was stoppered and immersed in
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th e  therm osta t so th a t  th e  5 nil. beaker was below th e  le v e l o f the

w ater in  th e  tank . A sm all, well-formed c iy s ta l  se lec ted  from KTO

fre sh ly  rec ry sta l3 .ised  from w ater was dropped in to  the  5 ml. beaker.

The tube was then  corked and l e f t  s tand ing  fo r  two o r th re e  days

to  allow  c iy s ta l  growth to  take p lace as th e  water vapour d i s t i l l e d

from th e  so lu tio n  in to  th e  su lphuric  a c id .

This procedure was ca rried  out many tim es w ith vary ing  degrees

of success. On some occasions a la rg e  number o f small c ry s ta ls

formed and no growth took p lace . On o th e rs  growth did  take  p lace ,

bu t th e  c ry s ta l  produced was o f obvious poor q u a li ty . However, a

number o f reasonable c ry s ta ls  were ev en tu a lly  produced and th e  most
3

s u ita b le  o f th ese , o f approximate dimensions 5 x 3 x 2  mm , was 

se le c ted  fo r  th e  d a ta  c o lle c tio n .

Data C o llec tio n

N eu tro n -d iffrac tio n  d a ta  were c o lle c te d  in  th e  sp ring  o f  1966 

i n  th e  DIDO re a c to r  a t  A .E.R .E., Harw ell, from which a neutron
o

beam, monochromatised to  \  = 1.103 A , was derived .

In te n s i ty  measurements were made w ith a  F e rra n ti  Mark I I  

autom atic  d iffra c to m e te r (Bunce and W heeler, 1965; Dyer, 1966;

Arndt and W illis , 1966) .  This instrum ent perm its ro ta t io n  o f the 

c ry s ta l  through th re e  E ulerian  ang les , I , x w > an£ ro ta t io n  

o f  th e  counter through 2 0 about an ax is  co inciden t w ith  th a t  o f yj. 

The d iffra c to m e te r  i s  co n tro lled  by punched paper tape  which
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contains in s tru c tio n s  fo r  ro ta tin g  th e  sh a f ts  to  b ring  each s e t  o f 

p lanes c lo se  to  th e  re f le c t in g  p o s itio n , followed by in s tru c tio n s  

f o r  advancing th9 c ry s ta l  by sn a il  angu lar s tep s  through th e  

re flex io n *  The number o f neutrons d e tec ted  a t  each s tep , during  a 

f ix e d  m onitor count, i s  recorded both on paper tape and te le p r in te r  

paper. The tape  which co n tro ls  the  d iff ra c to m e te r  i s  prepared in  two 

s ta g e s : f i r s t ,  the  fo u r angular p o s itio n s  corresponding to- each 

re f le x io n , out to  a sp ec if ie d  value o f 0 , a re  computed and output 

on punched cards, u sing  a program due to  M.J.D. Powell (1965) ; 

secondly, t h i s  deck o f cards i s  used to  p repare  a tape con tain ing  

in s tru c t io n s ,  in  ap p ro p ria te  form, to  f in d  and measure each re f le x io n  

(C uriy, 1966). A fu r th e r  program (Curcy, 1967) i s  used to  ’'p ro cess” 

th e  ta p e  ou tpu t from th e  d iffra c to m e te r to  y ie ld  a s e t  o f r e la t iv e  

in te n s i t i e s  and s tru c tu re  am plitudes.

N eu tro n -sca tte rin g  s tru c tu re  am plitudes were measured f o r  74-3 

independent re f le x io n s , p a r t i a l ly  covering th e  re c ip ro c a l sphere to  

0 = 4-5°• Of th ese  372 had values s ig n if ic a n t ly  above th e  background, 

24.2 , whose in te g ra te d  in te n s i t i e s  were low er than  a c e r ta in  th resh o ld  

value  (chosen to  be th re e  tim es t h e i r  standard  d e v ia tio n s , a , based 

on counting s t a t i s t i c s ) ,  \jere assigned in te n s i t i e s  equal to  o n e-h a lf 

o f  th a t  th resh o ld  v a lue , and a fu r th e r  129 had in te n s i t i e s  o f zero . 

A ll were included in  th e  subsequent refinem ent.

I  am g ra te fu l to  Mr. N.A. Cuny and Dr. J .B . Forsyth  fo r  t h e i r  

h e lp fu l advice and guidance during the  c o lle c tio n  o f  th ese  d a ta .
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S tru c tu re  A nalysis arid Refinement

The s ta r t in g  p o in t fo r  the  s tru c tu re  an a ly s is  was the  s e t of 

f r a c t io n a l  coord ina tes  found by Haas f o r  the  non-hydrogen atoms.

The seven hydrogen atoms were lo c a ted  in  th e i r  expected p o s itio n s  

i n  n e u tro n -sc a tte rin g  d en sity  and d iffe ren c e  syn theses.

Refinement by le a s t-sq u a re s  a n a ly s is  was then  commenced.

A fte r two cycles o f is o tro p ic  fu l l -m a tr ix  refinem ent vdth  u n it  

w eights the  R -value was 0.354 and R1 ( = Ew a2 / E w F 02 ) 0.114. 

At th i s  po in t a weighting scheme (McGregor, 1967) o f th e  same fo ra  

as  th a t  used in  th e  refinem ent o f ATO was in troduced . In  th is
p

scheme a l l  va lues of a a re  grouped in to  a two-dim ensional a rray , 

according to  ranges o f  s i n 0 A  and o f p  | .  In  each group ( ? )  

i s  c a lc u la te d . Any group in  which th e  number o f term s i s  inadequate 

i s  re je c te d . The values o f (a ) in  a l l  o th e r groups a re  then  

f i t t e d ,  by l e a s t  squares, to  a su rfa ce . In  th e  KTO a n a ly s is  th e  

fu n c tio n  obtained was

f  = - 0 .2 8  -  0 .11  I f J  + 0 .0 6 3 I f  I2 -  0 .175  ( r r r - f l ) 2o o s in  U

 _ , ~ - 3  / A on 7s in  0 N2+ 3.0S * 10 -  3-77 ( - 5̂ )

Then w [=  exp ( - f ) ]  was ca lcu la ted  f o r  each re f le x io n . Using 

th i s  scheme, whose adequacy was dem onstrated by th e  un ifo rm ity  of
p

th e  average values o f wa over vario u s  ranges o f s in  0 and | Fq | , 

s ix  cycles o f a n iso tro p ic , b lock-d iagonal le a s t-s q u a re s  refinem ent
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were c a rr ie d  ou t, the  f in a l  values o f  R and R* being, re sp e c tiv e ly , 

0.206 and 0.052. By th i s  time param eter s h i f t s  were a l l  le s s  than  

o n e - th ird  o f th e i r  standard d ev ia tio n s  and th e  refinem ent was th e re 

fo re  considered complete.

F in a l p o s itio n a l param eters are  given in  Table 1 . 1 , and in  

Table 1 .2  a re  the  f in a l  a n iso tro p ic  v ib ra t io n a l  param eters, which 

a re  va lues o f in  th e  expression :

r 'V n 2 i'TT V,2  * 2  ^  TT 1 2 v *2  ^  TT tf2  * 2  ,exp L-RTT^U^h a + Ug2 33 c

2U„,k£ b*c* + 2UV1 Ih.  c*a* + 2Un^hk a*b*)3 .
23 3J- J-2

In  th e se  ta b le s  estim ated standard  d e v ia tio n s , derived from th e  

in v e rse  o f th e  le a s t-sq u a re s  m atrix , a re  given in  pa ren th eses. 

Observed s tru c tu re  am plitudes and f in a l  ca lc ilia ted  s tru c tu re  fa c to rs  

a re  given in  Table 1 .3  and th e i r  agreement analysed in  Table 1.4* 

N uclear s c a tte r in g  len g th s  used in  th e  s tru c tu re - fa c to r  c a lc u la tio n s  

were s K, 0 .35; 0, 0.577; C, 0 .6 6 lj and H, -0 .378  x 10 cm.

The group o f atoms whose param eters appear in  th ese  ta b le s  

c o n s ti tu te s  th e  c ry s ta l  chemical u n it  (CCU) o f the  s t ru c tu re ;  the  

CCU i s  shown in  F igure 1 .1 . Other sym m etry-related u n i ts  a re  

denoted as fo llo w s :

CCU y , z;

I 1 -  X , - -~zs IV* 2 -  x, -  y> l  - s;

II 1 + X, Y> l  + z; V 1 -  x , 1 -  y , l  - z;

I I I 1 -  X, -  J> 1 -  z; VI x, y> l  > z-



TABLES AND DIAGRAMS



T a b l e  1 . 1

KTO i f r a c t i o n a l  ( x , y , z ,  x 10^) and o r t h o g o n a l (£ » , r i n
VJ
A, X 10^) c o o r d i n a t e s • and Z ! a r e ,  r e s p e c t i v e l y , p a r a l l e l
to a* and c , Y! i s  p e r p e n d i c u l a r  to them b o t h . ) ■

X X z X* V Z 1

K4 8372 2747 8407 5116 (22) 4024 (19) 5161 (29)

C i ) 5077 635 5377 3102 (9) 1349 (7) 3181 (13)
C 2) 4123 650 - 2 3 8 2519 (8) 1238 (8) - 5 8 3 (12)

C 3) 7542 4182 3365 4609 (9) 5432 (8) 1816 (13)
C 4) 7198 5384 4448 4398 (10) 6657 (8) 2702 (14)

0 1) 6764 673 6676 4133 (11) 1615 (10) 3977 (16)

0 2) 4910 1526 731 3000 (11) 2270 (10) 72 (19)

0 3) 3491 1561 4865 2133 (12) 2118 (10) 3136 (19)

0 4) 2306 757 -1068 . 1409 (12) 1109 (11) -9 5 4 (18)

0 5) 8246 3074 4454 5039 (15) 435 3 (11) 2423 (19)

0 6) 7254 4321 1563 4432 (15) 5540 (10) 594 (17)

0 7) 6475 6428 3452 3957 (14) 7666 (11) 2158 (20)

0 8 ) 7704 5159 6281 4707 (16) 6487 (12) 3916 (17)

0 9) 2177 3564 493 1330 (12) 4062 (10) 358 (19)

0 10) 9444 1317 2430 5771 (12) 2454 (12) 742 (21)

H 1) 2227 3932 1960 1361 (20 44 58 (18) 1408 (23)

H 2) 2571 4254 -185 1571 (24) 4845 (23) - 1 1 3 (39)

H 3) 8603 699 2097 5257 (20) 1887 (17) 558 (30)

H 4) 10866 780 3100 6640 (20) 2275 (23) 1014 (34)

H 5) 8681 2328 3520 5304 (24) 3621 (18) 1665 (30)

H 6) 3717 2425 533 2271 (19) 3062 (20) 131 (41)

H 7) 3508 2445 5457 2143 (24) 3055 (19) 3613 (33)
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0 2 3KTO : a n i s o t r o p i c  v i b r a t i o n a l  p a ra m e te r s  (A x 10 ) .

U11 U22 U33 2U23 2U31 2U12

K+ 49 (9) 20 (8) 58 (15) - 8 (17) 12 (23) 22 (1 5 )

C 1) 34 (4) 7 (3) 56 (7) - 2 4 (7) 13 (9) 15 (6 )
C 2) 27 (3) 13 (4) 50 (6) - 1 7 (8) 14 (9) 16 (6 )
c 3) 32 (3) 10 (3) 50 (7) 2 (7) 3 (9) 27 (6 )
c 4) 40 (4) 8 (3) 59 (7) - 4 (7) 28 (10) 3 (6 )

0 1) 36 (4) 11 (4) 56 (8) 31 (9) -1 5 (12) 16 (8 )
0 2) 32 (4) 15 (4) 87 (11) - 2 0 (11) - 6 (13) 4 ( 8 )
0 3) 37 (5 ) 10 (4) 78 (10) 36 (10) - 1 3 (13) 26 (8 )
0 4) 39 (5) 14 (4) 77 (11) - 1 8 (11) 17 (13) 28 (8 )
0 5) 59 (7) 10 (4) 68 (11) 23 (10) 7 (17) 27 (9 )
0 6) 65 (7) 7 (4) 57 (9) - 7 (9) 23 (16) 26 (9 )
0 7) 52 (6) 10 (4) 84 (12) .4 (11) 26 (16) 33 (9 )
0 8) 64 (7) 21 (5) 49 (9) - 2 (10) 2 (16) 6 (1 1 )
0 9) 39 (5) 12 (4) 85 (11) -3 6 (11) 15 (13) 21 (8 )
0 10) 37 (5) 20 (5) 91 (14) - 1 4 (13) 2 (14) 24 •(9 )

H 1) 53 (9) 35 (8) 42 (12) - 2 7 (15) 45 (20) -2 3 (1 6 )
H 2) 51 (10) 42 (10) 73 (20) 43 (22) - 2 0 (26) 27 (1 9 )
II 3) 49 (9) 25 (7) 78 (18) - 1 7 (18) 27 (23) -3 2 (1 5 )
II 4) 39 (8) 36 (9) 81 (22) -4 2 (23) - 1 0 (2 3) 63 (1 7 )
II 5) 66 (11) 17 (7) 82 (18) 22 (1 7) 65 (2 7) 1 (1 6 )

II 6) 36 (8) 22 (8) 140 (30) 31 (24) -2 1 (27) 11 (1 5 )
H 7) 59 (11) 25 (8) 79 (21) 14 (19) 23 (2 8) 12 (1 7 )



T a b i c  1 . 3

K'TO: O b s e r v e d  s t r u c t u r e  a m p l i t u d e s  a n d  f i n a l

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 .
h k 1 f a Fc h k l

G C.GG -C .2 2 1 2 3
2 G 4 .3 3 4 .6 3 1 2
2 5 c .6 7 -C .4 5 1 2 6
2 6 C .7 3 c . i l 1 2 7
2 7 0 .7 4 1 .11 1 2 3

C 2 6 C .7 2 c .3 6 1 3 -7
C -5 1 .9 0 • 2 .3 3 1 3 -6
C 3 G I . c 6 - 0 .7 6 1 3 -5
c 4 •2 2 .3 8 * 2 .0 5 1 3 .4
0 -1 6 . 4 j - 6 .1 3 1 3 -3
0 4 4 .6 5 * 4 .5 2 1 3 -2
G 1 4 .7 2 4 .4 5 1 3 -1
0 2 c .6 3 - 0 .5 3 1 3 G
C 4 3 1 .3 1 - 0 .7 8 1 3
G 4 2 .0 4 1 .6 2 1 3 2
G 4 9 C .3 6 G .27 1 3 3
G 6 G.GG C .24 1 3 4
G 7 2 .3 7 1 .91 1 3 5
G 5 -7 1.21 - 1 .2 3 1 3 6
C 5 -6 1 .4 2 G.91 1 3
G 5 -5 3 .9 9 - 4 .2 5 1 3 8
G 5 .4 G .72 - c .d c 1 4 •8
G 5 •3 1.7C - 2 .0 3 1 4 -7
C 5 G 4 .7 2 - 4 .3 3 1 4 -6
G 5 2 0.66 -C .4 3 1 4 -5
G 5 3 4 .1 1 3 .7 7 1 4 -4
G 5 4 C .6 9 c .34 1 4 - 3
G 5 5 4.1C 2 .8 2 -2
C 5 6 G.GG G .05 1 4 -1
C 5 7 G .73 1.G4 1 4 G
G 5 8 G.GG - 0 .3 7 1 4 1
G 6-7 1 .5 6 - 1 .4 5 I 4 2
C 6•6 1.9C - 1 .6 7 1 4 3
C 6- 5 1 .01 1 .2 4 1 4 4
C 6-4 I.C1 1 .0 9 1 4 5
C 6 C .71 -C .3 2 1 4 6
C 6-2 4 .4 9 3 .2 8 1 4 7
G 6 G 3 .1 9 2 .6 9 1 4 e
G 6 1 3 .7 2 2 .9 9 1 5 -8
G 6 2 G .35 G .23 1 5 - 7
C 6 3 G .72 C.4 9 1 5 -6
G 6 4 1 .3 3 1 .5 2 1 5 -5
G 6 5 0.38 G .43 1 5 -4
G 6 7 G .77 - 0 .6 4 1 5 -3
G 6 3 C.GC - 0 .7 9 l 5 -2
G 7 •7 G.GG -C .2 4 1 5 -1

7 •6 C .77 0 .5 5 1 5 G
G 7 -5 1 .8 4 - 1 .4 2 » 5 I
C 7 •4 G.2 3 0 .5 3 1 5 2
G 7 - 3 3 .9 9 - 3 .4 c 1 5 3
C 7 •  1 c .3 9 - 0 . 6c 1 5 4
C 7 G G.31 0 .2 6 1 5 5
G 7 2 9 .0 9 - 5 .1 5 1 5 6
G 7 0 .7 6 • 3 - 7 2 1 5 70 7 4 0 .3 8 • g .60 1 5 b
C 7 5 1.C 7 C .8 6 1 6 -7
C 7 6 1 .2 6 - c .9 7 1 6 -6
G 7 7 1 .1 5 c .5 6 1 6 - 50 8>6 2 .4 3 -1 -91 1 6 . 4
G 8•5 1 .2 9 1 .2 7 1 6 - 3
G 8.4 1 .7 6 1 .4 5 1 6 -2
G 8• 3 3 .21 2 .6 2 l 6 -1
C 8-2 5 .6 7 - 5 .0 2 1 6 0
C 8•  1 5 .2 5 4 .6 9 1 6 1
C 8 G 4 .9 6 - 4 .S 4 1 6 2
G 6 1 1 .61 - t . } 4 1 6 3
G 8 2 1 .9 3 -1 .6 1 1 6 4
G 8 3 0 .3 8 0.20 l 6 5
C 8 4 c .3 8 -1 .C 3 1 6 6
C 8 5 0 .7 6 G .23 1 6 7
G a 7 c .4 c - 1 .2 6 1 6 9
C 9 -5 2.22 1 .9 3 1 7 •7
c 9 .4 G.5G 0 .5 7 1 7 -6
G 9 - 3 2 .3 2 - 1 .9 9 I 7 - 5
C 9 -2 1 .1 3 - 0 .9 9 1 7 .4
G 9 • 1 C.5C I.G 9 1 7 - 3
G 9 C 3 .4 3 - 3 .2 1 1 7 •2
G 9 G .90 - 0 .3 2 1 7 - l
G 9 2 3 .7 7 - 5 .9 5 1 7 0
C 9 t.& l - 1 .4 7 1 7
G 9 4 1 .9 8 - 1 .6 9 1 7 3
G 9 5 c . 5 c -G .9 2 l 7 4
G 9 6 2 .3 2 -1 .4 0 1 7 9
G 9 7 C .25 G .42 1 7 6
G 1G -9 C .7 6 G .75 1 7 7
G 1C •4 1 .9 4 - 1 .5 2 1 3 - 5
G 1C •3 C .7 6 1 .3 2 1 3 . 4
G 1C •2 l.ft© - 1 .2 8 1 8 - 3
G 1C •  1 4 .2 6 4 .1 6 1 8 •  2
G 1C G 4 .1 2 - 4 .1 3 1 8 -1
C 1C 5 .8 6 - 6 , c i 1 e G
c 1G 2 2 .7 3 - 2 .0  2 1 8 1
c 10 3 C .74 - 0 .3 6 1 3 21C 4 G.GG -G .35 1 8 3
c 11.4 0 .7 6 C .30 1 8 4
c 11-3 C .7 6 C .46 1 8 5
c II -2 1 .4 9 - 1 .3 8 1 3 6
G 11•  1 2 .9 6 2 .5 5 1 9 -6
G 11 G C .71 C .69 1 9 -5
C 11 G.GG G.G7 1 9 -4
c I t 3 C .73 - 0 .6 6 1 9 -3
c 11 4 1.9C - 1 . 5c 1 9 -2
c 12•2 G .77 G .0I 1 9 G
c 12 C G.GG -C.C 5 1 9 2
c 13 c 1 .1 7 1 .0 9 1 9 312 G 2 .C 3 - 2 .2 6 1 9 4

C .7 4
C .7 4
3 .8 3
G .77

3 .2 8
2 .4 1
3-©9

7 .c 6
3.CC

•2.98
- C .2 3
-C .6 2
3.47
0 .7 1

- 4 .c 5
- 2 .4 }
•2.119

2 l C .5 7  C .25

12 -3  
12 -2  
12 *1

Fo Fc h  k 1 Fo Fc

4 .9 6 5 .3 0 1 12 c 1 .1 0 -0 .7 1
1 .1 6 -1.G 1 1 12 1 G .77 G. 8C
2 .1 0 - 2 .4 9 1 12 2 1 .3 2 1 .5 2
C .7 4 -G . 16 1 12 3 1 .3 5 -C .9 2
G.GG C .21 1 12 4 G .77 • 0 .8 1
G.GG C .3 5 1 13 • 1 G .77 0 .5 3
G .7 3 1 .0 0 1 13 G 1 .9 2 - 2 .1 1
C .6 7 G.4 7 1 13 1 1 .2 7 1 .1 6
1 .2 6 - 1 .31 1 13 2 G.GG C .4 9
1 .4 6 1 .5 6 2 -1 2 -2 7 .6 i 9 . og
1 .9 6 - 1 .4 7 2 -1 2 G 1.C 6 - 1 .0 8
0 .5 3 c .  30 2-11 •4 1 .2 3 0 .5 5
0 .7 6 -G .7G 2-11 -3 3 .3 0 3 .1 2
C .94 -C.4U 2-11 - 2 0 .7 6 -C .5 5
2 .9 5 - 2 .4 8 2-11 C 3 .2 3 - 3 .6 7
v .u 6 C .6 5 2 -1 0 0 .6 6 0 .5 9
0 .6 9 - 0 .8 5 2 -1 0 3 0 .7 8 -C .5 5
3 .4 c - 2 .4 9 2  -9 -4 1 .9 0 1 .0 2
2 .3 3 1 .9 9 2  -9 -3 3 .3 4 3 .1 6
1 .8 ! - 1 .9 8 2  -9 -2 0 .7 3 0 .5 6
G.GG -G .71 2 -9 C 2 .1 8 -2 .0 1
0 .7 8 -C .9 9 2 -9 1 1 .7 8 1 .7 3
C .7 4 0 .8 5 2 “2 3 1 .3 9 1 .6 7
C .74 C .3 2 2  -8 -4 1 .3 2 - 1 .4 0
2 .4 6 - 2 .6 3 2 -8 -3 2 .3 4 » .7 3

C .2 2 2 -8 G G.GG • 0 .1 4
c .6 8 G .57 2 -3 1 2 .1 5 - 1 .7 7
G.GG G .24 2 -8 2 1.C5 0 .1 2
2 .4 9 - 2 .0 2 2  -8 5 0 .7 3 O.9 6
C .8 8 0 .4 8 2 -7 -3 1 .9 3 1 .6 8
6 .6 3 - 8 .8 4 2 -7 -.1 5 .1 4 4 .4 3
5 .2 9 4 .7 0 2  -7 0 1 .2 6 - 1 .3 6
3 .5C - 2 .5 1 2  -7 1 5 .2 5 4 .7 8
G.GG • 0 .1 2 2 -7 3 3 .3 8 4 .2 7
1 .5 5 -C .C 5 2  -7 4 0 .7 4 - 0 .6 4
0 .7 3 •0 .6 4 2  -6 -6 0 .7 9 - 1 .6 6
1 .2 7 - G .S l 2 -6 -5 0 .7 4 - 0 .2 0
G.GG 0 .1 4 2  -6 .4 0 .7 3 - 1 .1 4
C.CC -C.C4 2  -6 -3 1 .4 7 •G .52
G .?4 G .14 2 -6 •  2 5 .3 7 •4 .8 1
G.GG G .73 2 -6 G 2 .7 7 2 .6 3
3 .0 2 2 .8 7 2  -6 3 1 .61 - 1 .1 0
0 .3 5 C .6 2 2  -5 -5 0 .6 7 -C .7 5
5 .61 5 .2 9 2  -5 •2 1 .7 4 • 2 .1 6
2 .3 1 2 .3 3 2  -5 -1 G.GG -C .1 5
2 .6 7 • 2 .4 5 2 -5 C 5 .6 1 5 .1 4
3 . CO 2 .6 4 2  -4 -3 C.GG 0 .3 5
4 .0 6 3 .3 9 2 -4 c 2 .4 3 - 2 .0 2
0 .6 4 - 0 .2 3 2  -4 4 1 .9 5 1 .8 8
2 .5 2 •1 .9 4 2  - 3 -6 C.GC 1 .1 5
0 .6 9 -G .2 5 2  -3 -1 2 .0 7 - 1 .6 0
6 .8 c - 5 .5 2 2  -3 G 2 .0 7 - 2 .6 7
3 .6 7 3 .3 7 2  -2 •6 G.GG - 0 .3 3
C .7 4 •C .61 2  -2 .4 2 .6 6 - 4 .2 7
0 .7 6 -C .4 3 2 -2 -2 2 .1 3 -1 .9 1
C.GG G.31 2 -2 -1 4 .3 2 - 4 .3 9
G.GG C .64 2  -2 c 2 .4 9 - 2 .0 8
0 .7 4 C.C1 2 -2 3 .41 3 .21
3 .7 2 2 .5 7 2  -2 3 C.GC - 0 .1 6
2 .9 C 2 .7 3 2  -2 5 0 .6 9 - 1 .7 0
2 .4 2 1 .8 5 2 -1 .4 1 .1 2 - 1 .66
2 .6 5 - 2 .4 7 2 -1 -2 2 .C 9 2 .0 9
G.GG -C.3G 2 -1 c 3 .7 8 3 .6 4
4 .9 3 - 4 .8 3 2 -1 1 1 .81 1 .7 2
3 .4 6 - 2 .3 2 2  -1 3 0 .6 2 0 .4 7
3 .3 6 -3 .0 1 2 C -2 2 .4 9 2«cd
1 .9 9 - 1 .3 2 2  C G 3 .3 4 - 3 .3 9
2 .0 9 1 .31 2  G 1 2 .4 3 2 .0 8
1 .1 0 -C .1 5 2 G 2 G .5 9 - 0 .9 5
C .7 4 -G.SC 2 1 -6 2 .0 0 1 .7 4
C.CC -C .4C 2  1 •4 0 .0 0 C.GG
G.GG G .27 2  1 -2 4 .2 7 4 .3 1
C.CC -G .1 2 2  1 C 4 .5 5 6 .1 3
1 .11 1 .31 2  1 1 1 .8 3 - 2 .3 4
C .3 7 -C .6 2 2  1 2 2 .2 3 - 1 .7 4
2 .6 3 2 .3 0 2 2 -6 C.CC -C .C 5
G .7 2 - 1 .2 0 2 2 -4 5 .2 2 4 .9 9
3 -2 3 - 2 .6 9 2  2 •  2 4 .0 7 4 .3 9
G.GG -C .C 4 2 2 c 2 .3 1 - 2 .2 5
1 .6 3 1 .3 5 2  2 1 C.GG C .6 9
C .7 2 C .4 3 2  2 2 1 .3 4 1 .31
1 .7 4 1 .4 d 2  3 -6 0 .6 9 c .3 6
0 .7 3 - c .6 9 2 3 .4 C .6 7 0 .7 8
2 .0 8 1 .6 7 2  3 -2 3 .3 5 3 .2 0
c .7 7 0 .5 7 2  3 •  1 3 .0 6 - 2 .5 2

1 .31 2  3 G 1 .41 1 .2 2
- 1 .6 9 2  3 1 3 .4 9 - 3 .7 1

2 .8 6 2 .5 3 2  3 2 C.GG 0 .0 5
C .7 2 •C .2 6 2  4 -3 c .6 6 G .92
1 .7 0 1 .1 9 2  4 c 1 .0 3 - 0 .9 5
7 .5 C 6 .81 2 4 3 3 .7 0 3.4**
G .7 2 •C .G 2 2 5 •5 1 .51 1 .6 7
1 .0 5 1 .3 3 2 5 -3 c .6 4 0 .5 7
0 .7 3 - 0 .7 5 2  5 0 2 .7 7 - 2 .4 1
1 .41 C .3 4 2  5 5 C.GG 1 .0 6
1 .9 2 1 .2 3 2 6 •2 5 .3 4 - 4 .9 6
i . 6 c 1 .44 2 6 -1 3 .4 4 3 .1 3
C.CC -G .14 2 6 c 2 .4 9 - 2 .2 9
C.CC - C . l6 2  6 1 2 .8 3 2 .6 9
4 .5 4 3 .7 5 2 6 2 G.©4 • C .6 8
4 .4 1 - 4 .0 3 2  7 • 4 1 ,c 3 c .3 2
3 .0 4 2 .4 3 2 7 c 2 .3 3 2 .7 5
1 *99 - 1 .7 8 2  7 4 C .7 4 -C .71
G.GG G .15 2  3 - 3 1 .2 2 - 1 .1 6
C.GG 0 .0 2 2  9 c 3 .31
1 .8 3 ! .* 3 2  3 3 3 .21 - 2 .3 6
2 .6 6 - 1 .9 5 2 9 .1 G.GG 0 .3 2
C .81 C .5 7 2 9 c 1 .6 8 •  1 ,6 c
G.GG •G.GG 2  9 2 I . i 3 •1 .04
6 .7 4 7 .31 2  10 C f .6 9 • r . « !
C .7 6 -C .6 3 2  11 G 1 .01 -1 ,C2
2 .2 2 2 .5 o 2 12 C c .3 4 -G .3 7
2 .2 ! 1 .5C 2  13 c G.GG C.C 3
1 .1 6 C .7 4 3-11 c 1 .3 9
2 .1 5 - 2 .6 c 3 - i o c 1 .61 1 .d o
3 .5 c 3 .* 5 3 G 2 .5 3 - 2 .5 *
c .3 7 -C .5 5 3 -8 4 .4 2 4 .6 7
1 .51 1 .5 0 3 -7 -2 G.GG C.21
G.GG C.C3 3 -7 •  1 4 .6 1 4 .3 1
0 .7 9 G.41 3 -7 C c .6 3 - c . 3 i
0 .7 6 C .4 2 3 -6 3 .91 4 .C 5
C .7 7 - c .3 6 3 -6 0 2 .2 7 1.5©
0 .7 7 • 0 .3 6 3 -6 2 C.wC C .2 2
0 .7 7 0 .7 9 3 -5 G 2 .3 3 2 .4 4

k Fo Fc h k Fo Fc h k 1 Fo Fc

•4 -5 1 .8 9 1 .7 5 5 -3 G 0 .4 2 -C .4 5 6 6  « C.GG -C .5 4
-4 -1 1 .7 8 1 .5 7 5 - 2 *3 5 .0 9 4 .9© 6 7 -4 G.GG 0 .4 8
•  4 3 .9 ! - 4 .2 6 5 - 2 G 0 .4 2 C*06 € 7 -3 C.GG - 0 .1 5
.4 3 2 .5 5 1 .7 3 5 -1 *4 0 .6 6 - 0 .7 5 6 7 -2 1 .6 6 1 .6 5
•3 •2 3 .91 - 3 .7 5 5 -1 C C .} 4 - 0 .3 7 6 7 0 G.GG C .c 6
-3 G G.GG 0 .0 9 5 •  1 1 3 .8 9 3 .5 9 6 7 1 1 .4 9 1 .1 8
-3 1 3 .2 0 3 .2 7 5 0 0 .7 8 0 .7 6 6 7 2 1 .7 9 1 .6 4
-3 4 2 .  39 - 2 .3 1 5 0 G C.GC -C .1 6 6 7 3 0 .8 2 - c .6 9
-2 - 3 0 .9 8 - c .94 5 •4 0 .6 8 - 0 .9 3 6 7 4 0 .7 6 C .34
• 2 G 0 .2 5 - 0 .1 4 5 0 C.CC C .44 6 a  -5 G.GG C.*»9
-2 1 1 .9 5 1 .6 7 G.GG C .C 9 6 8 -4 0 .0 0 - 0 .0 9
-2 4 G.GG 0 .0 4 5 2 • 4 0 .0 0 0 .1 4 6 3 -3 G.GG 1 .c©
-1 0 G.GG 0 .1 5 5 2 0 1 -3 9 -G .91 6 8 -2 G.GG - c .71
•  I 2 2 .2 7 - 1 .7 9 5 2 2 1 .7 0 1 .7 5 6 8 G G.OG C . 12
0 -6 G.GG - 0 .3 6 5 0 3 .7 3 3 .7 4 6 8  2 G .74 - 0 .5 4
0 0 .3 1 - 0 .3 2 5 2 2 .8 3 2 .6 6 6 b 3 G.GG 0 .0 7
0 3 .5 7 - 3 .9 5 5 -3 1 .9 2 - 1 .7 6 9  c 0 .3 5 -G .4 9

0 .5 3 - 0 .7 7 5 G 2 .5 2 - 1 .9 7 6 9 1 C.GG 0 .1 1
1 0 O.CC - c .3 o 5 1 .2 2 - 0 .8 6 6 9  2 0 .7 3 -C .C 4
2 -6 1 .2 2 - 1 .2 9 5 G 3 -0 9 - 2 .4 4 6 9  3 0 .7 4 C.C4
2 0 4 .1 1 4 .  04 5 5 1 1.21 - c .6 c 6 1C -3 G.GG 0 .2 1
2 5 1 .7 6 - 1 .61 5 6 C .6 7 - 0 .3 6 6 1.  -2 C.GC •0 .4 1
3 - 3 0 .6 2 •0 .4 4 5 6 G.GG 0 .2 6 6 10 -1 0 .7 6 C .4 9
3 c 2 .5 8 - 2 .6 6 5 6 0 0 .3 4 G .44 6 10 0 C .2 5 0 .2 0
3 2 3 .6 8 • 3 .1 6 5 6 1 4 .3 8 -5 .0 C 6 10 1 C .74 0 .4 1

-3 0 .6 4 0 .9 5 5 7 2 .3 9 - 2 .2 9 6 ig  2 C .74 C .J 2
4 0 0 .3 0 -G .4 7 5 0 G 2 .1 4 1 .6 7 7 -4  -3 2 .1 5 • 1 ,8 c
4 2 1 .9 5 - 1 .3 8 5 9 G G.GG -C.4U 7 -4  -2 2 .3 7 2 .c 8
5 -5 2 .1 3 - 1 .9 1 5 lo 3 -1 5 2 .6 8 7 - 3  -4 G.OG C .44
5 - 2 1 .4C 1 .2 9 5 11 G G.GG •C .4C 7 - 3  -3 C .7 6 - 0 .7 0
5 •  1 0 .6 2 -G.2G 5 12 0 0 .5 7 C .6 6 7 - 3  -2 0 .7 6 -C .© 7
5 G C .6 8 0 .3 9 6 -7 - 2 2 .4 7 2 .3 0 7 - 3  -1 C .7 4 - 0 .6 1
5 1 5 .3 3 - 6 .5 6 6 •6 •4 0 .7 6 0 .2 2 7 - 3  0 G .2 5 C .IC
6 C 2 .0 9 • 1 .8 8 6 • 6 2 .8 6 2 .6 3 7 - 3  -1 0 .7 4 - 0 .6 1
7 -4 2 .4 6 2 .5 2 6 •6 •2 C .7 4 0 .5 9 7 - 2  -5 0 .7 3 - 0 .0 7
7 G C.GC 0 .1 4 6 •6 G 3 .4 6 3 .2 3 7 •  2 .4 C.7© 0 .5 8
6 - 3 0 .7 2 -C .9 2 6 -6 1 0 .7 4 - 0 .3 9 7 - 2  -3 G .77 - 0 .6 2
a G 3 .7 3 - 3 .4 6 6 - 5 -5 0 .7 6 0 .3 7 7 - 2  -2 C .7 6 C .4 ?
6 2 G.GG 0 .4 9 6 -5 -4 c .7 3 - 0 .5 5 7 - 2  -1 1 .2 6 1 .1 8
9 -1 G.GG -G .21  - 6 -5 -3 o . c c -C .5 6 7 - 2  G 1 .2 6 - 1 .2 3
9 G 4 .4 7 4 .1 6 6 -5 -2 G.GG - 0 .0 2 7 • 2  1 1 .2 6 -1 .4 0
9 1 0 .6 9 C .7 9 6 -5 G 1 .4 4 • 1 .4 8 7 -1 -5 1 .4 5 1 .2 0

10 G 2 .7 1 - 2 .2 3 6 -5 1 1 .1 6 1 .6 8 -1 -4 C .3 3 c .5 )
11 G 2 .6 5 2 .7 4 6 - 5 2 0 .7 7 • c .8 c 7 -1 -3 3.91 3 .9 2
12 0 G .57 -C .3 9 6 • 4 2 .5 7 - 2 .3 8 7 -1 -2 G.OG 0 .1 7
13 G 0 .6 8 0 .8 6 6 -4 -3 0 .0 0 0 .0 8 7 -1 -1 1 .7 5 1 .5 0
10 0 G .73 - 0 .5 4 6 •4 -2 C.CC - 1 .1 3 7 •1 0 2 .1 4 - 1 .4 ?

G 1 .1 3 1 .4 7 6 -4 G c .6 9 0 .6 5 7 -1 1 0 .3© 0 .5 8
-3 0 C .5 7 G.61 6 •4 1 C .7 6 c .6 c 7 -1 2 C .3 3 • 0 .4 7
-7 G C .£ 3 0 .2 8 6 2 0 .7 4 0 .2 6 7 C -4 1 .1 3 0 .9 9
-6 G 4 .4 2 - 4 .9 2 6 -3 •4 0 .7 4 - 0 .7 9 7 0  -3 C.7© C .3 8
-5 - 3 C .7 4 0 .7 3 6 -3 -3 G.GG - 0 .1 2 7 0 -2 0 .3 8 o . ! 5
-5 • 2 G .7 2 - 0 .6 9 6 •2 1 .1 8 •0 .3 6 7 G -1 1 .6 5 1 .5 6
-5 G 2 .4 8 - 2 .2 9 6 - 3 G 1 .9 2 1 .8 8 7 G 0 1 .8 9 - 1 .3 2
-5 G.GG 0 .9 3 6 -3 1 1 .9 8 - 1.61 7 G 1 0 .7 6 • 0 .7 2
-4 G 0.6© - 0 .7 5 6 - 3 2 0 .7 7 0 .8 1 7 G 2 C .74 - 0 .0 9

2 c .6 3 0 .2 1 6 - 3 3 1 .31 1 .2 0 7 1 -4 C.3© 0 .1 9
-4 4 G.GG - 1 .1 0 6 -2 •4 2 .2 8 •  1 .8 8 7 1 -3 2 .0 8 2 .3 4
- 3 G 4 .3 c - 5 .1 3 6 - 2 -3 1 .21 - 1 .4 9 7 1 -2 0 .3 6 - 0 .1 2
- 3 2 1 .11 0 .9 5 6 -2 -2 0 .7 4 - 0 .9 6 7 1 -1 C .7 6 0 .4 6
•2 - 5 2 .1 7 •2 .6 4 6 -2 1 .8 3 - 1 .7 7 7 1 0 1 .2 6 - 0 .8 c
-2 G 1 .2 0 •1 .4 2 6 -2 2 G.GG 1 .2 8 7 1 1 1 .2 5 C .6 7
-2 3 .5C - 3 .3 2 6 -2 3 G.GG G .15 7 1 2 C.GG 0 .0 1
•  1 - 5 C .6 6 0 .6 3 6 •  1 •4 G.GG -C .4C 7 2 -4 C .3 8 0 .3 3
•  1 -1 2 .3 4 - 2 .4 6 6 -1 -3 1 .8 6 - 1 .7 3 7 2 -3 2 .0 8 2 .2 0
•  1 0 1 .01 •C .6 3 6 -2 C .74 -0 .5 © 7 2 -2 1 .3 9 • 1 .2 2
•  1 4 .1 3 -3 -9 7 6 -1 0 1 .2 7 1 .0 6 7 2 -1 0 .7 6 0 .3 9
G -5 1 .4 0 - c .8 5 6 -1 2 .4 9 -1 .9 © 7 2  0 1 .8 9 1 .3 5
G •2 G.GG C .3 2 6 -1 2 C .7 7 0 .9 4 7 2 1 C .7 6 0 .3 4

•  1 2 .4 4 -1 -93 6 3 1 .31 1 .6 7 7 2 2 1 .2 6 C .7 9
G G 4 .7 9 4 .7 6 6 1 .4 4 - 1 .2 0 7 2 3 C .74 0 .5 7
1 -5 1 . 8c - 1 .8 9 6 0 •4 0 .7 4 - 0 .3 9 7 3 -4 C.CC C .2 7
1 •2 0 .6 4 - 0 .7 7 6 G -3 C.GG - 0 .2 3 7 3 -3 C.CC - 0 .2 4
1 •  1 5 .0 3 5 .4 0 6 0 •2 G.GG G.OI 7 3 -7 c . c c 0 .1 6
1 0 G.7© C .7 7 6 0 C 0 .2 4 0 .3 7 7 3 -1 1 .4 c 1 .2 9
1 5 C.GG C .61 6 c 1 C.CC -C .C 9 7 3 c c .6 3 0 .5 4
1 6 0 .7 6 - 2 .0 6 6 0 2 0 .7 3 0 .9 3 7 3 1 c .3 3 C .24
2 -5 G.GG 0 .2 4 6 1 .2 9 - !  .2 3 3 2 0 .7 7 C .6 2
2 •2 0 .0 0 C .2 8 6 0 4 1.21 0 .9 3 7 3 3 0 .3 7 0 .3 6
2 -1 3 .5 8 - 3 .0 7 6 •4 C .7 4 -C .5 1 7 4 -4 C .7 6 - 0 .M
2 (j, 4 .2 8 4 .6 6 6 -3 G .74 - 0 .5 0 7 4 - 3 1 .2 0 1 .01
2 4 2 . c i - 2 .0 0 -2 C.CC - 0 .3 6 7 4 -2 0 .7 6 c .6 2
2 6 1 .0 3 - 0 .6 9 6 c 1 .7 9 1 .5 6 7 4 -1 0 .7 6 0 .6 1
3 -6 G .77 1 .11 6 j o .c c - c . 6 6 7 4 G 3 .7 5 3 .6 3
3 -5 0 .6 3 - 0 .6 7 6 C.GC 0 .1 3 7 4 1 C .3 3 0 .3 5
3 •  1 4 .C I 3.9© 4 0 .7 6 -C .5 3 7 4 2 ? .5« 1 .7 6
3 G i .11 c .7 4 6 2 1 .9 9 1 .9 4 7 4 3 0.3© -0 .G 7
4 -5 1 .9 8 1 .8 6 6 2 -3 . 2 .4 6 2 .3 2 7 5 *5 0 .3 8 0 .3 8
4 c 2 .9 5 2 ,8 7 € 2 -2 G .74 - 0 .8 3 7 5 -4 c . c c 0 .1 1
4 5 C .7 4 - 0 .5 7 6 2 G C .6 9 - c .91 7 5  -3 0 .7 4 - 0 .5 4
4 6 0 .0 0 0 .2 1 6 2 G.GG - 0 .5 6 7 5 *2 0 .7 8 0 .6 7
5 2 .8 5 3 .1 2 6 2 2 G .7 6 - I .3 G 7 5 - I C.GC G . 10
5 •4 0 .6 7 - 0 .9 9 2 G.GG • c .o o 7 5 o 1 .3 9 1 .0 2
5 C 0 .3 3 0 . ? a 6 2 4 G .74 • 0 .8 9 7 5 1 c . c ^ • 0 .4 2
5 3 3 .8 9 3 .9 9 6 1 .3 5 1 .3 6 7 5 2 C .7 7 • 0 .3 5
5 1 .2 0 1 .1 6 6 1 .2 6 - 1 .1 4 6  -4 1 .3 4 • 1 .2 0
5 6 c .7 6 C .4 5 6 3 •2 0 .7 7 0 .8 4 7 6  -3 o . c c 0 .1 5
6 •4 C .6 4 •G.1G 6 G I .C t -C .5 5 7 6  -2 C.CC - 0 .4 3
6 G 1 .0 7 -C .7 2 6 G.7 4 - 0 .9 3 7 6 -1 0 .7 3 - 0 .7 9
7 -3 2 .3 6 1 .9 5 6 2 3 .9 9 - 4 .3 6 7 6 o I .1 6 - 0 .5 7
7 C 2 .0 2 - l . = 9 6 C.GG •G .4 g 7 6  1 C.GC - 0 .0 7
7 2 1 .6 9 - 1 .81 6 4 0 .7 6 - 0 .9 2 7 6 2 C.GC - 0 .2 5
3 - 2 2 .5 6 2 .5 2 6 G.GG C .25 7 7 -4 C.CC - 0 .3 9
8 C .C - - C . l f 6 -3 C.GC - 0 .7 9 7 7 -3 c .3 5 • 0 .7 1
6 G 2 .2 7 - 1 ,6 3 6 •2 0 .7 4 - 1 .4 7 7 7 -2 c .7 4 - 0 .4 2
9 G G .00 C . t l 6 4 G 1 .7 9 - 1 .9 6 7 7  -1 C .7 i - 0 .9 6

10 -5 C.GC c ,  17 6 1 G.7 3 -C .2 5 7 7 c i . c d 0 .9 5
to -3 C .7 7 0 .7 5 6 2 0 .7 o - 0 .9 3 7 7 1 c .74 - 0 . 3c
1C •2 1 .6 9 - 1 .3 3 6 C .74 -C .1 * 7 7 2 C .7 6

0 1 .2 c - 1 .9 * 6 4 C.CC - c . n 7 0 G 0 .7 6 • C .a 9
11 0 2 .2 9 • 2 .6 2 5 0 .7 4 C .8 5 8 1 -2 1 .3 9 1 .2 9
11 C.GG -C .2 0 6 -3 C .74 c .c * 1 -1 o .c c C .3 5
12 •  1 c .7 8 0 .3 * 6 •2 0 .7 3 1 .9 5 8 2 -3 - 1 .1 4
12 G C .2 4 0 .5 2 6 c C.5G C .5 2 3 2  -2 0 . *5
12 C.CC - 0 .4 9 6 1 C .7 7 1 .1 0 - 2  -1 1 .5 9 • i.i 3
-3 C 2 .4 4 - 2 .7 0 6 2 G.GG 0 .5 3 2 C 0 .1 9 ; . 2 o
-7 -5 C.GG C .3 : 6 0 .7 7 0 .5 3 8 J -3 C .7 4 0 .1 0

2 .0 2 1 .3 5 G.i-4 8 3 -2 1 .4 2 - 1 .1 6
-7 G 1 .21 -1 ,c 6 6 6 C.GG C.C5 3 3 -1 0 .7 8 G.7C
-6 G.GG -G .oT 6 6 -3 0 .7 6 • 0 .  s 3 0 1.2*. * 0 .9 3
-5 G 1 .2 6 6 6 -2 1 .3 9 c .3 7 * -2 0 .0 0 - 0 .C 5

C 3 .0 5 2 .3 3 6 6 c . c c 0 .2 ? 6 1 .it
-3 •2 3 .7 2 3 .3 g 6 0 .7 7 O.3 6 8 5 -1 0 .7 7 0 .5 *
-3 •  1 2 .3 7 2 .4 5 © 6 2 G .73 -G.© 9



T a b l e  1 ,  4

KTO : A n a ly s is  o f  th e  a g re e m e n t o f  |F  I and I f  a t  th e  end u °  o c
o f  th e  r e f in e m e n t .  N i s  th e  num ber o f r e f l e x i o n s .  S t r u c t u r e  
f a c t o r s  a r e  on th e  a b s o lu t e  s c a l e .

( a )  As a f u n c t i  on o f  s i n  9 / \

£ |p  1 1 0 1 £ | i ’c l s U I N R S | a |/N

o • 0 1 o • 195*21 193*74 26*61 83 0 -1 3 6 0 -2 3

•o1•O

223*10 218-92 36*48 109 0*164 0 -2 4
0*4 -  0*5 330*72 324*64 6 0 -5 7 194 0 -1 8 3 0 -1 9
0*5 -  0*6 236*90 230*94 66*27 232 0 -2 8 0 0 -1 4

0*6 -  0 -7 99*05 9 6 -9 3 33*31 125 0 -3 3 6 0-1 2

( b ) A s a f u n c t io n o f  I f  | ' 0 '

•ojo•o 13*88 56-63 47*52 171 3-423 0 -2 8

o•l-l1•o

151*12 136*91 54*44 211 0 -3 6 0 0 -2 6

1*0 -  2 •0 239*19 2 1 0 -2 0 44*27 161 0 -1 8 5 0*28

2*0 -  3 -0 225*29 206*99 29*71 93 0 -1 3 2 0 -3 2

3*0 -  4*0 192*65 185*48 17*77 55 0 -0 9 2 0 -3 2

4*0 — 5 0 5 179*44 179*90 17*98 39 0 -1 0 0 0 -4 6

5*5 -  8*0 83*42 89*03 11*54 13 0 -1 3 8 0 -8 9

A ll 1084*98 1065*14 223*23 743 0 -2 0 6 0 -3 0



T a b l e  1 , 5
o

Bond l e n g t h s  ( a ) and a n g l e s  ( ° )  f o u n d  by n e u t r o n  d i f f r a c t i o n  
i n  th e  F^Ox and HOx r e s i d u e s  o f  KTO. Those f o u n d  by  X -ra y  
d i f f r a c t i o n  i n  KTO and by n e u t r o n  d i f f r a c t i o n  i n  ATO a r e  a l s o  
shown.

KTO ATO
N e u tro n  X -ra y  N e u t r o n

R e s i d u e  A

c ( l ) - 0 1) 1- 2 8 8 (16) 1-211 (5 1-211 (4)
c ( l ) - 0 3) 1-242 (14) 1 -298 (5 1-288 (4)
c ( l ) - c l 1 1 1 ) 1-494 (12) 1*553 (9 1-549 (5)

0 ( 1 ) —c 1) ~ 0 ( 3 ) 123-3 (1*1) 126 - 4 (0 6) 126-3 (0*3)
0 ( 1 ) - c 1 ) -  c ( i m ) 117*8 ( 0 - 8 ) 120-8 (o 5) 120-6 (0*2)

0 ( 3 ) - c 1 ) -  c ( i m ) 118-6 ( 1 - 0 ) 112-6 (0 5) 113*0 (0*2)

R e s i d u e
0 ( 2 ) - 0 2) 1- 313 (16) 1-289 (6 1-296 (4)
0 ( 2 ) - 0 4) 1- 178 (15) 1 -209 (6 1 -206 (4)
0 ( 2 ) - c 2 1 ) 1-566 (11) 1 - 5 5 4 (9 1 -5 44 (5)

0 ( 2 ) —c 2) -  0 ( 4 ) 126-1 (1*0) 126-1 (0 6) 126-5 (0*3)
0 ( 2 ) - c 2) -  C(2I ) 107*9 (0*8) 112-0 (0 5) 112-0 (0*2)

0 ( 4 ) ~ c 2) -  C(2I ) 125*1 (0*9) 121- 7 (0 6) 121 - 6 (0*2)

R e s i d u e  (
0 ( 3 ) - 0 5) 1- 310 (16) 1-307 (6 1-291 (4)
0 ( 3 ) - 0 6) 1-240 (21) 1-211 (6 1-212 (4)

0 ( 3 ) - c 4) 1- 5 2 6 (14) 1*551 (9 1 -549 (3)

0 ( 4 ) —0 7) 1-228 (16) 1-272 (6 1 - 2 47 (4)

0 ( 4 ) - 0 8) 1 - 264 (21) 1 -223 (6 1- 230 (4)

0 ( 5 ) —c 3) -  0 ( 6 ) 125*1 ( 1 - 2 ) 1 24 -4 (0 6) 124-8 ( 0 - 3 )

0 ( 5 ) - c 3) -  C(4) 116*0 (1*2) 113*2 (o 5) 113*3 (0*2)

0 ( 6 ) —c oI 118-8 ( 0 - 9 ) 122-1 (o 5) 121-8 ( 0 - 2 )

0 ( 7 ) —c 4) -  0 ( 8 ) 128-6 ( 1*3) 127*3 (0 6) 127*5 ( 0 - 3 )

0 ( 7 ) —c O1 116-9 ( 1*3) 114-5 (0 4) 115*0 (0*2)

0 ( 8 ) —c o1 114-5 ( 0 - 9 ) 117*9 (o 4) 117*5 ( 0 - 2 )



T a b i c  1 . 6

+ °K •»*() d i s t a n c e s  ( a ) i n  KTO.

N e u t r o n X -ra y

0 ( 1 ) 2*858 24.) 2*870

0 ( 2 V I ) 3* 359 28) 3*250

0 ( 4 XI) 2*885 24) 2*931

0 ( 5 ) 2*759 34) 2*879

0 ( 6 V I ) 2*964 31) 2*915

0 ( 7 V) 3*053 26) 3*044

0 ( 8 ) 2*790 25) 2*870

0 ( 9 XI) 2*914 26) 2*893

0 ( 1 0 VI) 3*013 33) 2*924



T a b l e  1 , 7

D e t a i l s  o f  t h e  w a t e r  m o l e c u l e s  a nd  0 — H***0 h y d r o g e n  bonds  i n

KTO. ( D i s t a n c e s  i n  A, a n g l e s  i n  d e g r e e s ) .

N e u t r o n X -ra y

Bond 0 -  H H* • • 0

o•••o o••♦o

0 ( 9 )  -  H(1 ) • • • 0 ( 8 V) 1*123(29) 1*617(26) 2*7 13 ( 2 3 ) 2 - 7 1 4 ( 5 )

0 ( 9 V I ) - H ( 2 V I ) • * * 0 ( 6 V) 0 - 9 4 5 ( 3 1 ) 1*771(30) 2 * 704( 11 ) 2 - 7 3 3 ( 5 )

•rof—lo

* * 0 ( 4 I ) 0*941( 23 ) 1*896(23) 2*8 04 ( 1 8 ) 2 - 7 8 0 ( 5 )

o I—1 0 1 s • • • o d IV) 0*986( 25 ) 1*906(24) 2 * 816( 16 ) 2 - 8 5 9 ( 5 )

0 ( 5 )  -  H (5 )  • • • 0 ( 1 0 ) 1*086(29) 1*417(30) 2 *5 00 (2 3 ) 2 - 5 3 7 ( 5 )

0 ( 2 )  -  H( 6 ) • • • 0 ( 9 ) 1*078(22) 1*392(23) 2 * 466( 15 ) 2 - 5 0 3 ( 5 )

0 1 M-t • • ' 0 ( 7 V) 1 - 0 5 2 ( 2 6 ) 1*463(29) 2 *5 08 (1 9 ) 2 - 5 0 5 ( 5 )

H ( l )  -  0 ( 9 )  - H(2) 9 9 * 6 ( 2* 6 ) H(3) - 0 ( 1 0 )  -  H(4) 1 0 2 - 9 ( 2 -

0 ( 9 )  -  II( 1) - • • 0 ( 8 V) 163* 7( 1 * 8 ) 0 ( 5 )  - H ( 5 ) * * * 0 ( 1 0 ) 1 7 4 - 4 ( 2 -

0 ( 9 V I ) - H ( 2 V I ) • • • 0 ( 6 ^ ) 168* 7( 2 * 4 ) 0 ( 2 )  - H ( 6 ) * * * 0 ( 9 ) 1 7 3 - 8 ( 4 -

0 ( 1 0 )  -  II( 3 ) • • * 0 ( 4 * ) 1 6 1*6( 2*4 ) 0 ( 3 )  - H ( 7 ) * * ' 0 ( 7 V) 1 7 1 - 7 ( 3 -

0 ( 1 0 )  -  H ( 4 ) * . • 0 ( 1 IV) 152*2( 2*8)



c s m  3
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Figure 1*1 The c ry s ta l  chemical u n i t  (CCU) o f KTO,



Figure 1 .2
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The environment o f th e  potassium  io n  in  KTO.
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Figure 1 .3 H/drogen bonding in  KTO.



1*20 +  KTO

I  ATO

1*10 /
«
I

o

1*00

3*102*902*70

o*•*o ( A)

Figure 1 Graph showing the  Nakar.cto-L'argoshes-Rundle r e la t io n 
sh ip  between 0***0 and 0—H d is ta n ce s  in  hydrogen 
bonds. The curve i s  th a t  .of Pim entel and McClellan 
( i9 6 0 ). The diagonal broken l in e  corresponds to  
h y p o th e tica l cen trosym aetric  bonds. The h o rizo n ta l 
broken l in e  in d ic a te s  the  0—H d is tan ce  in  gaseous 
w ater. The values derived from the analyses of ATO 
and KTO are  shown.
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1 .3  DISCUSSION

The form ula o f potassium te tro x a la te  (KTO), KKOx . H^Ox . 21^0 , 

suggests th a t  the asymmetric u n it  in  th e  c iy s ta l  w ill c o n s is t o f ’ 

th e  potassium  ion , one unsymmetrical h a lf -o x a la te  io n , EOx , one 

symmetrical unionised o x a lic  ac id  molecule, H^Ox, and two m olecules 

o f w ater. As we can see from Figure 1 .1 , however, th e  expected H^Ox 

molecule i s  made up of two e ry s ta llo g ra p h ic a lly  independent half-H^Ox 

m olecules, each o f which i s  d u p lica ted  by a d if f e r e n t  cen tre  of 

symmetry.

In  Table 1 .5  the  dimensions o f th e  H^Ox mô ocu^ es (residues A 

and B) and th e  KOx ion  (residue  C) found in  KTO by th e  p resen t 

n e u tro n -d if f ra c tio n  an a ly s is  a re  compared w ith those  found in  KTO 

by X-ray d i f f r a c t io n  (Haas, 1964) and in  ammonium te t ro x a la te  (ATO) 

by neutron d i f f r a c t io n  (Appendix I ) ; estim ated standard  d ev ia tio n s  

a re  given in  p a ren theses.

In  th e  H^Ox m olecules and in  one carboxyl group o f th e  HOx 

io n  th e  C—0 d is ta n ce s  should d i f f e r  in  th e  sense th a t  C—0 (H) > 

C =0 , and in  th e  o th e r  carboxyl group o f the  HOx . io n  th e  C--0 

d is ta n ce s  should be nearly  equal owing to  io n is a t io n  and charge 

d e lo c a lis a t io n . Haas, however, found th a t  in  th e  HOx** io n  th e

— o(7) and C(4)— 0(8) d is ta n c e s , 1.272 (±6) A and 1.223 (±6) A 

r e sp e c t iv e ly , apparently d iffe r e d  to  a s ig n if ic a n t  degree, thus 

in d ic a t in g  th a t most o f  the negative charge was lo c a l is e d  on 0(7) ,
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w h ils t in  ATO the  corresponding d is ta n c e s , 1.24.7 (±4.) A and 

1.230  (±4) A re sp e c tiv e ly , d if fe re d  to  a much le s s e r  e x te n t, so 

im plying tho expected charge d e lo c a lic a tio n . U nfortunately , th e  

d is ta n c e s  found in  KTO by neutron d if f r a c t io n ,  1.228 (±16) A and 

1 , 264. (±21') A re sp e c tiv e ly , a re  not o f s u f f ic ie n t  accuracy to  

enable any fu r th e r  conclusion to  be reached regard ing  th i s .

The environment o f th e  potassium io n  i s  shown in  F igure 1 .2  

and K+##,0 d is tan ces  a re  l i s t e d  in  Table 1 .6 , where, f o r  comparison, 

those  found by Haas a re  given too .

The extensive system o f hydrogen bonding i s  shown in  F igure 1 .3  

and d e ta i l s  a re  given in  Table 1 .7 , in  which th e  0»**0 d is ta n ce s  

found by Haas a re  a lso  given. [He.as erroneously  s ta te s  th a t  th e re  

i s  a hydrogen bond, o f len g th  3.098  A , between 0 (9) and 0 (8) , ]

Data from Table 1 .7  and from Table 4- o f th e  ATO paper have been 

used to  p lo t  fo u rteen  p o in ts  in  F igure 1.4- which shows th e  Hakamoto- 

Margoshes-Handle re la tio n s h ip  between 0—H and 0 , ,# 0 d is ta n ce s  in  

hydrogen bonds (P art I I ) . The curve drawn by Pimentel and M cClellan 

( i 960) to  rep resen t th e  tren d  o f inform ation  av a ilab le  in  1959 i s  

a lso  shown. Our p o in ts  suggest th a t  th e  curve ought to  r i s e  more 

s te e p ly , p a r t ic u la r ly  in  th e  reg ion  o f  2 .5  A , and th a t  th e  l im it in g  

0—E d is tan ce  should be lower than th e  O.96  A o f  gaseous w ater.



CHAPTER 2 

POTASSIUM HYDROGEN MALONATE
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2 .1  1 1 ‘j T R O D U C T I O N

Some o f th e  c r y s t a l l i n e  ac id  s a l t s  (MKX2 ) o f  monobasic a c id s  

(HX) have Mvery  s h o r t0 hydrogen bonds ly in g  a c ro ss  a c ry s ta l lo g ra p h ic  

elem ent o f  symmetry (Speakman, 1 9 6 ?). In  such s a l t s ,  which have 

anomalous in f r a - r e d  s p e c tra  and a re  o f Type A (B lin c , Hadzi and Novak, 

I 96 0 ; S h riv as tav a  and Speakman, 196l ) ,  th e  two an ion  re s id u e s  a re  

cry  s t  a l io  g ra p h ic a lly  e q u iv a le n t and th e  hydrogen bonds have sym

m e tr ic a l  p o te n t ia l  fu n c tio n s . These may have a  s in g le  minimum, 

corresponding  to  th e  p ro to n  ly in g  mid-way between th e  two oaygen 

atoms, c f .  th e  b i f lu o r id e  io n , HF  ̂ (Levy and P e te rso n , 1952), o r  

a  double minimum, co rresponding  to  an equal d i s t r i b u t io n  o f  0 —H*•*0 

and 0* • *H—0 in  th e  c r y s ta l  a t  any one tim e .

A s im ila r  s i tu a t io n  e x is t s  i n  th e  a c id  s a l t s  (MHY) o f some 

d ib a s ic  a c id s  O yO  in  which th e  two te rm in a l carbonyl groups 

a re  c ry s ta l lo g ra p h ic a l ly  e q u iv a le n t r a th e r  th a n  b e in g , r e s p e c tiv e ly , 

io n is e d  and u n io n ise d , a s  th e  co n v en tio n a l fo rm u la tio n  (M+HY~) would 

im ply . These s a l t s  a lso  have th e  anomalous in f r a - r e d  s p e c tra  

c h a r a c te r i s t i c  o f  Type A.

Ityp ica l o f  th e  Type A ac id  s a l t s  o f  d ib a s ic  a c id s  i s  potassium  

hydrogen m alonate, o f  which a v e ry  a c c u ra te  s t r u c tu r e  a n a ly s is  by 

X-ray d i f f r a c t i o n  has been c a r r ie d  o u t by Dr. Speakman and o th e r s ;  

a  p re lim in a ry  n o te  on t h i s  work has a lre a d y  been p u b lish ed  (Ferguson 

e t a l . ,  1968) .
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The p re se n t s t r u c tu r e  a n a ly s is  by n eu tro n  d i f f r a c t i o n  was 

u n d ertaken  in  o rd e r  to  supplem ent th e  X-ray a n a ly s is .  One o f  th e  

main o b je c ts  \ra,s to  s tudy  th e  sym m etrical hydrogen bond, which l i e s  

a c ro ss  a c e n tre  o f  in v e rs io n , and, w h ils t  th e  re fin em en t i s  n o t y e t  

com plete, i t  appears  th a t  th e  p o te n t ia l  fu n c tio n  has a  double 

minimum, th u s  in d ic a t in g  th a t  th e  p ro to n  i s  e i th e r  s t a t i s t i c a l l y  

d iso rd e re d  o r  i s  undergoing v ib r a t io n a l  m otion in  th e  p o te n t ia l  w ell 

betw een th e  oxygen atoms; th e se  p o s s i b i l i t i e s  cannot be d is tin g u is h e d  

c ry s ta l lo g ra p h ic a l ly  ( I b e r s ,  1965) •

2*2 EXPERIMENTAL 

C ry s ta l D ata

Potassium  hydrogen m alonate, KHC^HgO^, F.W. = 1 4 2 . 2 .

M onoclin ic , & = 9.473 ( - 6) ,  b = 11.559 (± 7), c = 4 .726  (±5) A,

p = 9 1 .6 °  ( ± 0 .1 ° ) ,  U = 517.3 A . = 1 -7 5 , 2 = 4., = 1 .8 2 5 .
3

Space group C 2/m (C^ , No.12) .
t  O .  • ’I

L in ea r a b so rp tio n  c o e f f ic ie n t  f o r  n eu tro n s  ^  1 A ) , p = 1 .0 7  cm •

P re p a ra tio n  o f  C ry s ta ls

Potassium  hydrogen m alonate i s  e a s i ly  p rep ared  by mixing 

equiraolar s o lu t io n s  o f  potassium  hydroxide ( in  w ater) and m slonic  

a c id  ( i n  m ethanol) •

A number o f  la rg e  c r y s ta ls  s u i ta b le  f o r  n eu tro n  d i f f r a c t io n



were grown i n  th e  summer o f  1967  by a  method s im ila r  to  th a t  

d e sc rib e d  i n  C hapter 1  f o r  potassium  te tro x a l& te , excep t th a t  

a  m ethano l-w ater so lv e n t was used  r a th e r  th an  v/ater a lo n e .

L im ited  d a ta  were c o lle c te d  from one o f  th e se  c r y s ta l s  in  th e  

autumn o f  1967 and sp rin g  o f  1968.

The c r y s ta l  used  f o r  th e  f i n a l ,  su c c e ss fu l d a ta  c o l le c t io n  

i n  th e  w in te r  o f  1968  was p repared  by th e  s im p le r p rocedure  o f  

in tro d u c in g  a seed c r y s ta l  in to  a  s a tu ra te d  s o lu t io n  o f  potassium  1 

hydrogen m alonate in  a  sm all b eak er which was l e f t  s tan d in g  i n  a 

warm atm osphere f o r  two o r  th r e e  days to  a llo w  c r y s ta l  growth to  

ta k e  p la c e .

D ata C o lle c tio n

N e u tro n -d if f ra c t io n  d a ta  were c o lle c te d  in  th e  DIDO r e a c to r  

a t  A .E .R .E ., H arw ell u s in g  a F e r r a n t i  Mark I I  au to m atic  d if f ra c to m e t 

s im i la r  to  t h a t  d esc rib ed  in  th e  p rev io u s  c h a p te r .

U n fo rtu n a te ly , no few er th a n  th re e  v i s i t s  to  H arw ell were 

n e ce ssa iy  b e fo re  f u l l  th re e -d im e n sio n a l data, were s u c c e s s fu lly  

c o l le c te d .

On th e  f i r s t  v i s i t ,  i n  th e  autumn o f  1967, a lm ost continuous 

in s tru m e n ta l f a u l t s  were encountered  w ith  th e  r e s u l t  t h a t  on ly  two- 

d im en sio n a l, £ - a x ia l  d a ta , i n  a l l  85 independen t r e f le x io n s ,  could 

be c o l le c te d .  The c r y s ta l  used on t h i s  o ccas io n , o f  approxim ate
3

dim ensions 8 x 5 x 3  cn  , was tak en  to  H arwell ag a in  i n  th e  sp rin g
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o f 1963. This tim e d i f f i c u l t i e s  concern ing  th e  o r ie n ta t io n  o f th e  

c r y s ta l  w ith  re s p e c t to  th e  d if f r a c to m e te r ,  as w ell a s  some computing 

problem s, r e s u l te d  i n  th e  only u s e fu l  d a ta  c o lle c te d  ag a in  being 

tw o-dim ensional 5 some th re e -d im e n sio n a l d a ta  were a lso  c o lle c te d , 

b u t proved u s e le s s  owing to  th e  c r y s ta l  $ o t being p ro p e rly  s e t .  On
O

bo th  th e se  v i s i t s  th e  n eu tron  beam was monochromatised to  \  ~  1 . 0.42 A.
3

The second c r y s ta l ,  o f  dim ensions 10 .5  x  3»9 x 1 . 3  mm , was 

ta k en  to  H arw ell i n  th e  w in te r  o f  1963. A fte r  some i n i t i a l  

d i f f i c u l t i e s ,  which, to g e th e r  w ith  th o se  p re v io u s ly  exp erien ced , 

moved th e  w r i te r  to  p rep a re  a sh o r t n o te , “The S e ttin g -u p  o f  C ry s ta ls  

on a F o u r -c irc le  N eutron D iff ra c to m e te rTt (Appendix I I ) , th r e e -  

d im ensional d a ta  w ere, a t  l a s t ,  s u c c e s s fu lly  c o lle c te d .

In  a l l ,  n e u tro n -s c a t te r in g  s t r u c tu r e  am plitudes were measured 

f o r  454  independent r e f le x io n s ,  covering  th e  re c ip ro c a l  sphere  to  

9 = 45° , and in c lu d in g  some a d d i t io n a l  re f le x io n s  to  5 = 55° •

Of th e s e ,  354 had v a lu e s  s ig n i f ic a n t ly  above th e  background, 86 , 

whose in te g ra te d  i n t e n s i t i e s  were low er th a n  a c e r ta in  th re sh o ld  

v a lu e  (chosen to  be th re e  tim es t h e i r  s tan d a rd  d e v ia t io n s , v)  were 

a ss ig n ed  i n t e n s i t i e s  equal to  o n e -h a lf  o f  th a t  th re sh o ld  v a lu e , and 

a  f u r th e r  14  had i n t e n s i t i e s  o f  ze ro .

I  should l i k e  to  thank  Dr. J .B . F o rsy th  and Mr. S.A. W ilson 

f o r  h e lp fu l adv ice  d u rin g  th e se  v i s i t s  to  H arw ell.



So f a r  o n ly  th e  415 n e u tro n -d if f r a c t io n  d a ta  o u t to  9 = 45 °, 

n o t y e t  c o rre c te d  f o r  a b so rp tio n , have been in c lu d ed  in  th e  r e f in e 

ment, th e  s t a r t i n g  p o in t f o r  which was th e  s e t  o f  p aram eters  o b ta in ed  

by- re fin em en t o f  1092 X-ray d i f f r a c t i o n  d a ta  to  R = 0.112 (S ine 

and Speakman, 19&9)• A fte r  fo u r  cy c le s  o f  f u l l - m a t r ix  le a s t - s q u a re s  

re fin em en t, w ith  a n is o tro p ic  v ib ra t io n ? !  param eters f o r  th e  non

hydrogen atoms and u n i t  w e ig h ts, th e  v a lu es  o f  R and R* w ere, 

r e s p e c t iv e ly ,  0.139 and 0 .021 . A f u r th e r  s ix  cy c le s  o f  f u l l -  

m a tr ix  re fin em en t, w ith  a n is o t ro p ic  v ib r a t io n a l  param eters  f o r  a l l  

th e  atoms and u n i t  w e ig h ts , reduced R to  0 .090 and Rf to  0 .011 .

By t h i s  tim e p aram ete r s h i f t s  were a l l  l e s s  th a n  o n e - th ird  o f  

t h e i r  s tan d a rd  d e v ia t io n s  and th e  re fin em en t m s  th e re fo re  con sid ered  

to  be com plete f o r  th e  p re s e n t .  I t  i s  in ten d ed  to  app ly  a b so rp tio n  

c o r re c t io n s  and to  c a r ry  o u t f u r th e r  le a s t - s q u a r e s  re fin em en t u s in g  

a l l  454  d a ta ; a t  th e  same tim e a s u i ta b le  w eigh ting  scheme w il l  be 

in tro d u c e d .

The f i n a l  p o s i t io n a l  param eters a re  g iven  i n  Table 2 .1  and th e  

f i n a l  v ib r a t io n a l  p a ram eters  in  Table 2 .2 .  F or com parison, th o se  

found from th e  X-ray a n a ly s is  a re  a lso  shown. Standard  d e v ia t io n s  

d e riv e d  from th e  in v e rs e  o f  th e  le a s t - s q u a r e s  m a trix  a re  g iven  in  

p a re n th e s e s . Observed s t r u c tu r e  am plitudes and f i n a l  c a lc u la te d  

s t r u c tu r e  f a c to r s  a re  g iv en  in  Table 2*3 and t h e i r  agreem ent 

an aly sed  i n  T able 2 .4 . N uclear s h a t te r in g  le n g th s  ussd  i n  th e
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s t r u c tu r e - f a c to r  'c a lc u la t io n s  v e rs  : K, 0 .35 ; 0, 0 ,577; C, 0.661;
-12and H, -0 .3 7 8  x 10 cm.

The group o f atoms vhose param eters appear in  th e se  ta b le s  

c o n s t i tu te s  th e  c r y s ta l  chem ical u n i t  (CCU) o f th e  s t r u c tu r e ;  the  

CCU i s  shovm in  F ig u re  2 .1 .  O ther sym m etry-re la ted  u n i t s  a re  

denoted  a s  fo llow s :

CCU x , y , z;

I  £  -  x , i  -  y , 1 -  z; IV x, -  y ,  z;

II  x , y ,  -1  + z; V x , y , -1  + z;

I I I  -  x , y ,  2 -  z; VI -g- -  x , - I  + y ,  1 -  s;

VII -§• -  x , •§■ -  y , z .





T a b l e  2 . 1

F r a c t i o n a l  ( x , y , z  x 10 ) and o r  th o g o n a l ( X 1 , Y , Z 1 x i o 4)
c o o r d i n a t e s . (X- = ax s i n  {35 I  = k y ; Z 1 = ax  cos P + c z . )

( a ) N e u t r o n s t r u c t u r e  a n a l y s i s .

X 1 z X 1 Y Z'

K+ 15448 0 28062 1 4 6 2 8 (9 4 ) 0 1 2 8 6 1 (1 1 0 )

0(1) 17705 30473 66783 1 6 7 6 6 (4 5 ) 3 5 2 2 4 (4 2 ) 3 1 1 0 2 (5 4 )
0 ( 2 ) 9481 13206 77401 8 9 7 8 (4 8 ) 1 5 2 6 5 (4 4 ) 3 6 3 3 4 (5 4 )

c ( D 0 30297 1 0 0 0 0 0 0 3 5 0 2 0 (4 7 ) 47260

C( 2) 9534 23789 80495 9 0 2 8 (3 1 ) 2 7 4 9 8 (3 1 ) 3 7 7 9 4 (3 7 )

H ( l ) 2 5 0 0 0 2 5 0 0 0 5 0 0 0 0 23674 2 8 9 0 0 23630

H (2 ) 6432 36134 112519 6 0 9 1 (1 1 7 ) 4 1 7 6 7 (1 1 1 ) 5 3 0 1 0 (1 2 4 )

(b) X -ra y  s t r u c t u r e  a n a l y s i s

X X z X« Y Z 1

K+ 15435 0 27730 1 4 6 1 6 (1 2 ) 0 1 2 6 9 7 (1 3 )

0(1) 17748 30462 66548 1 6 8 0 6 (2 9 ) 3 5 2 1 1 (2 7 ) 3 0 9 8 1 (2 9 )
0 ( 2 ) 9449 13217 77703 8 9 4 8 (3 0 ) 1 5 2 7 8 (2 7 ) 3 6 4 7 3 (2 9 )

c ( i ) 0 30355 1 0 0 0 0 0 0 3 5 0 8 7 (5 2 ) 47260

C (2 ) 9532 23733 80472 9 0 2 6 (3 4 ) 2 7 4 3 3 (3 5 ) 3 7 7 7 9 (3 3 )

H ( l ) 2 5 0 0 0 2 5 0 0 0 5 0 0 0 0 2 3 674 2 8 9 0 0 23630

H (2 ) 6132 3 5 8 0 0 112636 5 8 0 7 (4 7 6 ) 4 1 3 8 1 (4 9 7 ) 5 3 3 9 4 (4 8 3 )



T a b l e 2 . 2

V i b r a t i o n a l p a r a m e te r  s ( A x  10  ).

( a ) N e u tro n  s t r u c t u r e a n a l y s i s .

M u - 2 2 - 3 3 2*33 2 -3 1 2—12

K+ 2 1 1 (4 4 ) 7 5 (3 8 ) 1 7 5 (6 1 ) 0 7 1 ( 8 0 ) 0

0 ( 1 )
0 ( 2 )

2 8 7 ( 2 2 )

3 7 8 (2 5 )

1 3 2 (1 9 )

1 1 1 (1 9 )

3 0 4 (3 3 )
3 4 9 (3 4 )

- 3 7 ( 3 9 )
- 1 5 1 ( 4 0 )

4 7 8 (4 4 )

4 0 0 (4 4 )
- 2 0 0 ( 3 3 )

- 6 0 ( 3 5 )

C( 1) 
C (2 )

2 2 8 (2 5 )
1 3 5 (1 6 )

1 0 7 (2 4 )

8 5 (1 5 )

1 1 5 (3 3 )
7 1 ( 2 2 )

0

- 6 2 ( 2 8 )

2 4 2 (4 6 )

5 9 (2 7 )

0

- 3 3 ( 2 3 )

H ( l )
H (2 )

3 9 7 (5 8 )

7 7 0 ( 6 6 )

2 2 9 (4 8 )

5 1 0 (5 8 )
2 3 0 (6 7 )
7 1 3 (8 4 )

1 2 (9 4 )

-9 2 2 ( 1 2 1 )

- 2 6 ( 1 0 6 )
9 2 3 (1 1 8 )

- 3 3 0 ( 9 1 )
- 8 8 8 ( 1 0 8

(b ) X - r a y  s t r u c t u r e  a n a l y s i s .

5 i i —22 - 3 3 2- 3 3 2 - J l 2—12

K+ 3 2 4 (6 ) 2 3 4 (5 ) 3 3 2 (6 ) 0 1 2 0 (9 ) 0

0 ( 1 )
0 ( 2 )

4 3 6 (1 6 )

5 0 9 (1 7 )

2 7 9 (1 2 )

2 4 6 (1 2 )
4 2 8 (1 5 )

4 1 6 (1 5 )

- 6 5 ( 2 3 )
- 7 8 ( 2 2 )

4 9 1 (2 5 )
4 7 7 (2 6 )

- 1 3 7 ( 2 3 )

- 8 8 ( 2 3 )

C ( l )
0 ( 2 )

3 9 7 (2 9 )

2 6 1 (1 7 )

2 3 4 (2 1 )

2 4 2 (1 4 )

3 1 0 (2 3 )

2 6 6 (1 5 )

0

- 2 9 ( 2 4 )

3 3 9 (4 1 )

1 4 9 (2 5 )

0

- 9 3 ( 2 5 )

H (2 ) 1 9 0 (1 1 9 )



n. o

Obc-o r  v c u

cil  L c u

h k 1 F o Fc h k

-11 -3 0 0 . 7 7 0 .6 8 -5 -3
-11 - 3 1 0 .7 5 0 .8 2 -3
-11 -1 0 o .  7 8 - 0 . I 8 -5 -3
-11 -1 1 1 . 6 9 - 1 .6 5 -5 -3
- l o - 6 0 b .0 5 - 3 . 9 8 -5 -1
-1 0 - 6 1 1 . 5 b 1 .1 3 -5 -1
- 1 0 -b 0 1 . 8 2 1 . 7 9 -5 -1
- l o -it 1 0 .7 6 o , b 3 -5 -1
- l o - b 2 0 . 7 5 0 .3 6 -5 -1
- l o - ? 0 6 .3 1 - 6 .8 5 - i t -12
- l o - 2 1 5 . 8 9 - 5 .1 6 -b -12
- l o -2 2 3 . b o 3 . 3 9 -b -12
- l o 0 0 7 . b o 7 .7 1 -b -1 0
- l o 0 1 7 .5 1 7 .6 6 -b -1 0
- l o O 2 3 . 2 0 - 3 . 2 6 -b -10

- 9 - 7 0 2 .0 6 - 1 .3 5 -b -1 0
- 9 - 7 1 3 . 5 5 3 , b 1 -b - 8
- 9 - 7 2 0 .7 5 - 0 . 3 9 -b -8
- 9 - 5 0 0 . 7 6 0 .6 3 -b - 8
- 9 - 5 1 3 . 8 5 - 3 . 6 6 -b -8
- 9 - 5 2 0 .7 5 - 0 . 7 7 -b -6
- 9 -3 0 2 .6 2 - 2 .6 1 -b -6
- 9 -3 1 3 . 3 9 3 . 0 0 -b -6
- 9 -3 2 3 .3 1 3 .b 3 -b -6
- 9 -3 3 1 .7 b 1 .0 3 -b -b
- 9 -1 0 0 . 7 3 0 .2 6 -b -b
- 9 -1 1 0 . 0 0 O .b l -b -b
- 9 -1 2 1 .1 6 - 1 . 1 8 -b -b
- 9 - I 3 2 . 8 0 - 2 . 3 7 -b -b-a - 8 0 0 . 7 9 1 .0 8 -b -2
- 8 - 8 1 6 .3 0 6 .b 3 -b -2
- 8 - 8 2 3 . 0 7 - 3 . b 5 -b -2
- 8 - 6 0 0 . 7 7 0 . 7 7 -b -2
- 8 - 6 1 1 .5 6 - 1 .6 3 -b -2
- 8 - 6 2 1 . 2 9 1 . 2 8 -b 0
- 8 - 6 3 0 . 7 7 - 0 . 5 9 -b 0
- 8 - b 0 1 . 8 8 - I . 8 0 -b 0
- 8 -b 1 3 . 1 8 2 . 9b -b 0
- 8 -b 2 1 .3 6 1 .3 7 -b 0
- 8 -b 3 0 . 7 8 0 .8 5 -3 -13-3 - e 0 1 .8 3 1 . 1 0 -3 -13
- 8 - e 1 6 . 5 8 - 6 . 3 b -3 -11
- 8 -e 2 6 .7 3 -6 . 7 0 -3 -11
- 8 0 0 0 .7 5 - 0 .0 1 -3 -11
- 8 o 1 1 1 .0 7 1 2 .2 0 -7 -11
- 8 0 2 7 .7 b 7 . 7 9 -3 - 9
-7 - 1 1 0 8 .9 2 3 .1 3 -3 - 9
- 7 - 9 0 0 . 7 7 - 0 . 3 b -3 - 9
- 7 - 9 1 3 .7 b 3 - b l -3 - 7
- 7 - 9 2 1 . 7 9 1 . 6 9 -3 - 7
- 7 - 7 0 0 .7 6 0 .7 5 -3 - 7
- 7 - 7 1 0 . 0 0 - 0 . b 2 -3 -7
- 7 - 7 2 3 .9 3 3 .b b -3 -5
- 7 - 7 3 0 . 7 8 0 .7 0 -3 -5
- 7 - 5 0 1 .3 3 - 1 .1 5 -3 -5
- 7 - 5 1 1 . 2 6 1 . 1 9 -3 -5
- 7 - 5 2 7 .o b - 6 .9 b -3 -5
- 7 -3 0 6 . b 7 5 .9 9 -3 -3
- 7 -3 1 3 .o b - 2 .3 b -3 -3
- 7 -3 2 0 .7 5 o .3 7 -3 -3
- 7 -3 3 2 . b 6 2 . 5 8 -3 -3
- 7 -1 0 2 .2 3 - 1 . 8 3 -3 -3
- 7 -1 1 2 . 8 8 2 . b 6 -3 -1
- 7 -1 2 0 .7 3 - o . b 5 -3 -1
- 7 -1 3 o . 7 9 - 1 .0 8 -3 -1
- 6 -1  o 0 7 .6 5 7 .5 8 -3 -1
- 6 - 1  o 1 1 .5 b - 1 . 6 7 -3 -1
- 6 - 1 o 2 3 .3 1 - 3 . 6 3 -2 -1 2
•6 - 8 0 8 .3 1 - 8 .2 1 -2 -1 2
- 6 - 8 1 o.ixi -0 . 0 2 -2 -1 2
- 6 - 8 2 b .7 b b . 7 6 -2 -1 0
- 6 - 8 3 3 . 6 2 - b .0 2 -2 -1 0
- 6 - 6 0 6 .7 6 6 . 3 9 -2 - l o
• 6 - 6 1 o .7 b 0 . 3 8 -2 -8
- 6 - 6 2 b .8 2 -b .B o -2 -8
- 6 - 6 3 1 . 3 5 1 .b 5 -2 - 8
- 6 -b 0 1 . 1 b 1 .1 2 -2 - 8
- 6 -b 1 2 . 5b - 2 . b 7 -2 -6
- 6 - b 2 2 . 9 9 2 .9 5 -2 -6
- 6 - b 3 5 .3 0 5 .1  9 -6
- 6 - 2 0 0 .6 9 - o . 2 b -2 -6
- 6 - e 1 0 . 6 3 0 .2 0 -2 -6
- 6 - e 2 7 . 9 3 - 8 .0 2 -2 -a
- 6 - e 3 5 .1 3 - 5 .2 3 -2 -b
• 6 o 0 2 . 0 I 1 .6 3 -2 -b
- 6 o 1 1 . 2 2 -1 .(XJ -2 -b
- 6 o 2 8 .9 1 9.(XJ -2 -b
- 6 0 3 7 .2 1 7 . 1 b -2 0
- 5 -1 1 0 ' b . 0 7 b .2 1 -2 0
- 5 - i i 1 0 .7 6 - 0 .7 1 -2 0
- 5 - i i 2 b .  93 - b . 5 9 -2 0
-5 - 9 0 3 . 8 5 - 3 .6 5 -2 0
-5 - 9 1 2 .6 1 - 2 .  bo -1 -13
-8 - 9 2 3 . 6 8 3 .2 1 -1 -1 3
-5 - 9 3 3 .7 b 3 . 6 0 -1 -13
-5 - 7 0 2 . 3 0 2 .0 5 -1 -11
-5 - 7 1 1 .b b 1 . b l •1 -11
-5 - 7 2 2 .3 2 2 .1  0 -1 -11
-5 - 7 3 6 . 0 9 5 .7 6 -1 -11
-5 - 5 0 5 . 2 9 4 .  S3 -1 - 9
-5 - 5 1 5 .5 7 - 5 . 2 9 -1 - 9
-5 -5 2 0 .7 3 0 .7 0 -1 - 0
-5 - 5 3 b .  7b - b .7 3 - 9
-5 -3 o 9 .8 3 9 .3 3 -1 - 7

!1I. ' V I c l’’J ' ’  1 1 ! - i .  r 1

1 F o Fc h k 1 F o

1 3 .0 5 2 .7 3 .1 - 7 1 0 .6 9
2 6 .8 6 -6 . b 6 -1 - 7 2 1 .3 6
3 1 .1 1 1 .5 7 -1 -7 3 3 .2 b
b 3 .6 1 3 .5 7 -1 -5 0 5 . 2 b
0 5 .b 5 - b .3 l -1 -5 1 2 .3 3
1 3 .b 2 - 2 . 3 7 -1 -5 2 6 .6 0
2 5 .1 6 b .  3 9 -1 -5 3 5 .9 3
3 2 . 7 0 2 . 2 b -1 -5 b 1 - 3 5
b 2 . 8 9 - 2 .7 6 -1 -3 0 1 .3 b
0 1 .7 b - 2 .1 5 -1 -3 1 1 . 1 9
1 2 .3 5 - 2 . 2 7 -1 -3 2 7 . 0 3
2 0 .7 5 0 .0 8 -1 -3 3 b . b l
0 b .21 b .2 0 -1 -3 b 2 .1  3
1 8 .3 3 8 .b 5 -1 0 3 .9 7
2 0 .7 7 1 .0 1 . -1 -1 1 2 . 2 b
3 3 .1 b - 3 .1 8 -1 -1 2 5 .0 7
0 8 . 6 b - 8 . 5 9 -1 -1 •3 2 .b b
1 1 1 .3 7 - 1 2 .3 9 -1 -1 b 3 .1 1
2 1 .8 3 1 .5 0 0 -12 0 2 . 7 3
3 5 .8 5 5 .8 3 0 -1 2 1 1 .2 7
0 3 .3 1 3 .5 3 0 -1 2 2 1 . 2 7
1 3 .8 6 3 .7 7 0 -1 0 0 b . b j
2 1 .3 b 1 .1 1 0 -1 0 1 1 . !l7
3 3 .9 2 - b . 2 7 0 -1 0 2 b . 2 b
0 2 .6 3 - 2 .1 6 0 - 3 0 0 ,7 1
1 2 .6 2 2 . 3 9 0 - 8 1 1 . 5 9
2 I .0 3 0 .6 8 0 -8 2 9 .1 9
3 3 . 8 8 b .2 2 0 -8 3 7 .9 5
b 2 .3 3 2 . b 2 0 -6 0 1 . 7 7
0 3 .1 2 2 .7 7 0 - 6 1 3 . 9 9
1 2 .5 3 - 2 . 2 9 0 -6 2 3 . 3 8
2 2 .7 6 2 .3 0 0 -6 3 6 .0 3
3 6 .6 3 - 6 . .85 0 -6 b 2 .0 3
b 6 . 7  6 - 7 . 3 3 0 -b 0 5 .3 3
0 7 .5 5 - 7 .b 5 0 -b 1 b .  56
1 2 . 7 7 - 2 .1 2 0 -b 2 2 . 7 92 .0 .6 7 - 0 .3 6 0 -b 3 0 . 6 9
3 9 .2 6 9 .  b o 0 -b b 2 .b b
b 6 . 0 9 5 .9 3 0 -2 0 7 .6 2
0 2 .8 6 - 3 . b o 0 -0 1 b .11
1 1 . 6b 1 .8 8 0 -2 2 b . b 6
0 0 .7 6 1 .0 3 0 -2 3 1 .6 3
1 3 .7 6 3 .7 3 0 -2 b 0 .7 2
2 0 . 7  6 - 0 . 1 7 0 0 1 2 .7 2
3 5 .3 7 - 5 .5 2 0 0 2 9 .b 6
0 2 .5 2 - 2 .1 1 0 0 3 3 . 7 7
1 b .3 5 - b .3 0 0 0 it 5 .3 7
2 0 . 7 7 - 0 . 9 7 1 -13 1 b . l  9
0 1 .6 7 - 1 .5 3 1 -11 1 8 .6 0
1 b .  8 8 b .6 2 1 -11 2 9 .7 0
2 6 . 1 9 6 .2 2 1 -11 3 5 .2 b
3 0 .7 5 0 .3 7 1 - 9 1 2 . b 2
0 0 .6 5 - o . b 3 1 - 9 2 0 .7 8
1 5 . b o - 5 .0 2 1 - 9 3 2 . 6 o
2 b . l b 4 . 2 7 1 - 7 . 1 3 .3 b
3 0 .7 2 - 0 . 6 3 1 -7 3 3 .9 5
b b . 6 o - b .7 3 1 - 7 3" 2 .1  9
0 2 .7 3 - 2 .3 5 1 -5 1 7 .5 1
1 7 .6 2 7 .6 1 1 -5 2 1 .6 2
2 3 .9 3 3 . b l 1 -5 •a 2 . 3 9
3 6 . b o -6 .U J 1 -5 b b .1 5
b 2 .o b 2 . 1 9 1 -3 1 1 . 1 9
0 1 .2 1 - 0 .7 6 1 -3 2 1 .3 8
1 3 . b 8 - 2 .9 5 1 -3 3 9 .7 5
2 1 .0 5 0 .7 5 1 -3 b 3 .6 1
3 3 .3 6 3 .0 6 1 -1 1 0 . b 9
b 1 . 1 s -1 . 2 2 1 -1 2 2 .5 2
0 1 .3 1 1 .0 0 1 -1 3 b . l b
1 0 .7 5 0 .5 1 2 -12 1 b .b o
2 1 .9 2 - 2 .0 5 2 -12 2 0 . 7 3
0 2 . 9 8 - 2 . 9b 2 -1 0 1 0 .0 0
1 7 . 3 9 8 .1 1 2 -1 0 2 0 .7 8
2 3 .5 6 3 .7 2 2 - 3 1 1 .3 !
0 2 .5 3 2 . b 8 2 -8 2 2 .9 5
1 8 .0 2 - 8 . I 0 2 - 3 3 5 .1 5
2 1 0 .5 3 - 1 1 . b l 2 -6 1 0 . 6 3
3 0 .7 7 0 .1 0 2 -6 2 0 .7 1
0 3 . 9 7 - 3 .5 2 2 -6 3 5 . 2 b
1 b .5 1 3 . 9 7 2 -6 b 3 .6 6
2 b .7 2 b .6 1 2 -b 1 0 .6 2
3 0 .7 2 0 .5 5 2 -b 2 3 .2 5
b 2 .3 6 - 2 . 9 8 2 -b 3 2 .3 5
0 3 .0 8 2 .8 1 2 -b b 2 .7 2
1 3 .1 3 2 .7 5 2 -2 1 1 0 .6 6
2 3 .2 3 2 . 6 9 2 -2 2 3 .7 b
3 . 3 . 8 6 - 3 .6 3 2 -2 3 5 .9 b
b 5 .9 b 2 .8 7 2 -2 b 1 , 6b
0 2 .  <33 2 . b 2 2 0 1 I 0 .0 5
1 3 .1  5 - 9 .9 3 2 0 2 6 .2 7
2 1 .1 7 - 0 .7 5 2 0 3 5 .9 0
3 1 .5 1 1 .0 5 2 0 b 0 .7 2
b 9 .6 0 l o .  80 3 -13 1 b . b 7
0 6 .2 7 6 .5 9 3 -11 1 7 .2 9
1 1 .1 3 - 1 .1 1 3-1 1 2 3 .3 3
2 0 . 7b - o . b 3 3 -11 3 3 . 6b
0 3 .1 3 - 8 .3 8 3 - 9 1 b .  55
1 3 . 3 5 3 .2 5 3 - 9 2 b .3 3
2 2 .7 5 2 .7 0 3 - 7 1 2 .5 7
3 0 .7 6 - 0 .9 2 3 - 7 2 2 .7 b
0 b .b b b . 2 9 3 - 7 7 3 . 1 7
1 o .7 b - i t . t i l t 3 -5 1 b .3 3
2 5 -2 2 - 5 .1 b 3 -5 2 2 .3 3
3 1 . 92 - 1 .  T> 3 -5 b 9 . bO
0 7 .0 8 6 .5 3 3 -3 1 0 .6 2

i n f ’ 

t o  f o

.i i  j 10.
1
I

Fc h . k 1 Po Fc

0 .7 3 3 -3 2 5 .1 3 b .  2b
1 .8 6 3 -3 3 1 .6 3 1 .6 6
M 2 3 -3 b 3 . 6 9 3 .5 5

4 . 8 5 3 -1 1

c 
c I . 0 5

2 .3 0 3 -1 2 0 .2 9
-6 . 1 3 3 -1 3 2 . b 3 - 2 .2 7
- 5 .3 b 3 -1 b 3 .6 3 -3 .3 -6

1 .6 3 b -12 1 l . 7 b 1 .8 9
-1 , b 6 b--1 2 2 2 . 5 3 - 2 .  Sb
- 1 .0 0 b -10 1 3 .5 6 - 3 .8 3

6 .6 2 b ■-10 2 0 .7 3 0 . 7b
3 .9 6 b-- lo 3 0 .7 7 - o . b g

- 1 .7 0 b - 3 1 6 .0 3 5 .9 1
3 . 8 3 b 2 2 .6 7 2 .2 8
1 . 9 3 b 1 0 .0 0 - 0 . 1 7

- 5 .1 0 b -6 2 1 . b o 0 .9 1
- 2 .1 1 b -6 3 3 4 5 - 3 . 3 7

2 .9 6 b -b 1 0 . 6 9 0 .8 3
- 2 . 9 7 b -b 2 1 . 2 9 0 .9 3
1 .0 6 b -b 3 1 .5 3 1 .7 3

-1 .  2 0 b -it b 1 .9 1 - 2 .5 3
b .2 0 b -2 1 3 . 0 7 - 2 .6 0

-1 , b l b -2 2 7 .5 7 - 7 . b ?
3 . 9 3 b -2 3 b .2 9 - b .3 0
0 .6 5 b -2 b b . l  9 b .b b
1 .bo b 0 1 7 .5 1 7 .3  b

- 9 .b b b 0 2 1 1 .5 5 1 3 .3 7
- 7 .5 2 b 0 3 2.2b 2 .5 2
1 .22 b 0 b 6 . 0 9 - 6 .0 6

- 3 .5 1 5 '-11 1 3 .7 6 3 .7 5
3 .2 1 5--11 2 5 .6 2 - 5 .8 6
6 .67 5 - 9 1 0 . 7 5 - 0 .1 5
2 .3 b 5 - 9 2 2 .8 0 2 .b 3
b . b 7 5 - 9 3 0 .0 0 o .b 7
b.11 5 -7 1 0 .0 0 0 . 2b

- 2 . 1 9 5 -7 2 0 .7 6 0 .2 3
-0 .36 5 -5 1 2 .2 3 1 .3 5
- 2 .3 3 5 - 5 2 2 .5 1 -2 .20
- 7 .  .33 5 -5 3 3 .1 0 - 2 .8 8
- 3 .6 3 5 -3 1 2 .1  9 1 .7 5
3 . 3 0 5 -3 2 1 .1 3 - 0 .7 5

- I . b 3 5 -3 3 0 .7 b 1 .0 0
- 0 .1  8 5 -1 1 0 .6 7 0 . 5b
2 .0 6 5 -1 2 0 .0 0 0 .07

- 1 0 .0 7 5 -1 3 0 . 7 7 -1 . b l
3 . 3 5 5 -1 b 0 .7 6 -0.21
b .  3b O'-lo 1 b .21 b .2 6
b . 3 l 6 '-10 2 3 .8 8 - b .2 5

-8.71 6 -8 1 5 .0 1 4 . 7 1
3 . 6 9 6 - 3 2 3 .7 3 3 . 8 9
5 .6 5 6 - 3 3 I . b 7 1 . 4
2 . b 6 6 - 6 1 5 .0 8 b .6 6

- 0 . 7 2 6 - 6 2 3 . 3 7 - 3 .1  9
- 2 .7 3 6 -b 1 2 .9 5 - 2 .7 2
3 . 0 7 6 -b 2 » .7 7 - 0 . 7 5

- 3 .b b 6 -b 3 2 .3 2 2 .3 5
2 . 2 b 6 - 2 1 3 .5 3 3 .1 6

- 6 . 8 7 6 - 2 2 3 .3 2 - 3 .8 8
1 .b 3 6 -2 3 5 .7 7 - 5 .7 2

- 2 . 3 9 6 0 1 3 .1 2 - 2 .9 0
- b . 2 9 6 0 2 3 . 6 0 3 .9 6
- 0 .9 3 6 0 3 7 .7 b 8 . 3 b

1 . 5 3 7 - 9 1 b .  99 4 . 3 7
8 .9 3 7 - 9 2 2 .6 3 - 2 .6 3
3 .2 6 7 -7 1 1 .6 3 1 . 3 9
0 .1 6 7 -7 2 0 .7 7 0 . 6 b

-1 . 8 7 7 -7 3 1 .5 7 1 4 3
- 3 .2 3 7 - 5 1 b .  56 4 . 3 3
- b . b  7 7 - 5 2 0 .7 3 - 0 .5 5

1 .3 b 7 -3 1 6 .6 0 6 . 2b
0 .1 1 7 -3 2 1 . b l - 1 .0 2

- 0 .7 5 7 -3 3 0 .7 6 - 0 .1 3
- 0 . 7 7 7 -1 1 5 . 0b 4 . 6 0

2 . 5 9 7 -1 2 0 .0 0 - 0 . b 3
- 5 .2 1 7 -1 3 1 .9 9 1 .6 5

0 . 2 b 8 - 8 1 7 .5 b - 7 .6 b
- 0 . 6 9 a - 3 2 b .3 l - 3 . 3 9

5 .0 6 3 -6 1 3 .5 5 2 .7 3
3 . 3 9 8 -6 2 3 . o 6 3 . 3 0

- 0 . 0 7 8 -6 3 1 .1 5 - 1 . 3 8
3 . 1 3 8 -b 1 1 . 7 7 - 1 .5 b

- 2 . 3 5 3 -b 2 1 .5 2 - 1 . 9 3
- 2 .7 b 3 . 2 1 0 . 7 3 -0 .7 1

-10 .6 0 8 -i 2 2 .9 5 2 .7 1
-3 .2 1 8 0 1 2 .3 3 - 1 . 3 8

5 .5 3 8 0 2 2 . 8 b - 2 . b 3
- 1 . 5 3 9 -7 1 0 .0 0 0 .0 2
1 3 .3 9 9 - 5 1 1 .2 2 -1 .5 1

5 .3 3 9 -5 2 2 .3 2 - 2 .3 7
- 5 . 3 8 9 -3 1 2 .3 6 2 .b 7
0 .6 5 9 -3 2 b . 5 0 b . 7 l
b . b 2 9 -3 3 0 .7 5 - 0 . 0 7

- 7 .3 b 9 -1 1 2 .1 2 - 2 .2 0
- 3 .3 5 9 -1 2 0 .7 9 - 1 . 1 9
3 . 6 o 9 -1 3 0 .0 0 0 .3 b
b . b 5 l o -6 1 0 .7 5 0 .1 3
3 .9 0 10 -b 1 0 . 7 7 0 .0 1
2 .2 1 l o -b 2 0 .7 5 -0 . 2 6
2 . 2 7 10 -2 1 1 .2 3 1 .3 3

- 3 .0 3 l o -2 2 1 . 5 9 1 .7 1
- b . l  2 10 0 1 0 .7 7 - 0 .7 3
- 2 .5 9 1 0 0 2 1 .5 3 - 1 . 1 7
- 3 . b5  
0 . 1 7

1 1 -1 1 1 .2 3 l . b j



T a b l e  2 . 4

A n a l y s i s  o f  th e  a g re e m e n t  o f  | l ' 0 l an d  |'F | a t  t h e  end  o f  
t h e  r e f i n e m e n t .  N i s  t h e  num ber o f  r e f l e x i o n s .

S t r u c  t u r e f a c t o r s  a r e on th e  -a b s o l u t e s c a l e .

( a )  As a f u n c t i o n  o f s i n  0 / \ •

r.|Fol e|pcI sh'l N R shl/:

o • 0 1 o • 244*71 2 27*73 2 9 * 8 2 64 0 * 1 2 2 0*47

•oi•O

2 93*58 276*52 24*27 82 0*083 0*30

0 * 4 -  0 - 5 481*18 470*12 3 7 -1 7 139 0 * 0 7 7 0*27

0*5 -  0*7 3 3 7 •4 0 332*17 30*72 130 0*091 0*24

(b )  As a f u n c t i o n  o f | P | - 1 0

•oIo«o

0 * 0 0 2 -7 7 2*77 11 - 0*25

0* 4  -  1 -0 55*68 40*77 2 2 * 7 0 75 0 * 408 0*30

1 * 0  -  2*5 166*37 156*29 22*06 97 0*133 0*23

2*5 -  4*0 350*33 328*77 30*91 108 0 * 0 8 8 0*29

4*0  -  6*0 306*83 291*80 19*45 63 0*0 6 3 0*31

6 - 0  -  8*5 321*28 319*79 12*28 45 0 * 0 3 8 0*27

8*5 -  14*0 156*39 166*34 11*81 16 0*075 0*74

A l l 1^356* 88 1306*53 1 21*98 415 0 * 0 9 0 0*29



T a b l e  2 . 5

d i s t a n c e s  (A) and  0 --K + - . q  a n g l e s  ( ° ) .

N e u tr o n  X - r a y

K+ - • o d 1) 2 -7 7 1 (7 ) 2 -7 7 3 (3 )

K+ - . 0 ( 2 ) 2 - 8 5 6 ( 1 0 ) 2 -8 5 9 (3 )

K+ - . o d 11 ) 2 -8 8 2 ( 1 0 ) 2*882 (3 )

0 ( 1 I • -K+ • • o ( i VI) 1 0 9 -1 ( 0 - 3 ) 109*1 ( 0 - 1 )

0 ( 1 * • -K+ - • 0 ( 2 ) 6 7 - 6 ( 0 - 2 ) 6 7 -3 (o- 1 )

O i l 1 • • K+ • • 0 ( 2 1 1 ) 7 5 -0 ( 0 - 2 ) 7 5 -3 ( 0 - 1 )

O i l 1 * -K+ - - 0 ( 2 IV ) 1 1 9 -3 ( 0 - 4 ) 1 1 8 -5 (o- 1 )

o i l 1 -•K + - • 0 ( 2V) 127*1 ( 0 - 4 ) 1 2 8 -0 ( 0 - 1 )

0 ( 2 ) • • K+ • • 0 ( 2 1 1 ) 1 1 0 -9 ( 0 - 2 ) 1 1 0 - 8 (o- 1 )

0 ( 2 ) • -K+ - • 0 ( 2 IV ) 6 4 - 6 ( 0 - 3 ) 6 4 -0 (o- 1 )

0 ( 2 ) • -K+ - • 0 ( 2V) 1 5 7 -3 ( 0 - 3 ) 1 5 7 -2 ( 0 - 1 )



T a b l e  2 . 6

o
Bond l e n g t h s  (A) an d  a n g le s  ( 0 ) .

N e u tro n X-]ra y

c ( l - H (2 ) 1 * 0 7 6 ( 1 2 ) 1*035 (4 9 )

c ( l - C (2 ) 1*509 (4 ) 1*516 (4 )

C (2 — 0 ( 2 ) 1*232 (5 ) 1*223 (4 )

C( 2 - 0 ( 1 ) 1*282 ( 6 ) 1*293 (4 )

0 ( 1 « # • o d 1) 2*479 ( 1 0 ) 2*459 (5 )

C (2 - C ( l )  - II (2 ) 108*0 ( 0 *6 ) 108*9 ( 2 *6 )

C( 2 - C ( l )  - IK 2 1 1 1 ) 108*4 (0 * 7 ) 106*9 (2 * 7 )

C( 2 - C ( l )  - C (2 i n ) 1 2 0 * 2 (0 * 4 ) 119*4 (0 * 4 )

H( 2 - 0 ( 1 ) - ir( 2111) 102*3 ( 1 *0 ) 105*1 (3 * 8 )

c ( i - 0 ( 2 ) - 0 ( 1 ) 1 1 2 * 8 (0 * 3 ) 112*5 (0 * 3 )

c ( i - 0 ( 2 ) - 0 ( 2 ) 124*5 (0 * 4 ) 124*4 (0 * 3 )

0 ( 1 - 0 ( 2 ) - 0 ( 2 ) 1 2 2 * 6 (0 * 4 ) 123*1 (0 * 3 )

C( 2 0 ( 1 ) - * • o d 1) 1 1 1 * 8 (0 * 3 ) 111*7 ( 0 *2 )



C(1)
x ^ » ( 2 )

) C ( 2 )

a  s i n _ p Q 
2

CCU.II

0 1 2 A

F ig u re  2 .1  The c r y s ta l  s t r u c tu r e  o f potassium  hydrogen m alonate as  
seen in  i t s  c - a x ia l  p ro je c tio n .



«2U)Cf"

0(1 )

y

V

0 1 2 A

F ig u re  2 .2 The environm ent o f th e  potassium  io n  in  potassium  
hydrogen m alonate.
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2 .3  DISCUSSION

In  th e  c ry s ta l  s t r u c tu r e  o f  potassium  hydrogen m alonate, which 

i s  shown in  F igure  2 .1 , th e  m alonate r e s id u e s , each  o f  which has 

a  tw o -fo ld  a x is  o f symmetry, a re  lin k e d  in to  i n f i n i t e  ch a in s  th rough 

hydrogen bonds ly in g  a c ro ss  c e n tre s  o f in v e r s io n , w h ils t  th e  

potassium  io n  l i e s  on a p lan e  o f  symmetry.

The environm ent o f  th e  potassium  io n , which i s  co o rd in a ted  to  

e ig h t  oxygen atoms, i s  shown in  F igure  2 .2 , and in  Table 2 .5  th e
+  4 *

K • • • 0  d is ta n c e s  and 0 ***K • • • 0  an g les  found by n eu tro n  d i f f r a c t i o n  

a re  compared \a th  th o se  found by X -ray d i f f r a c t i o n  (Sims and Speakman, 

1969) ;  s tan d a rd  d e v ia t io n s  a re  given i n  p a re n th e se s .

Bond le n g th s  and an g le s  i n  th e  m alonate re s id u e  found by neu tro n  

d i f f r a c t io n  a re  g iven  in  T able 2 . 6 ; th o se  found by X-ray d i f f r a c t i o n  

a re  a lso  g iv en . C (l) , C(2) , 0 ( l )  and 0(2) a re  approx im ately

co p lan a r, th e  eq u a tio n  o f  th e  p lan e  th rough  them be in g , in  o rth o g o n a l 

c o o rd in a te s ,

-  0 .692  X' + 0 .082 I  -  0 .717 Zf = -  3 .104 1 .

The d ih e d ra l  ang le  between t h i s  p lane  and th a t  th rough  C (l) ,

C(2I i : t ) , O ft111) and 0(2 i n ) i s  9 .4 ° .

I n  th e  carboxyl group th e  C(2)— 0 ( l )  and C(2)— 0(2) bond 

le n g th s  a r e ,  r e s p e c t iv e ly ,  1 .282  (±6) A and 1 .232 (±5) T h e ir  

d i f f e r e n c e ,  0 .050  a  , im p lie s  some degree o f  charge d e lo c s l i s a t io n ,  

v iz .
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r a t h e r  th a n

The C (l)— H(2) d is ta n c e  found by neu tro n  d i f f r a c t io n ,  v iz .  

1 .076  (±12) A, i s  g re a te r  th an  th a t  found by X-ray d i f f r a c t i o n ,  

v i z .  I .O 35 (±49) A . W hilst t h e i r  d if f e r e n c e  o f  0.041  A i s  no t 

s t a t i s t i c a l l y  s ig n i f ic a n t  i t  i s  'n o n e th e le ss  o f  i n t e r e s t  to  n o te  

t h a t  th e se  r e s u l t s  fo llo w  th e  g en era l tre n d  th a t  C—H d is ta n c e s  

found by X -ray d i f f r a c t i o n  a re  c o n s is te n t ly  s h o r te r  th an  th o se  found 

by n eu tro n  d i f f r a c t i o n  (H am ilton, 1962).

The 0***0 d is ta n c e  o f  th e  hydrogen bond, 2 .479 (±10)- A by 

n eu tro n  d i f f r a c t i o n  and 2.459 (±5) A by X-ray d i f f r a c t io n ,  i s  

s im ila r  to  th o se  found in  th e  Type A a c id  s a l t s  o f  monobasic a c id s  

(Speakman, 1967), and ag rees  w e ll w ith  t h a t  o f  th e  sym m etrical 

hydrogen bond i n  potassium  hydrogen s u c c in a te , v iz .  2 .4 4 6  (*4 ) A 

(McAdam, 1969)•

N e u tro n -sc a tte r in g  d e n s ity  and d if f e r e n c e  sy n th eses  computed
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w ith  l im i te d  tw o-dim ensional d a ta  in d ic a te  t h a t  th e  p o te n t ia l  

fu n c tio n  o f th e  hydrogen bond has a. double minimum, and t h i s  i s  a lso  

im p lied  by th e  s im i la r i ty  o f  th e  0***0 d is ta n c e  to  th o se  o f  some 

unsym m etrical hydrogen bonds, e .g .  0(2) • ••0 (9 ) = 2.472 (±4) A in  

ammonium t e t r o x a la te  (Appendix I ) . • The a c id ic  p ro to n  i s  th e re fo re  

e i t h e r  s t a t i s t i c a l l y  d iso rd e re d  o r  i s  undergo ing  v ib r a t io n a l  m otion 

i n  th e  p o te n t ia l  w e ll betw een th e  oixygen atoms; th e se  p o s s i b i l i t i e s  

a r e ,  however, in d is t in g u is h a b le  c iy s t s l lo g r a p h ic a l ly  ( I b e r s ,  1965) • 

S im ila r  r e s u l t s  have been o b ta in ed  from th e  s t r u c tu r e  a n a ly s is  by 

n eu tro n  d i f f r a c t i o n  o f  th e  Type A a c id  s a l t  po tassium  hydrogen 

d i - a s p i r i n a t e  (S eq u e ira , B erk eb ile  and H am ilton, 1967)•

The s h o r te s t  non-bonded in te rm o le c u la r  c o n tac ts  i n  th e  s t r u c tu r e  

a re  s 0 (2 ) •  • •0 (2IV) = 3 .053 A 5 0 ( l ) * " 0 ( 2 I ) = 3.13?- A 5 0 ( l ) ” -C(2I )

=  3 .186  A j 0 ( 1 ) • • •C (l11) = 3.533 A ; and 0 ( l ) • • 'CCl711) = 3 .621 A .

W h ils t th e  r e s u l t s  o b ta in e d  by n eu tro n  d i f f r a c t i o n  a re  in  

e x c e l le n t  agreem ent w ith  th o se  o b ta in ed  by X-ray d i f f r a c t io n ,  i t  i s  

no tew orthy  th a t  th e  1 s d e riv ed  from th e  n e u tro n -d if f r a c t io n  

a n a ly s is  a re  c o n s is te n t ly  low er th an  th o se  from th e  X-ray a n a ly s is  

(T able 2 .2 ) .  T his may be accounted f o r  by th e  f a c t  t h a t  no a b so rp tio n  

c o r re c t io n s  have y e t  been a p p lie d  to  th e  X -ray d a ta  ( e .g .  H am ilton, 

1969) ,  b u t could n e v e r th e le s s  be in d ic a t iv e  o f  th e  inadequacy, when 

h ig h  accu racy  i s  re q u ire d , o f  u s in g  s p h e r ic a l ly  sym m etrical X -ray 

s c a t t e r in g  f a c to r s  c a lc u la te d  on th e  b a s is  o f  f r e e ,  non-bonded atoms 

(Coppens, 1969)
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2 . 4  FJTUR5 UQRK

Once a l l  th e  n e u t ro n -d if f r a c t io n  d a ta  have been co rre c ted  f o r  

a b so rp tio n , and f u r th e r  le a s t - s q u a r e s  re fin em en t c a r r ie d  o u t, an 

e le c tro n - d e n s i ty  d if fe re n c e  sy n th e s is  w i l l  be computed u sin g  th e  

observed s t r u c tu r e  am plitudes from th e  X -ray a n a ly s is ,  a ls o , i f  

p o s s ib le ,  c o rre c te d  f o r  a b so rp tio n , and s t r u c tu r e  f a c to r s  c a lc u la te d  

from th e  n e u tro n -d if f r a c t io n  p aram ete rs  and s p h e r ic a l ly  sym m etrical 

X -ray s c a t te r in g  f a c to r s .  In  such a sy n th e s is  i t  should be p o s s ib le  

to  lo c a te  th e  bonding e le c tro n s ;  t h i s  was s u c c e s s fu lly  done in  a  

s im ila r  s tu d y  o f  s - t r i a s i n e ,  , by Coppens (1967).

I



CHAPTER 3

AMMONIUM H C lO iL  SULPIiAThJ 21?-XAIi£DRAT2
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3 .1  INTRODUCTION

The c r y s ta l  s t r u c tu r e  o f ammonium n ic k e l su lp h a te  hexahydrate , 

a  member o f  th e  isom orphous s e r ie s  o f  T u tto n  s a l t s  (T u tton , 1916), 

was determ ined by Grimes, Kay and Webb (1963) from an X -ray a n a ly s is  

o f  th e  th re e  a x ia l  p r o je c t io n s .  :

As h a l f  th e  atoms in  t h i s  s t r u c tu r e  a re  hydrogen atoms i t  was 

considered  th a t  a n e u tro n -d if f r a c t io n  study  would be o f  i n t e r e s t .  

A ccordingly , n e u tro n -d if f r a c t io n  d a ta  f o r  th e  th re e  a x ia l  p ro je c t io n s  

were c o lle c te d  by Mr. N.A. Curry a t  A .E .R .E ., H arw ell i n  1965.

Using th e se  d a ta ,  v e ry  k in d ly  su p p lied  by Mr. C urry, i t  has been 

shown th a t  th e  hydrogen atoms appear i n  t h e i r  expected p o s i t io n s  

and th a t  th o se  o f  th e  ammonium io n  a re  no t d iso rd e re d .

A u s e f u l  supplem ent to  t h i s  work would be th e  c o l le c t io n  and 

re fin em en t o f  f u l l  th re e -d im e n sio n a l X-ray d if f r a c to m e te r  d a ta  as 

th e  d a ta  used  i n  th e  o r ig in a l  X-ray a n a ly s is  were l im ite d  i n  number.

3 .2  EXPERIMENTAL 

C ry s ta l D ata

The u n i t  c e l l  used i n  t h i s  a n a ly s is  d i f f e r s  from th a t  o f  Grimes 

e t  a l .  i n  t h a t  a  and c have been in te rc h a n g e d . The space group 

i s  th e re fo re  P 2p /c  in s te a d  o f  P 2^ /a  , th e  a l t e r n a t iv e  c e l l s  

be ing  sym m etrically  r e la te d  by th e  tra n s fo rm a tio n  m a tr ix  • OOl/OlO/lOO ,
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The fo llo w in g  param eters were e s ta b lis h e d  by Grimes e t  a l .  :

Ammonium n ic k e l su lp h a te  hex ah y d rate , (KHj ) 2hi(SO^) 2 • 6H2O ,

F.V. = 395 .0  . M onoclin ic, a  = 6.239 ( ± l) ,  . b = 12.459 ( ± l) ,

2  = 9 .181 (±1) A, p = 106 .95° ( ± 0 .0 / ° ) ,  U = 682.6 A3 .

f t ,  = 1 .923  (T u tton , 1916), Z = 2 , Dx i  1 .9 2 2 .
5

Space group P 2-j/c ( C2h>
t 0 \ “1L in ea r a b so rp tio n  c o e f f ic ie n t  f o r  n eu tro n s  ( \ «  lA ) ,p  = 2 .35  cm .

Data. C o lle c tio n

N eu tro n -sca .tte rin g  s t r u c tu r e  am plitudes were measured on a 

sp ec tro m ete r i n  th e  DIDO r e a c to r  a t  A .E .R .E ., Ha2r je .ll by Mr. N.A.

C uriy . These comprised 190 0k!X, 96 hOX and 149 hkO re f le x io n s ,

o f  which, r e s p e c t iv e ly ,  55> 18 and 25 were recorded  as  having

zero i n t e n s i t y .  A bsorption  c o rre c t io n s  were a p p lie d  to  th e  hkO 

d a ta  o n ly .

S tru c tu re  A n alysis  and Refinem ent

The s t a r t i n g  p o in t f o r  th e  a n a ly s is  was th e  s e t  o f  f r a c t io n a l  

co o rd in a te s  found by Grimes e t  a l .  f o r  th e  non-hydi*ogen atom s.

Regions o f  n eg a tiv e  s c a t te r in g  d e n s ity  appeared  i n  n e u tro n -s c a t te r in g  

d e n s ity  and d if f e r e n c e  sy n th eses  o f  th e  th re e  p ro je c tio n s  i n  p o s i t io n s  

where hydrogen atoms would be expected , and c o o rd in a te s  were o b ta in ed  

a c c o rd in g ly .

The number o f  d a ta  w ith  non-zero  s t r u c tu r e  am plitudes d id  n o t
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perm it re fin em en t o f  th e  param eters  o f a l l  th e  atoms, and th i s  

being  so on ly  th e  hydrogen param eters  were r e f in e d , th e  r a t i o  o f  

non-zero d a ta  to  param eters th e n  being  approx im ately  e ig h t to  one*

The param eters  o f  th e  non-hydrogen atoms used in  th e  s t r u c tu r e -  

f a c to r  c a lc u la t io n s  were th o se  o f  Grimes e t  a l .  E n d e a r  s c a t te r in g  

le n g th s  used  were ; Ni, 1 .0 3 ; S, 0 .31 ; 0 , 0 .577 ; N, 0 .% ; and

H, -0 .3 7 3  x 10 cn.

Three cy c le s  o f f u l l - m a t r ix  le a s t- s q u a re s  re finem en t w ith  u n i t  

w eights reduced  th e  R -v a lu e  from 0.266 to  0 .232 , th e  c o rre s 

ponding v a lu e s  o f Rf b e in g , re s p e c t iv e ly ,  0 .102 and 0 .070 . By 

t h i s  tim e param eter s h i f t s  were a l l  l e s s  th a n  o n e - th ird  o f t h e i r  

s tan d ard  d e v ia t io n s  and th e  re fin em en t was th e r e f o r e  considered  

com plete.

The d a ta  w ith  observed s t r u c tu r e  am plitudes o f  zero  were not 

in d u d e d  in  th e  s t r u c tu r e - f a c to r  c a lc u la t io n s  d u rin g  th e  re fin em en t, 

bu t when th e y  were in d u d e d  in  th e  f i n a l  s t r u c tu r e - f  a c to r  c a lc u la t io n  

th e  v a lu es  o f  R and R1 o b ta in ed  w ere, r e s p e c t iv e ly ,  0 .320 and 

0 .114 .

F in a l p o s i t io n a l  param eters a re  g iven  f o r  a l l  th e  atoms in  

Table 3 .1  and t h e i r  f i n a l  i s o t r o p ic  v ib r a t io n a l  param eters  in  

Table 3 .2 ; e s tim ated  s tan d ard  d e v ia t io n s  a re  g iven  in  p a re n th e se s . 

Observed s t r u c tu r e  am plitudes and f i n a l  c a lc u la te d  s t r u c tu r e  f a c to r s  

a re  g iven  in  Table 3 . 3  and t h e i r  agreem ent analysed  in  T ab le  3*4»

The group o f  atoms whose param eters  appear in  th e se  ta b le s
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c o n s t i tu te s  th e  c r y s ta l  chemical u n i t  (CCU) o f th e  s t ru c tu re ;  the  

CCU i s  shown i n  F ig u re  3 '.1 . O ther sym m etry-re la ted  u n i t s  a re  

denoted as fo llo w s :

CCU x , y ,  z;

I  -1  + x , y , z; I I I  x , £  -  y ,  -£  + z;

I I  1 -  x , i  + y , i  -  s ; IV -1  + x , i  -  y , - i  + z .



?ARLIS> agd diagrams



F r a c t i o n a l  ( x * Y , z  x 1C and o r  tli og o n a l (X ' ,
0

' i n  A, x 1
c o o r d i n a t e s  (X ' — ax s i n  p , Y = 2 1 = ax c o s  {3 + c z )

( a ) X - r a y  s t r u c t u r e  a n a l y s i s ( G r i m e s , Kay a nd Webb, 1963)

2  X z X ' Y Z*

N i 0 0 0 0 0 0
S 741 136 409 A42 ( i ) 169 ( i ) 241 (1)
N 348 347 133 208 (2 ) 432 ( 2 ) 59 (4 )
0 ( 1 ) 581 229 411 347 (2 ) 285 (2 ) 272 (4 )
0 ( 2 ) 951 179 383 568 (2 ) 223 (2 ) 179 (4 )
0 ( 3 ) 623 70 280 372 (2 ) 87 (2 ) 144 (4 )
0 ( 4 ) 780  73 549 466 (2 ) 91 (2 ) 362 (6 )
0 ( 1 0 ) 1020  394 333 609 (2 ) 491 (2 ) 120 (4 )
0 ( 2 0 ) 149 110 161 89 (1 ) 137 (2 ) 121. (4 )
0 ( 3  0) 700  65 - 6 418 (2 ) 81 (2 ) - 1 3 3 (3 )

( b ) N e u t r o n  s t r u c t u r e a n a l y s i s .

X X z X ' Y Z 1

H ( 1 ) 418 305 235 249 6) 380 (6 ) 140 (7 )
H (2 ) 371 418 175 221 4) 521 (4 ) 93 (4 )

H( 3) 208 339 63 124 9 ) 422 (1 0 20 (1 0 )

H (4 ) 440 334 81 263 11) 416 (1 2 ) - 6 (1 2 )
H ( l l ) 990 313 361 591 4) 390 (4 ) 151 (4 )
11(12) 942 400 236 562 4) 498 (4 ) 45 (5 )
H (2 1 ) 92 115 247 55 5) 143 (5 ) 210 (6 )
H (2 2 ) 326 93 220 195 8) 116 (7 ) 143 (8 )

H (3 1 ) 679 143 -3 3 405 5) 178 (5 ) - 1 5 4 (5 )
H( 32) 653 61 88 390 T) 76 (6 ) -3 8 (7 )



T a b l e  3 . 2

0 2 3I s o t r * o p i c  v i b r a t i o n a l  p a r a m e t e r s  (A x 10 )

( a )  X - r a y  s t r u c t u r e  a n a l y s i s  ( G r i m e s ,  Kay and  V,Te b b ,  1963)

U.
- I S O

U.
- I S O

Ni 13 0 ( 3 ) 25

S 13 0 ( 4 ) 25

N 25 0 (1 0 ) 25

0 (1 ) 25 0 (2 0 ) 25

0 (2 ) 25 0 ( 3 0 ) 25

N e u t r o n s t r u e  t u r e

u.
- I S O

a n a l y s i s .

U.- i s o

H ( l ) 59 ( 1 2 ) H( 12) 33 (8 )

11( 2 ) 31 (T) H ( 2 1 ) 46 ( 1 0 )

H (3) 82 ( 2 1 ) H (2 2 ) 69 ( 1 8 )

H (4) 99 ( 2 9 ) H( 31) 44 ( 9 )

H ( 1 1 ) 34 ( 7 ) H( 32) 57 ( 1 4 )



T a b l e  3 . 3

O b s e r v e d  s t r u c t u r e  a m p l i t u d e s  an d  f i n a l  

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 .
h k 1 1*0 Pc

u 1 1 0 .0 0 - 0 .0 6
0 2 1 2 .9 0 -3 .0 2
0 3 1 5 .1 4 5 .9 5
o 4 1 1.94 2 .6 8
0 § 1 1.4b - 1 .2 9
0 6 1 5 .o y -4 .3 2
u 7 1 0 .0 0 1.24
0 8 1 3.11 2 .6 3
0 y 1 4.11 4 .1 6
0 10 1 2 . 6 o 2 . 0 {j
u 11 1 4 .4 2 4 .0 6
u 12 1 0 .0 0 -1 .2 4
0 13 1 1.84 -1 .9 3
a 14 1 0 .0 0 0 .8 4
u 15 1 1.53 0 .7 3
0 16 1 0 .0 0 • 0 .0 0
0 17 1 2 .2 0 1.99
u id 1 2 . 2 y -ii .5 7
0 iy 1 2 .9 6 3 .2 0
0 i 2 3 .6 4 3 .4 5
a 2 2 2.71 2 .7 7
u 3 2 0 .0 0 0 .3 2
u 4 2 2 .7 0 2 .7 2
0 5 2 4 .0 5 3 .8 4
0 0 2 3 .1 9 -2 .7 6
0 7 a 0 .8 4 - 1 .1 0
u 6 2 0 .0 0 - 0 .3 2
0 9 2 1.78 -2 .3 7
o 10 2 4 .0 9 3 .7 7
u 11 2 0 . 5 2 0 .4 6
0 12 2 2.51 2 .1 8
0 13 2 0 .0 0 0 .6 6
0 14 2 2 .0 1 2 .3 4
0 15 2 2 .2 4 - 1 .2 8
0 16 2 1.73 2 .1 2
0 17 2 0 .0 0 0 .6 3
u 18 2 0 .0 0 0 .6 9
0 19 2 2 . 2 b 1.07
o 1 3 1 .8 8 1.98
a 2 3 0 .8 2 -0 .8 3
0 3 3 0 . 0 0 0 .1 3
0 4 3 6 .9 8 7 .7 3
0 5 3 7 .1 2 8 .1 1
0 6 3 2 .1 8 2 .2 5
0 7 3 2 .3 4 2 .2 1
0 8 3 1.41 • 0 .8 6
a 9 3 6 .1 9 -5 .5 3
o 10 3 3 .8 3 -4 .5 8

-9 a 2 3 .6 3 2 .4 6
- 8 0 2 1 .4 3 - 0 .1 7
-7 0 2 2.31 1.35
- 6 0 2 0 . 0 0 - 2 .5 8
-5 a 2 4 .7 6 -3 .1 3
-4 u 2 4 .9 9 6 .3 4
-3 0 2 5 .7 3 6 .4 0
- 2 0 2 2 . 9b -1 .4 8•1 a 2 5 .2 8 7 .o i

0 a 2 4 .1 9 6 .3 01 0 2 0 .8 3 - 1 .5 6
2 o 2 3.81 3 .5 2
3 0 2 0 .0 0 - 1 .5 3
4 a 2 3 .0 2 1.95
5 0 2 0 .6 0 2 .3 46 0 2 3 .2 0 - 1 .5 0
7 0 2 0 . 0 0 1 .5 J8 a 2 2 .4 8 - 1 .1 6
9 0 2 0 .0 0 C .44

• 9 0 4 0.00 1 .2 9
•8 0 4 4 .8 9
-7 0 4 4 .2 0 2 .6 7
•6 0 4 3 .5 4 1.88
•5 o 4 4 .3 7 5.11

1 0 O 2 .3 1 3.01
2 0 0 0 .8 9 - I .0 5
3 0 0 3 .3 2 3 .5 3
4 0 < 0 .0 0 2 .3 5
5 0 0 5 .6 6 4.31
6 0 0 0 .0 0 2 .1 3
7 0 0 3 .0 2 2 .2 9
9 0 0 3 .6 8 0 .7 0
1 1 0 3.01 3 .5 3
2 1 0 I .6 0 -1 .9 0
3 1 0 1.95 1.89
4 1 0 2 .9 1 -3 .9 5
5 1 0 5 .0 3 5 .7 y
6 1 0 0 .0 0 0 .2 5
7 1 0 2 .7 9 -2 .9 b
8 1 0 1 .0 7 1.27
9 1 0 2 .8 7 -1 .8 4
0 2 0 2 .5 0 3 .1 4
1 2 0 2 .8 2 3 .1 02 2 (j 0 ,0 0 - 0 .1 5
3 2 0 1.04 o .3 4
4 2 0 4 .4 5 4 .7 6
5 2 0 2 .7 6 2 .4 6
0 2 0 3.61 2 .8 4
7 2 0 3 .1 5 2 .4 b
8 2 0 2 .2 3 2 .3 3
9 2 0 1.5 4 1.54
1 3 0 2 .5 2 .3 .1 6
2 3 0 2 .9 4 •2 .6 1
3 3 0 3.91 -5  .66
4 3 0 1.71 1.04
5 3 0 o .7 7 • 0 .6 3
0 3 0 2 .9 2 0 .5 2
7 3 0 2 .7 o - 2 .c 2
8 3 0 2 .4 8 -2 .2 8
9 3 u 1.48 - 0 .4 3
0 4 0 0 .0 0 0 .8 9
1 4 0 o .c o - 0 . 6 b

n K 1 Po Pc

0 11 3 1-47 0 .21*
u 12 3 1 .5 1 -1 .92
0 13 3 4 .8 5 4
0 14 3 o .e u 0 .16
0 15 3 3 .2 5 3 .19
0 16 3 2 .0 5 2 • 39
0 17 3 2 .0 7 1 .i**
0 16 3 0 .0 0 -1 .13
0 19 3 0 .0 0 0 .1*2
0 1 4 2 .0 3 1 .73
0 2 4 6 .5 4 7,.76
0 3 4 5 .1 6 -5 .67
u 4 4 7 .8 3 8,.51
0 5 4 3 .7 3 -3 .39
0 6 4 2 .9 5 -2 .51
0 7 4 2 .6 5 2,.37
0 8 4 5 .8 0 -5 .23
0 9 4 3 .6 5 4,.Hi*
0 10 4 I .0 5 0 ,.33
0 11 4 1.12 0 ,.97
0 12 4 2 .8 7 2,.22
0 13 4 0 . 0 0 -0 ,.b2
0 14 4 4 .4 5 4,.39
0 15 4 2 .0 4 •  1,.27
0 16 4 0 .0 0 4,.63
0 17 4 1.97 -1 ,.15
0 1 5 6 .5 6 6..67
0 2 5 2 .4 5 -1 ,.1*0
0 3 5 2 .0 2 -2 ..23
0 4 5 3 .8 0 4,.21
0 5 5 2.21 2..19
0 6 5 1.53 2,.22
0 7 5 0 .0 0 0 ,.32
0 8 5 2.71 -3 ..29
0 9 5 1 .4 2 1,.91
0 10 5 2 .2 4 -2 ,.10
0 11 5 1.64 0 , .87
0 12 5 2 .7 7 2,.65
0 13 5 0 .0 0 1,.99
0 14 5 1 .6 9 -2 ,.02
0 15 5 0 .0 0 0 , . 1*6
0 16 5 0 .0 0 - 0 ,.32
0 17 5 2 .6 0 2,.32
0 1 6 2 .7 2 2i.1*2
0 2 6 4 .8 8 4..89
0 3 6 0 .0 0 2, . “3
0 4 6 3 .1 7 -3- ,6 0
0 5 6 1.42 -1 ..25

.4 0 4 7 .4 4 7-.56
-3 0 4 2 .5 0 2..76
-2 0 4 4 .9 8 -4 ,.76
-1 0 4 4 .8 5 -2 ,,86
0 0 4 4 .7 0 -5 ..95
1 0 4 1.87 1,,66
2 0 4 3 .0 6 2,.30
3 0 4 3 .2 9 -1 ..79
4 0 4 0 .0 0 1,.73
s 0 4 1.39 - 0 , ,60
6 0 4 1.80 2,.11
7 0 4 4 .3 4 2 , .15
8 0 4 1.80 0,.16

•9 0 6 0 .0 0 0 ,.96
.8 0 6 1.97 2,.0 9
-7 0 6 1.83 0 ,.76
-6 0 6 4 .3 6 3-.71
.5 0 6 1.63 - 1 , .07
•3 0 6 3.11 3..07
.2 0 6 4 .5 2 3..73
-1 0 6 1.66 - 0 ,.88
0 0 6 6 .3 3 6..51
1 0 6 8 .1 6 11..23
2 0 6 0 .0 0 o..85

2 4 0 3.51 3..71
3 4 0 1.79 0 ,.86
4 4 0 1.30 0 ,.58
5 4 0 1.4y 0 ,.51
6 4 0 1.45 -1 ..82
7 4 0 1.98 1..16
8 4 e e .o o - 1 . .26
9 4 0 3 .0 7 1..06
1 5 u 4 .6 0 6..63
2 5 0 6 .6 9 -7«.67
3 5 0 2 .0 7 1,.02
4 5 u I .6 3 1 ..06
5 5 e 1 .40 -4 . .67
6 5 0 2 .0 2 1 ..23
7 5 0 0 .0 0 0 ,.75
8 5 0 c .o e - 0 ,.99
9 5 0 e .o o •0 ,.27
0 6 0 1.8 9 • 1 . .66
1 6 0 4 .3 5 2,.69
2 6 0 3 .4 0 2..72
3 6 0 5 .5 2 5«.75
4 6 (-• 1 .0 3 -1 . .25
5 6 0 2 .4 3 -2 ..07
0 6 0 2.11 'j,.01
7 6 0 2 .5 4 - 2 , .53
8 6 0 1.52 J,.57
9 6 u 2 .3 4 0 ,. “ 3
1 7 0 1.27 (J..3b
2 7 0 5 .0 4 5.•5 5
3 7 0 2 .4 6 1 ,.63
4 7 u 0 .0 0 o . .65
5 7 0 3 .3 6 2,,62
0 7 'J 2 .3 5 0|.77
7 7 0 4 .2 7 2,,63
8 7 e 2.91 2,.5"
u d 0 2.81 1,.97
1 8 0 1.90 u . .85

h k 1 Po Pc

0 6 6 O.Ot 0 .3 5
0 7 6 1 .6 s - 0 .1 0
0 8 6 2.51 2 .6 5
0 9 6. 0 .0 0 - 0 .1 1
0 10 6 6.11 3.93
0 11 6 1.12 - 0 .3 6
0 12 6 0.00 0 .5 8
0 13 6 0 .0 0 o .u l
0 16 6 1 .9 1 - 1 .6 8
0 15 6 1.53 1.18
0 16 6 1,6 u 0 .9 3
0 1 5.67 5 .7 0
0 2 1 .0 6 1.62
0 3 7 6 . I 9 6 .2 8
0 6 7 0 .0 0 - 0 .5 9
0 5 7 6 .9 3 - 6 .2 9
0 6 7 2 .3 3 2 .9 7
0 7 7 6 .6 6 -6 .3 5
0 8 7 2 .0 0 -2 .1 3
0 9 7 3 .9 9 3 .7 0
0 10 7 1.63 - 1 .1 9
0 11 7 O.Oo 0.11
0 12 7 0 .0 0 0 .3 2
0 13 7 2 .3 1 2 .3 6
0 16 7 0 .0 0 -0 .1 7
0 15 7 3 .2 5 2 .9 5
0 16 7 0 .0 0 -0 .6 8
0 17 7 3 .8 6 2 .9 9
0 1 8 6 .6 2 -6 .8 5
0 2 8 0 .0 0 1.15
0 3 8 3 .6 5 - 2 .2 9
0 6 8 2 .0 8 1.12
0 5 8 0 .0 0 0 .5 6
0 6 8 6 .3 0 5 .0 0
0 7 8 0 .0 0 O .0 5
0 8 6 0 .0 0 - 0 .8 0
0 9 8 1.1*1 - 0 .1 9
0 10 8 2 .5 7 - 2 .2 6
0 11 8 2 .9 0 1.63
0 12 8 3 .6 0 3 .1 3
0 13 8 1 .7 6 1.21
0 16 8 2 .3 8 2 .6 6
0 15 8 1.&2 - 0 .6 0
0 16 8 0 .0 0 0 .8 6
0 1 9 0 .0 0 -1 .2 6
0 2 9 2 .7 7 2.21
0 3 9 6 .9 1 5 .1 7

3 0 6 0 .0 0 1 .9 1
6 0 6 3.41 2 .1 6
5 u 6 1 .5 5 -0 .9 7
6 0 6 5 .6 7 5 .5 4
7 0 6 1.94 2 .9 2

-8 0 8 1.77 - 0 .5 0
-7 0 8 1.29 0 .9 2
-6 0 8 1.37 - 0 .4 5
-5 0 8 5 .3 9 -4 .8 3
-6 0 8 2 .7 0 - 2 .0 9
-3 0 8 4 .5 1 4 .2 2
-2 0 8 2 .7 1 1.77
-1 0 8 5*23 - 4 .6 9

0 0 8 2 .8 7 3 .1 5
1 0 3 1.52 o.Qo
2 0 6 0 .0 0 -2 .5 3
3 6 8 6.51 5 .9 5
6 0 8 2 .4 7 - 0 .2 5
5 a 6 4.01 2 .4 7
6 0 8 5 .3 4 4.71

-8 0 10 e .o o -0 .7 3
-7 u 10 4 .1 6 4 .3 5
-6 0 10 2 .8 2 2 .8 4

0 10 1.55 -0 .5 5

2 3 0 3 .1 5 4 .2 5
3 8 0 1.51 0 .8 8
4 8 0 2.51 1.40
5 8 0 4 .6 5 3 .9 6
6 8 e 3 .5 6 2 .7 3
7 8 0 3 .5 9 4.23
3 6 0 3 .0 5 3 .0 9
1 9 0 4.61 -5 .3 6
2 9 0 5 .1 0 5.23
3 9 0 4 .0 7 -1 .0 0
4 9 0 2 .4 8 - i  .66
5 9 0 3 .0 2 3.22
6 9 0 2 .1 3 -2 .3 7
7 9 0 1 .5 2 -0 ,8 4
6 9 0 0 .0 0 1 . 7 s
0 in c 1 .33 •2*24
1 lo 0 4 .8 7 5 .4 0
2 10 0 2 .5 6 3.02
3 10 0 2 .9 b -2 .0 4
4 10 0 3 .1 0 3 .1 6
5 10 c 1.67 2 .1 9
6 10 0 2 .7 5 2.51
7 10 0 2 .6 6 3*11
8 10 e 0 .0 0 1.04
1 11 0 3 .3 3 -3 .2 4
2 11 0 3.1 3 -2 .3 6
3 11 0 o .c o 0 .4 3
4 11 0 1.10 1.35
5 11 0 2 . 2 - -1 .6 7
6 11 0 1.56 -0 .9 9
7 11 0 1.91 -0 .1 5
0 12 0 3.51 3 .2 5
1 12 0 1.14 1.45
2 12 0 1.34 1.©7
3 12 L 2 .2 9 2 .8 5
4 12. 0 o .c o 0 .9 1
5 12 0 1.72 1.o4

n * 1 Po Pc

0 4 9 0 .0 0 - 0 .1 7
0 5 9 3.27 2 .8 4
0 6 9 1.42 - 0 .56
0 7 9 0 .0 0 0 .2 3
0 8 9 1 .4 3 0 .8 2
0 9 9 0 ,0 0 - 0 .1 5
0 10 9 1.99 0 .9 4
0 11 9 0 .0 0 0 .3 6
0 12 9 2 .8 0 -3 .7 5
0 13 9 2 .1 8 2 .0 7
0 14 9 1 .0 6 1 .40
0 15 9 2 .7 6 2 .6 9
0 1 10 0 .0 0 - 1 .7 1
0 2 10 0 .0 0 - 0 .1 8
0 3 1C 2 .0 7 0 .6 2
0 4 10 2 .8 7 2 .6 7
0 5 10 2 .5 7 2 .11
0 6 10 2 .6 0 1.87
0 7 10 1.24 0 .5 5
0 8 10 0 .0 0 0 .7 2
0 9 10 3 .3 4 -2 .6 1
0 10 10 0 .0 0 0 .7 1
0 11 10 0 .0 0 0 .5 6
0 12 10 1 .1 9 0 .5 9
0 1 11 5 .3 0 5 .2 5
0 2 11 0 .0 0 -0 .3 2
0 3 11 3 .4 3 0 .5 6
0 4 11 0 .0 0 0 .4 4
0 5 11 1.42 -0 .6 3
0 6 11 0 .0 0 - 0 .3 6
0 7 11 0 .0 0 0 .0 7
0 8 11 0 .0 0 - 0 .3 4
0 9 11 1.73 -2 .0 2
0 10 11 0 .0 0 0 .7 7
0 11 11 2 .7 8 2 .8 7
0 1 12 2 .0 8 2 .0 0
0 2 12 1 .3 0 0 .8 6
0 3 12 1 .4 7 0 .1 8
0 4 12 0 .0 0 1.44
0 5 12 v 0 .0 0 -0 .9 4
0 6 12 0 .0 0 -O . 1 9
0 7 12 0 .0 0 0 .6 0
0 8 12 3 .5 0 3 .6 3
0 9 12 1 .5 0 0 .2 6
0 10 12 3 .3 2 1.98
0 1 13 3 .3 7 2 .9 7
0 2 13 2 .1 4 -1 .5 1

-4 0 10 5 .2 6 6 .0 5
-3 0 10 6.21 6 .0 9
-2 0 10 1.99 1.23
-1 0 10 2 .2 3 2 .4 5

0 0 10 2 .7 3 3.11
1 0 10 1.74 -0 .3 6
2 0 10 4 .1 7 4 .0 0
3 0 10 0 .0 0 1 .0 9
4 0 10 0 .0 0 - 0 .6 3

-7 0 12 0 .0 0 6.41
-6 0 12 0 .0 0 0 .7 2
-5 0 12 4 .3 0 3.75
-4 0 12 3.01 3 .0 3
-2 0 .12 3 .9 2 2 .4 o
•  1 0 12 3 .3 7 2 .0 9

0 0 12 2 .6 3 1.37
1 0 12 0 ,0 0 1.96
2 0 12 0 .0 0 0.31
3 0 12 2 .9 3 1.57

0 14 0 .0 0 0 .8 6
-3 0 14 2 .9 4 1.41
-2 0 14 1.61 0 .2 3
-1 0 14 1.89 0.71

0 0 14 3 .oo 2 .1 7

6 12 0 0 .9 3 1.36
- 0 .4 97 12 0 0 .0 0

1 13 0 2 .3 2 -1 .9 3
2 13 0 0 .0 0 -C .42
3 13 0 o .c o 1.05
4 13 0 1 .4 5 0 .2 6
5 13 0 0 .0 0 - 0 .9 8
6 13 0 0 .0 0 0 .5 6
7 13 0 1.61 0 .7 0
0 14 0 3 .3 2 4 .1 0
1 14 0 2 .4 6 -1 .8 1
2 14 0 1 .37 - 1 .7 4
3 14 0 2 .7 0 2 .5 8
4 14 0 1.94 1.36
5 14 0 1.93 1.2'-
6 14 0 e .o o - 0 .3 6
2 15 0 1.35 0 .6 8
3 15 0 1.15 -0 .5 3
4 15 0 2 .6 6 -2 .7 1
5 15 0 o .c o 0 .2 9
6 15 0 o .o e - 0 .1 0
0 16 0 2 .1 6 2 .1 6
2 1o 0 0 .9 6 -0 .2 0
3 16 0 1.79 0 .9 3
4 16 0 2 .2 7 2 .28
5 16 0 e .8 2 0 .3 5
1 17 0 3 .2 o 3 .9 3
2 17 0 0 ,0 0 -0 .3 5
3 17 0 0 .7 4 •0 .2 2
4 17 0 1.72 1.16
0 16 0 5.21 3 .3 4
1 18 0 1.99 1 .40
2 13 0 3 .24 2 .b 4
3 15 0 3 .4 2 1.99
4 13 0 0 .0 0 0.11
1 19 0 2 .6 3 1.92
2 19 0 2.11 -1 .5 4



T a b l e  3 . 4

A n a l y s i s  o f  t h e  a g re em e n  t o f  I F I an d  IF | a t  th e  end  o f  

t h e  r e f i n e m e n t .  N i s  th e  num ber o f  r e f l e x i o n s .  S t r u c t u r e  

f a c t o r s  a r e  on th e  a b s o l u t e  s c a l e .

( a )  F o r  e a c h  p r o j e c t i o n .

s | p  IO S | p c l s h ! N R s U l / :

Ok I 386*61 391*89 103*31 190 0*267 0*54
hO I 265*12 254*81 100*91 96 0*381 1*05
hkO 322*57 301*10 105*68 149 0 -3 2 8 0*71

(b ) As a  f u n c t i o n  o f s i n  0/A. .

0*00 -  0*30 176*52 192*11 38*63 59 0*219 0*65
0* 30 -  0 -4 5 2 3 3*66 238*36 55*57 79 0*238 0*70
0*45 -  0*50 230* 1 4 232*86 80*31 115 0*349 0*70
0*60 -  0*80 307*51 2 8 4 * 5 0 131*05 182 0 *426 0*72

( c ) As a  f u n c t i o n  o f h o 1 -

0*0 0*00 83*06 83*06 98 — 0*85
0*1 - 1*2 21*29 20*62 11*00 23 0*517 0*48

1*2 - 2*4 2 4 6 •2 7 196*48 87*28 136 0 * 354 0*64

to • 1 3*6 279*41 245*17 61*39 96 0*220 0*64

3*6 - 4*8 192*32 186*47 39*90 46 0*208 0*87
4*8  - 6*5 151* 3 0 151*41 15*54 28 0*103 0*55

6*5 - 8*0 57*23 64* 62 7*39 8 0*129 0*92

A l l 9 7 4*30 947* 8 0 309*90 435

00r-i•O

0*71



T a b i c  3 . 5

o
Bond l e n g t h s  (A) an d  a n g l e s  ( ° )  i n v o l v i n g  

th e  h y d ro g e n  a to m s .

Bond N -  H H* • *0 N • • • 0 N -  H • • • 0

N -  H ( l ) - - - 0 ( l )

N 

N

N -  H (4 )

H ( 2 ) • •  - O ^ 1 1 ) 

11(3) • • - 0 ( 2 IV )

0 ( 1 U I )

1 - 0 5 ( 7 )  1 - 8 9 ( 7 )  2 * 9 4 (6 )  1 7 2 (6 )

0 - 9 6 ( 5 )  1 - 9 3 ( 5 )  2 - 8 8 ( 4 )  1 6 8 (4 )

0 - 9 3 ( 9 )  1 - 9 5 ( 1 0 )  2 - 8 6 ( 4 )  1 6 7 (9 )

0 - 8 6 ( 1 2 )  2 -1 5 ( 1 2 )  2 - 9 8 ( 5 )  1 6 2 (1 1 )

N ( l )  -  N -  11(2)

II(1 )  -  N -  11(3)

H ( l )  -  N -  H (4 )

9 7 (5 )  11(2) -  N -  11(3)

1 2 9 (9 )  H (2 ) -  M -  11(4)

1 0 4 (9 )  H (2 ) -  N -  H (4 )

1 1 2 (7 )

1 1 1 (9 )

1 0 4 (1 0 )

Bond 0 -  H H- • - 0 o • c 0 -  11--

0 (1 0 ) -  m i l ) ” 0 ( 2 ) 1 - 0 7 ( 5 ) 1 - 7 1 ( 5 ) 2 - 7 7 ( 4 ) 1 7 2 (4 )

0 (1 0 ) -  H (1 2 ) - - 0 ( 4 1 1 1 ) 0 - 8 8 ( 6 ) 1 - 7 5 ( 6 ) 2 - 6 3 ( 6 ) 1 7 3 (4 )

0 (2 0 ) -  H (21) • • 0 ( 2 I ) 0 - 9 6 ( 7 ) 1 - 9 0 ( 6 ) 2 - 8 1 ( 3 ) 1 5 7 (5 )

0 ( 2 0 ) -  11(22) • • 0 ( 3 ) 1 - 1 0 ( 8 ) 1 - 8 0 ( 9 ) 2 - 8 8 ( 3 ) 1 4 9 (7 )

0 ( 3 0 ) -  H (3 1 ) - - O d 1 1 1 ) 1 - 0 0 ( 6 ) 1 - 7 3 ( 6 ) 2 - 7 2 ( 4 ) 1 6 8 (5 )

0 ( 3 0 ) -  H (32) • • 0 ( 3 ) 0 - 9 9 ( 7 ) 1 - 8 3 ( 8 ) 2 - 8 0 ( 5 ) 1 6 7 (6 )

11(11) -  0 ( 1 0 )  -  H (1 2 ) 1 0 4 (4 )  11(31) -  0 ( 3 0 )  -  H (3 2 ) 1 0 2 (5 )

11( 2 1 ) -  0 ( 2 0 ) -  11( 2 2 ) 1 0 0 ( 6 )



z
 > -

c s i  n 6

Hi

H(32)
H(22)0 ( 30) 0(4 )

0 ( 20) H( 21)

H (3 l)
0 ( 2 )

0(1)

H (l)
H(4) » )  H ( l l )

H(12)H(3)
0 ( 1 0 )

H(2)

F ig u re  3 .1 The c r y s ta l  chem ical u n i t  (CCU) o f  ammonium 
n ic k e l su lp h a te  h ex ah y d ra te ;



H (3 l ) CCU, I

h (4 )  j r i ' H ( l l )

I I I . I V
H(3)

I I

2 A10

F ig u re  3 .2 H^dro-gen bonding in  amnoniura n ic k e l  
su lp h a te  hex ah y d ra te .
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3.3 DISCUSSION

The c r y s ta l  s t r u c tu r e  o f  ammonium n ic k e l su lp h a te  hexahydrate  

i s  f u l l y  d e sc rib ed  by Grimes, Kay and !Jebb (1963) • I t s  most 

s t r ik in g  f e a tu r e ,  th e  i n t r i c a t e  system o f  N— K***0 and 0— H***0 

hydrogen bonds, i s  shown i n  F ig u re  3 .2  and d e t a i l s  a re  l i s t e d  i n  

Table 3*5 (s ta n d a rd  d e v ia t io n s  a re  g iven  in  p a re n th e se s )*

The s t r u c tu r e  a n a ly s is  by n eu tro n  d i f f r a c t i o n  has shown t h a t ,  

in  common w ith  ammonium oxamate (Beagley and Sm all, 1963) ,  ammonium 

a c e ta te  (N ahringbauer, 1967), and ammonium t e t r c x a l a t e  (Appendix I ) ,  

ther*e i s  no d is o rd e r  o f  th e  hydrogen atoms o f  th e  ammonium io n , which 

i s  approx im ate ly  t e t r a h e d r a l ,  and th e re  a re  fo u r  N—H* • *0 hydrogen 

bonds, w ith  N*»*0 d is ta n c e s  between 2 .86  and 2 .98  (each ± 10) A 

to  oxygen atoms o f  d i f f e r e n t  su lp h a te  groups.

Hydrogen bonding a lso  ta k e s  p la ce  betw een th e  oxygen atoms o f  

th e  w ater m olecules and oxygen atoms o f  d i f f e r e n t  su lp h a te  g roups, 

th e  0***0 d is ta n c e s  ran g in g  from 2 .63  to  2 .8 8  (each  ± 6 )  A .

I t  i s  notew orthy t h a t  th e re  a re  no hydrogen bonds betw een th e  

ammonium io n  and th e  w ater, m olecu les, nor betw een th e  two w a te r m olecu les, 

and t h a t ,  o f  th e  fo u r  su lp h a te  oxygen atom s, 0 ( l )  , 0 (2) and 0(3) 

a re  each in vo lved  in  th r e e  hydrogen bonds, w h i ls t  th e  fo u r th ,  0 (4.) , 

i s  in v o lv ed  in  on ly  one.



PART I V

CRTSTAL-STitUC'TURS ANALYSTS BY X-RAY DIFFRACTION



CHAPTER 1

l-l'fETHYL-2-QUINOI,OITIU!'I DIHYDROGEN ARSEUAT
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1 .1  INTRODUCTION

The c z y s ta l l in e  b a s ic  s a l t s  (BHB+X ) o f  c e r ta in  o rg an ic  bases 

(B) c o n ta in  sh o r t  and a p p a re n tly  sym m etrical hydrogen bonds (M ills  

and Speakman, 1963a)• Such compounds have anomalous in f r a - r e d  s p e c tra ,  

s im ila r  to  th o se  o f Type A a c id  s a l t s  (H adzi, 1962). On t h i s  b a s is ,  

Cook (1963) reco rded  th e  s p e c tra  o f  a number o f  b a s ic  s a l t s  o f HAsF^ 

and o th e r  s im ila r  a c id s . Dr. Cook k in d ly  provided  specim ens o f  th e se  

compounds f o r  c iy s ta l lo g ra p h ic  s tu d ie s  i n  t h i s  departm en t.

When th e  specimen supposed to  be QgHAsF^ (Q = 1 -m ethy l-2 - 

• qu inolone) was examined i t  was found to  c o n s is t  o f  a  m ix tu re  o f  

c r y s ta l s  o f d i f f e r e n t  h a b i t ,  th e  m ajor component o f  which could be 

d e sc rib ed  as  ‘’b lo ck s '1 and th e  m inor a s  "n ee d le s” ( P l a t e ) . The l a t t e r  

were s tu d ie d  f i r s t  as th ey  seemed th e  more s u i ta b le  f o r  X-ray work.

I n i t i a l l y ,  in  1965, i t  was though t t h a t  bo th  ty p es  o f  c iy s ta l  

were o f  th e  same compound, v iz .  th e  b a s ic  s a l t  QgHAsF^ ; however, 

b e fo re  th e  s t r u c tu r e  a n a ly s is  o f  th e  "need les"  had proceeded v ery  f a r ,  

i t  was r e a l i s e d  th a t  th ey  were o f  a  d i f f e r e n t  compound, which was 

e v e n tu a lly  concluded to  be an a c id  s a l t  o f  th e  form QH I^AsO^ .

T h is  was confirm ed beyond doubt e a r ly  i n  1968 by th e  d i r e c t  p re p a ra t io n  

o f  i d e n t i c a l  c iy s t a l s  from o r th o -a r s e n ic  a c id  and l-m e th y l-2 -q u in o lo n e .

The c iy s t a l - s t r u c tu r e  a n a ly s is  o f  th e  “b locks" has now a lso  been 

c a r r ie d  o u t, and th e y  have proved to  be indeed  th e  b a s ic  s a l t  Q^HAsF^ 

(C a lle id  and Speakman, 1969).



and QINAsO, ( " n e e d le s " ) .
i-V
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1 .2  EXPEPJG !3WTAL

P re p a ra tio n

l-M eth y l-2 -q u in o lo n e  was p repared  from q u in o lin e  and m ethyl 

io d id e  acco rd in g  to  a method given  by Decker (1093). I  am very  

g ra te fu l  to  P ro fe sso r  J .D . Loudon f o r  much h e lp fu l  advice d u rin g  

th e  course  o f  t h i s  p re p a ra t io n .

The a c id  s a l t  (QK^AsO^) was e a s i ly  p rep ared  by adding an 

aqueous s o lu t io n  o f  o r th o - a r s e n ic  ac id  (H^AsO^.-ijEpO) to  s o l id  

1 -m ethy l- 2 - quinolone (Q) in  an approx im ate ly  1 :1  mole r a t i o .

The c r y s ta l s  so o b ta in ed  v/ere id e n t i c a l ,  b o th  m orpho log ica lly  and 

c ry  s t  a l io  g ra p h ic a lly , w ith  th e  m inor component o f th e  m a te r ia l  

p repared  by Dr. Cook.

C ry s ta l Data

l-M ethy l-2 -qu ino lon ium  dihydrogen a rs e n a te ,  C^oH^NO^As,

F.W. = 3 0 1 .1 . M.p. = 1 3 2 -1 3 6 °C . Orthorhom bic, a = 18.92S (±9),

b = 12.717 (±6), s  = 4 .875  (±2) S, s  = 1173-5 E,„ = 1-72 (l-m

f l o t a t i o n ) ,  Z = 4> 2X -  1 .7 0 7 . F(000) = 60S.
9

Space group P nb2 ^  ( C2v» No.33)» from sy s te m a tic  absences. 

L in ea r a b so rp tio n  c o e f f ic ie n t  f o r  CuKot r a d i a t i o n ,  v- = 44 cm

C ry s ta llo g ra p h ic  Measurements

C e ll dim ensions were d e riv ed  by means o f  a  le a s t- s q u a re s

oy
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tre a tm e n t o f h ig h -o rd e r  re f le x io n s  whose p o s itio n s- on hkO and 

OkA W eissenberg pho tographs, tak en  w ith  CuK« (A = 1 .5 4 1 8 A ) and 

OaK»1 ( \  =  1 . 5405 !  ) r a d ia t io n ,  were compared w ith  th o se  f o r  l in e s  

due to  A1 w ire  ( a = 4 *04907A ) .

A ll th e  in t e n s i t y  d a ta  used in  t h i s  a n a ly s is  were estim ated  

from s e r ie s  o f  m u ltip le - f i lm  e q u a to r ia l  and e q u i- in c l in a t io n  

W eissenberg pho tographs, tak en  v d th  CuKct r a d ia t io n ,  by v is u a l  

com parison vd th  a c a l ib ra te d  i n t e n s i ty  s t r i p .  The i n t e n s i t i e s  

were c o rre c te d  f o r  L o ren tz , p o la r i s a t io n  and r o ta t io n  f a c to r s ,  bu t 

no c o rre c tio n s  f o r  a b so rp tio n  were a p p lie d .

I n i t i a l l y  578 i n t e n s i t i e s  were o b ta in ed  from photographs o f 

th e  re c ip ro c a l  n e ts  hkO to  hk3* At t h i s  s tag e  no account was 

tak en  o f  '‘unobserved*1 re f le x io n s .

At a  l a t e r  d a te  hk4 d a ta  were c o lle c te d  from a n o th e r  c ry s ta l  

and a t  th e  same tim e th e  o r ig in a l  photographs o f th e  hkO to  hk3 

re c ip ro c a l  n e ts  were r e -e s t im a te d . The ’’unobserved" r e f le x io n s ,  o f 

which th e re  were 31$, were each a ss ig n ed  a v a lu e  equal to  o n e -h a lf  

o f  th e  minimum o b serv ab le  in t e n s i t y .  A. t o t a l  o f 1227 independent 

s t r u c tu r e  am plitudes we re  o b ta in ed  in  t h i s  way.

F in a l ly ,  once th e  s a l t  had been p rep a red  d i r e c t ly  and a  p l e n t i f u l  

supply  o f  c r y s ta l s  was a v a i la b le ,  a c r y s ta l  was mounted to  r o ta te  

about th e  a - a x is  and d a ta  c o lle c te d  from th e  re c ip ro c a l  n e ts  Oh A 

to  3kj£. T his enabled a l l  th e  d a ta  to  be p laced  on a  common s c a le ,  

as w ell as  p ro v id in g  a d d it io n a l  d a ta , m ainly from th e  hi:5 and hk6
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re c ip ro c a l  n e ts .  A t o t a l  o f 1231 independen t r e f le x io n s ,  o f which 

321 were "unobserved’1, were th u s  made a v a ila b le  f o r  th e  f i n a l  s tag e s  

o f  th e  re fin em en t.

P re lim in ary  Work

P r io r  to  th e  c o l le c t io n  o f  th ree-d im ensional, d a ta  t h i s  s t ru c tu re  

was s tu d ie d  i n  th e  centrosym m etric c - a x ia l  p ro je c t io n  (C u rr ie , 19&5)• 

The x - and y -c o o rd in a te s  o f th e  a r s e n ic  atom were determ ined  from 

a  P a tte rs o n  s y n th e s is ,  and in  th e  subsequent e le c tro n -d e n s i ty  sy n th e s is  

a l l  th e  atoms o f  one quinolone r in g  were lo c a te d . The environm ent 

o f  th e  a r s e n ic  atom was, however, l e s s  w e ll-d e f in e d .

At t h i s  p o in t i t  was concluded th a t  th e  c r y s ta ls  were no t o f th e  

b a s ic  s a l t  C^HAsF^ ( Q = l-m e th y l-2-q u in o lo n e ) , b u t o f  a  compound o f  

th e  form QAsF^ o r  QHAsF  ̂ .

I n i t i a l  P o s tu la te d  S tru c tu re s  and t h e i r  Refinement

A th re e -d im e n sio n a l e le c tro n - d e n s i ty  sy n th e s is  was computed from 

l im ite d  hkO to  hk3 d a ta .  W ith on ly  th e  a rs e n ic  atom, i n  p o s i t io n  

(x , y , 4-), c o n tr ib u tin g  in  th e  s t r u c tu r e - f a c to r  c a lc u la t io n ,  pseudo- 

symmetiy.was encoun tered , each atom (o th e r  th a n  a rs e n ic )  be ing  

accompanied by a "ghost"  due to  th e  e f f e c t  o f  a  m ir ro r  a t  z = .

N ev e rth e le ss , a c o n s is te n t  s e t  o f  z -c o o rd in a te s  f o r  th e  atoms o f 

th e  quinolone r in g  was e a s i ly  o b ta in ed  from th e  s y n th e s is .

As a r e s u l t  o f  th e  pseudo-symmetiy th e  environm ent o f  th e  a rs e n ic  

atom wa's somewhat confused, and i t  was n o t p o s s ib le  to  reach  a
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d e f in i t e  co n clu sio n  reg a rd in g  e i th e r  th e  number o r  p o s i t io n s  o f 

th e  atoms concerned, a lthough  th e  source  o f  th e  c r y s ta l s  im plied  

t h a t  th e re  should  be s ix  f lu o r in e  atoms o c ta h e d ra lly  co o rd in a ted  

to  th e  a r s e n ic  atom. I f  t h i s  were so th e  compound would have been 

a  s a l t  o f  th e  form QH+AsF^ , which was chem ically  re a so n a b le .

However, from e le c tro n -d e n s i ty  and d if fe re n c e  sy n th eses  

c a lc u la te d  on th e  b a s is  o f  a l l  th e  atoms whose p o s i t io n s  had b e e n  

d e term ined , i t  appeared t h a t  th e re  were only  fo u r , r a th e r  th an  s ix , 

atoms co o rd in a ted  to  th e  a rs e n ic  atom. Pseudo-symmetry was s t i l l  

p re s e n t  in  t h i s  re g io n  and " re a l"  and "pseudo" atoms could n o t be 

d is t in g u is h e d  u n t i l  f u r th e r  syn th eses  were computed from more 

com plete hkO to  hk^ d a ta .

From th e  h e ig h ts  o f  th e  peaks in  th e s e  syn theses i t  was con

cluded  th a t  th e  fo u r  atom s, which were te t r a h e d r a l ly  co o rd in a ted

to  a r s e n ic ,  could  be f lu o r in e s .  N e v e rth e le ss , t h i s  was e v e n tu a lly
V +

r e je c te d  as  u n l ik e ly ,  s in c e  As F^ would re q u ire  a  n e g a tiv e ly  

charged qu ino lone  system , w h ils t  a  t r ig o n a l  py ram idal, r a th e r  th an  

te t r a h e d r a l ,  arrangem ent would be expected  f o r  As F^ .

I t  was s t i l l  expected from th e  o r ig in  o f th e  c iy s t a l s  th a t  

a t  l e a s t  some o f  th e  atoms were f lu o r in e s ,  and a f t e r  f u r th e r  

d e l ib e r a t io n  i t  was concluded th a t  th r e e  o f th e  atoms co o rd ina ted  

to  a rs e n ic  were f lu o r in e s  and th e  fo u r th  oxygen. The compound wculd 

th u s  be a  n e u tr a l  adduct o f  l -m e th y l-2-q u in o lo n e  and a rs e n y l t r i 

f lu o r id e .  Owing to  th e  very  s im ila r  s c a t te r in g  p ro p e r t ie s  o f  oxygen
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and f lu o r in e  i t  was d i f f i c u l t  to  d ecide  from e le c tro n -d e n s i ty  and 

d if f e r e n c e  syn theses which atoms were oxygen and which f lu o r in e .  

Indeed , a  d iso rd e red  s t r u c tu r e ,  w ith  one oyygen and th re e  f lu o r in e  

atoms randomly d is t r ib u te d  among th e  fo u r  p o s i t io n s ,  was co n sid e red . 

However, a s  one As—X (X = 0 o r  F) d is ta n c e  was s h o r te r  th a n  th e  

o th e r s ,  i t  was concluded th a t  t h i s  atom was oxygen and refinem ent 

was su b seq u en tly  c a r r ie d  o u t on t h i s  b a s is .

A f te r  refinem ent by e le c tro n -d e n s i ty  sy n th eses  th e  v a lu e  o f  R 

was 0 .177 , and t h i s  was reduced to  0 .1 1 8  by th re e  cy c le s  o f 

f u l l - m a t r ix  le a s t- s q u a re s  re finem ent w ith  i s o t r o p ic  v ib r a t io n a l  

param eters  and u n i t  w e ig h ts . A f u r th e r  f iv e  cy c le s  o f b lo ck -d iag o n a l 

le a s t - s q u a r e s  re fin em en t w ith  a n is o tro p ic  v ib r a t io n a l  param eters  

and a w e igh ting  scheme reduced R to  0 .1 0 5 . By t h i s  tim e th e

s h i f t s  i n  p o s i t io n a l  param eters  were a l l  l e s s  th a n  o n e -s ix th  o f  t h e i r

s tan d a rd  d e v ia t io n s , and th o se  in  v ib r a t io n a l  param eters l e s s  th an  

o n s - th ird  o f  t h e i r  s tan d a rd  d e v ia t io n s ;  th e  re finem ent was th e r e 

fo r e  co n sid ered  com plete.

C a lc u la tio n s  o f  m o lecu lar geom etry, however, rev ea led  some 

rem arkably sh o r t  in te rm o le c u la r  c o n tac ts  in v o lv in g  th e  atoms a tta ch e d  

to  a rs e n ic  and th e  quino lone o>ygen, and a lso  some o th e r  ap p a ren tly  

anomalous bond le n g th s  i n  th e  qu ino lone  system , which im p lied  th a t  

th e  model, v i z .  QAsO?^ > in c o r r e c t .

At t h i s  p o in t th e  p o s s ib i l i t y  t h a t  on ly  one, o r  two, o f  th e

atoms co o rd in a ted  to  a rs e n ic  were f lu o r in e s ,  th e  rem ainder being
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oxygens, was co n sid e red , bu t i t  was f i n a l l y  concluded th a t  a l l  fo u r 

were most l i k e l y  to  be oxygen atom s. The compound would th u s  alm ost 

c e r ta in ly  be an a c id  s a l t  o f th e  form QK^AsO^ , and t h i s  was 

c o n fira e d  a b s o lu te ly  by th e  p re p a ra t io n  o f  c r y s ta ls  id e n t ic a l  to  

th e  o r ig in a l  m a te r ia l  from o r th o - a r s e n ic  a c id  and l-m e th y l-2 -q u in o lo n e .

Refinem ent o f  th e  True S tru c tu re

S c a rc ity  o f  th e  o r ig in a l  c r y s ta l s  had p rev en ted  n o t on ly  an 

a n a ly s is  f o r  f lu o r in e  being  c a r r ie d  o u t, b u t a lso  th e  c o l le c t io n  

o f  o th e r  th a n  c -a x ia l  d a ta .  The l a t t e r  was now rem edied by th e  

c o l le c t io n  o f  to  31c I  d a ta  which were used to  p la c e  a l l  th e

d a ta  on a common s c a le , a s  w e ll as p ro v id in g  some a d d it io n a l  d a ta . 

Subsequent re fin em en t was c a r r ie d  o u t vd th  1281 independent | fq | 

v a lu e s .

The re fin em en t was r e s t a r t e d  from th e  param eters o b ta in ed  from 

th e  f i n a l  c y c le  c a r r ie d  o u t on th e  b a s is  t h a t  th e  s t r u c tu r e  was 

QAgOF  ̂ . Three cy c le s  o f  b lo ck -d iag o n a l le a s t - s q u a re s  re fin em en t, 

w ith  a n is o t ro p ic  v ib r a t io n a l  p a ram ete rs  and a sim ple w eighting  

scheme, o f  th e  form ,

/w  = 1 fo r  | f  I <p, / v  = J — o |F
o

w ith  p s e t  a t  20 , reduced th e  v a lu e  o f  R from 0.147 to  0 .1 2 1 . 

F u r th e r  re fin em en t was c a r r ie d  o u t w ith  th e  w e igh ting  scheme which 

had been used  o r ig in a l ly ,  v iz .

o
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/w  = {[1 -  exp ("P1 (“ ~ ) 2 ) ] / [ l  + p2 1 Fq I + IFq |2 +

i n  which = 500 , P2 = 0 . 0125 , p^ = 0 . 0C-03 and p^ = 0 . 00003 ,

b u t t h i s  d id  n o t reduce R s ig n i f i c a n t ly .  The adequacy o f  t h i s

w eigh ting  scheme w as dem onstrated by th e  u n ifo rm ity  o f  th e  average
2 , ,

v a lu e  o f  wa over v a rio u s  ranges o f s in 0  and | FQ | .

The p o s i t io n s  o f th e  s ix  hydrogen atoms a tta c h e d  to  th e  carbon 

atoms o f th e  qu ino lone  c y c lic  system  were d e riv ed  from geom etrical 

c o n s id e ra tio n s  and were in c lu d ed  in  th e  s t r u c tu r e - f a c to r  c a lc u la t io n s  

o f  th e  f i n a l  th re e  cy c le s  o f  re fin em en t. Each hydrogen atom was 

assumed to  have an i s o t r o p ic  v ib r a t io n a l  param eter equal to  th e  

average o f th e  U j j / s  o f th e  carbon atom to  which i t  was a tta c h e d . 

The hydrogen p aram eters  were n o t r e f in e d .  The v a lu e  o f R was 

reduced to  0 .1 1 9 , th e  co rrespond ing  v a lu e  o f  R' being  0 .022 .

By t h i s  tim e s h i f t s  in  p o s i t io n ? !  and v ib r a t io n a l  param eters 

were a l l  l e s s  th a n  o n e -e ig h th  o f  t h e i r  s tan d a rd  d e v ia t io n s , and th e  

re finem ent was th e re fo re  considered  com plete.

The course  o f th e  a n a ly s is  i s  summarised in  Table 1 .1 .  F in a l 

p o s i t io n a l  param eters  a re  given i n  Table 1 .2  and f i n a l  v ib ra t io n a l  

param eters in  Table 1 .3 .  E stim ated  s tan d ard  d e v ia t io n s  d e riv ed  from 

th e  in v e rse  o f  th e  le a s t- s q u a re 3  m a tr ix  a re  g iven  in  p a re n th ese s . 

O b se rv e d  a n d  f i n a l  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s  

a re  g iven  in  T able 1 .4  and t h e i r  agreem ent analysed  i n  Table 1 .5 .

For th e  s t r u c tu r e - f a c to r  c a lc u la t io n s  th e  atom ic s c a t te r in g  f a c to r s
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used  were from I n te r n a t io n a l  T ab les , Volume I I I  (1962).

The group o f atoms whose p aram eters  appear in  th e se  ta b le s  

c o n s t i tu te s  th e  c r y s ta l  chem ical u n i t  (CCU) o f  th e  s t ru c tu re ;  the  

CCU i s  shown i n  F ig u re  1 ,1 .  O ther sym m etry-re la ted  u n i t s  a re  

denoted  as fo llo w s :

CCU x, y ,

I x, y> - l + z; V l  - x, -  y> i + z;

I I X , y> l + z; VI l  - x, -  y , X
2 + z ;

I I I - X , - y> "2 + z; VII - 2  + X , 2 -  y , z ;

IV - X , -  y> 1
~2 +

1
z ;

i
V III

*

12 “ X, i  + y> 12' + z;

IX i  -  x , + y , - i  + z.



TABLKS AND DIAGKA! ;S



T a b l e  1 . 1

C o u rse  o f  th e  a n a l y s i s .

( l )  F o u r i e r  r e f i n e m e n t .

C y c le

1

2

3

4

A tom s i n  s t r u c t u r e - f a c t o r  Number o f

c a l c u l a t i o n  d a t a

As 578

As + 0 + N + IOC 578

As + 4F + 0 + N + IOC 578

As + F + 40 + N + IOC 1227

R

0 -3 2

0*22

0*17

0*18

( 2 ) L e a s t - s q u a r e s  r e f i n e m e n t .

( a )  A to m s: As + F + 40 + N + IOC

Num ber o f  d a t a :  1227

C y c le s  F i n a l  R F i n a l  R* N o te s

1 - 3  0*1 1 8  0 * 0 1 8  I s o t r o p i c ,  u n i t  w e i g h t s .

4 - 8  0*105  0*0 1 8  A n i s o t r o p i c ,  w e i g h t i n g  sc h e m e .

(b )  A to m s: As + 50 + N + 10C

N um ber o f  d a t a :  1281

C y c le s  F i n a l  R F i n a l  R ’ N o te s

1 — 4 0*121  0*021  A n i s o t r o p i c ,  s i m p l e r  w e ig h t in g
sch em e .

5 - 8  0*121  0*022  A n i s o t r o p i c ,  o r i g i n a l  w e ig h t in g
s c h e m e .

9 -  11 0 * 119  0*022  A n i s o t r o p i c ,  o r i g i n a l  w e ig h t in g
sc h e m e , s i x  q u in o lo n e  h y d ro g e n  
a to m s  i n c l u d e d  i n  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 s .



T a b l e  1 . 2

F r a c t i o n a l x 1 0 3 ) an d o r  th o g o n a l (X,Y ,Z  x 1 0 3 )

c o o r d i n a t e s .

X z X Y Z

As 6986 12111 125000 1 3 2 2 (1 - 5 ) 1 5 4 0 ( 1 - 5 ) 6094

0 ( 1 ) 2855 19523 100753 540 14) 2483 1 2) 4912 17)
0 ( 2 ) 15012 17400 132882 2842 12) 2213 14) 6478 12)

0 ( 3 ) 8592 204 111371 1626 12) 26 11) 5429 16)
0 ( 4 ) 1889 11960 152432 358 13) 1521 14) 7431 17)

0 ( 1 1 ) 23898 19819 95621 4523 12) 2520 11) 4662 15)

N 31870 16072 6 2 7 0 4 6032 13) 2044 14) 3057 18)

0 ( 2 ) 26753 13136 78415 5064 16) 1671 16) 3823 32)

0 ( 3 ) 24398 2400 7 9 2 4 0 4618 15) 305 15) 3863 18)
0 ( 4 ) 27596 -4 5 4 6 61628 5223 18) - 5 7 8 19) 3004 24)

0 ( 5 ) 36342 -8 7 5 0 25846 6879 17) -1 1 1 3 17) 1260 32)

0 ( 6 ) 41616 -4 9 0 0 7861 7877 15) -6 2 3 22) 383 2 6)

0 ( 7 ) 4 3 6 4 4 5629 8497 8261 18) 716 24) 414 25)
0 ( 8 ) 40531 12330 2 4 494 7672 20) 1568 18) 1194 36)

0 ( 9 ) 35398 9198 44891 6700 15) 1170 17) 2188 22)

c ( i o ) 33098 -1 4 1 7 43949 6265 15) -1 8 0 16) 2143 17)

0 ( 1 1 ) 34032 27354 63198 6442 20) 3479 18) 3081 28)

H ( 3) 20337 13 92729 3849 2 4521

H (4 ) 25916 -1 2 4 4 9 61253 4905 -1 5 8 3 2986

11(5) 34943 -1 6 7 5 7 26197 6614 2131 1277
H (6 ) 43939 -1 0 0 6 6 -6 5 7 2 8317 1280 -3 2 0 4

H (7 ) 47907 8210 -4 1 6 5 9068 1044 -2 0 3 0

H (8 ) 41845 20381 2 2 630 7920 2592 11032



T a b le  1 .3

V i b r a t i o n a l p a r a m e te r s U 2 X 1 0 3 ) .

H n - 2 2 -3 3 2-2 3 . 2- 3 l 2-1 2

As 5 8 (1 ) 5 8 (1 ) 3 7 (1 ) 0 ( 2 ) 3 (2 ) 7 ( 1 )

0 ( 1 ) 9 5 (9 ) 5 3 (6 ) 6 1 ( 9 ) 1 8 (1 4 ) - 4 1 ( 1 8 ) 45 13)
0 ( 2 ) 6 6 (7 ) 8 3 (8 ) 2 8 (7 ) - 5 ( 1 1 ) - 6 ( 1 1 ) - 4 9 13)
0 ( 3 ) 6 1 (6 ) 4 7 (6 ) 6 0 (8 ) - 1 8 ( 1 2 ) - 7 ( 1 4 ) 24 10)
0 ( 4 ) 5 7 (7 ) 1 0 4 (1 1 ) 4 8 (9 ) - 2 9 ( 1 5 ) 3 9 (1 4 ) - 2 12)

0 ( 1 1 ) 6 9 (7 ) 4 8 (6 ) 6 0 (9 ) - 1 4 ( 1 2 ) 3 4 (1 3 ) - 7 10)

N 5 6 (7 ) 5 4 (7 ) 5 2 (9 ) - 2 ( 1 4 ) 3 0 (1 5 ) 5 12)

C (2 ) 5 5 (8 ) 6 4 (9 ) 5 9 (1 5 ) 1 9 (2 0 ) 1 8 (2 1 ) 50 13)
C (3 ) 5 8 (7 ) 5 6 (7 ) 2 8 ( 9 ) 1 3 (1 3 ) 5 (1 5 ) - 6 13)
0 ( 4 ) 6 3 (9 ) 6 2 (1 0 ) 6 1 (1 2 ) - 1 2 ( 1 9 ) 1 9 (2 0 ) - 9 15)
C (5 ) 6 1 ( 8 ) 6 2 (9 ) 8 0 (1 4 ) - 4 3 ( 2 8 ) 5 9 (2 5 ) 20 14)
C (6 ) 3 8 (7 ) 9 9 (1 4 ) 7 0 (1 4 ) - 4 1 ( 2 5 ) - 1 9 ( 1 8 ) 49 16)

C (7 ) 5 9 (1 0 ) 9 9 (1 5 ) 5 1 (1 3 ) - 4 ( 2 4 ) 3 6 (1 9 ) - 1 0 18)

C (8 ) 6 3 (9 ) 8 5 (1 2 ) 7 4 (1 6 ) 4 (2 6 ) - 1 0 0 ( 2 9 ) - 8 17)
0 ( 9 ) 4 7 (7 ) 5 5 (8 ) 6 5 (1 4 ) - 1 ( 1 8 ) 3 3 (1 7 ) -1 1 13)
c ( i o ) 5 7 (8 ) 5 5 (8 ) 3 1 (9 ) - 1 7 ( 1 4 ) 1 2 (1 4 ) 11 13)

0 ( 1 1 ) 7 4 (1 1 )

U.
- I S O

5 0 (9 ) 8 8 (1 7 ) - 6 ( 2 0 )  

U. '
- I S O

- 1 4 ( 2 4 ) - 2 9 16)

H (3 ) 46 H (6) 69
H (4 ) 62 H (7) 69

H (5 ) 67 H (8) 77



T ab l e  1 . J

O b s e r v e d  a nd  f i n a l  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s .

h k 1 Po Pc h k 1 Po . Pc h k Po Pc h k 1 To Fc h k To To | h k Po Pc

3 6 c 6 .3 5 .4 14 8 G 21.4 19.7 21 3 C 16.6 15.1 8 12 1 4 .2 4 .2 21 6 1 9.0 9 .7 7 2 56.2 5 9 .ft
2 6 c 7 .2 0 . 6 13 S C 5.9 3 .3 20 0 9 .9 9 .0 7 12 1 » .3 1.7 20 6 1 3 . 3 3-7 6 2 26.9 25.9

6 c 3.C 1.1 12 6 c 27.6 2 4 . 3 19 3 c 5 . 6 2 .7 6 12 1 . 9 .2 1C.2 19 6 1 9 .2 i c . 3 5 2 30.9 fto.3
C 6 c s .6 9.1 11 8 c 5 . 8 2 .9 18 3 0 20 .3 1 8 .2 5 12 1 4 .4 5 .6 18 6 1 4.1 5 .8 4 2 ftc.7 ftc .i
6 5 c 5 .3 6 .3 1C 8 G 5 . 7 1.9 17 0 5 . 9 5 .3 4 12 1 16.6 10.C 17 6 1 14.1 16 .3 3 2 27.6 23.9
5 5 c b 9 2.C 9 8 C 5 . 6 4 .7 >6 c 21.1 20.8 3 12  1 “ .5 2 .2 16 6 1 4.U 3 .3 2 2 > . 6 25.9
ft 5 c 9 .6 9 .6 8 8 c 4 3 . 5 42.0 15 3 c 23.2 19.7 2 12 1 1 3 .8 15.5 15 6 1 19.9 21 .9 1 2 67.3 ic 3 .c
3 5 c 4 .2 2 .3 7 8 c 5 . 4 3.7 14 3 0 5 . 6 2 .6 1 12 1 “ .5 8 .5 14 6 1 4 .5 5 .5 24 1 .6 3 .2
2 5 c 9.C 8 .9 6 e c 4 7 . 5 45.0 13 3 c 34.4 32.5 <7 11 1 2 .2 3 .5 13 6 1 . 30 .9 34.2 23 2 .7 ft.9

5 c 6.1 7 .6 5 8 0 22.6 22.4 12 3 0 2 5 . 5 24.4 16 1 1 1 **•9 5.1 12 6 1 12.3 12.5 22 6 .7 9 .6
1C 4 c 1C.5 2 .2 4 3 c 13 .c 16. 6 11 3 0 20.1 17.5 15 11 1 3 .2 2 .3 11 6 1 8 .5 7 .7 21 3.7 2 .5
9 4 c 4.C 2 .9 3 8 0 13.9 12.5 10 3 0 4 3 . 2 45.0 14 11 1 12.1 1 3.1 1C 6 1 7 .7 9 .2 20 6 .3 5.1
8 4 c 4 .3 C .6 2 8 0 41 .2 38.4 9 3 0 46.2 44 .0 13 11 1 3 .8 3 .9 9 6 1 32.2 34.5 19 0 .6 9 . ft
7 4 c 4 .5 2.C 1 8 c 4 .8 3.1 8 3 c 15.5 16.4 12 1.1 1 7 .5 6 .c 3 6 1 1 1 .4 11 .0 19 f t .6 1.6
6 4 c 4 .7 2 .2 C 8 c 55.2 52.6 7 3 0 12.5 15.4 11 1 1 1 1C.2 9 .9 7 6 1 63.0 65 .3 17 16.1 16.3
5 4 c 14.5 13*7 21 7 c 4 .6 4 . 6 6 3 0 24 .3 25.5 10 11 1 4 .3 3 .7 6 6 1 23.4 21 .9 16 11 .c 12.1
% 4 c 4 .9 1.1 2C 7 c 9.0 9 .2 5 3 c 9 .3 3 .2 9 11 1 9 .8 ic .5 5 6 1 18 .3 19 . 6 15 19.6 2C.1
3 c 16.7 15.2 19 7 c 4 .6 3.1 4 3 0 50.7 57.6 8 1 1 1 19-9 2 1 .7 4 6 1 14.7 15.4 14 33.2 35.5
2 4 G 5.1 2 .3 18 7 c 10.8 16.4 3 3 0 2 9 .C 35.4 7 11 1 “ .5 6 .5 3 6 1 31.4 30.9 13 21.1 21 .ft

4 0 9 .6 8 - s 17 7 c 5 .5 3.6 2 0 64.2 70.2 6 11 1 16.1 17.1 2 6 1 25 .0 24.4 12 17.1 18 . c
C 4 c 6 .3 3 . 0 16 7 0 1 6 .2 14.4 1 c 102.9 95.7 5 11 13.8 16.3 1 6 1 56.5 62.0 11 ft3.i 5 c . ft

12 3 c 4.C 3 . 6 15 7 c 25.6 24.8 23 2 0 3.7 2 .5 4 11 1 11.3 11.9 22 5 1 6 .0 7 .8 10 11 .6 12.5
11 3 c 4 .3 1 .7 14 7 c 18.6 13.7 22 2 0 4 .4 1.4 3 1 1 1 1&.9 15. 0 21 5 1 3 .2 1.9 5 53.6 60 • 2
1C 3 c 4 .6 k -} 13 7 c 20 .6 19.1 21 2 c 8.6 7 .3 2 11 1 2C. 2 22 .8 20 5 1 r 6 2 .5 Q ftS.7 5 c .9
9 3 c 9 .8 7 .8 12 7 c 13 .6 10.4 20 2 0 5.4 3 .7 1 11 1 1 .5 2 .4 19 5 1 8 .9 9 .4 7 3 3 .ft 32.4
6 3 c 5.1 2.1 1 7 0 5 .7 4 .0 19 2 0 18 .0 17.5 C 11 1 25.11 27.4 18 5 1 4 .2 6 .2 6 76 .2 76.2
7 3 c 9 .8 10 7 c 42 .5 39.4 18 2 0 5 .9 3 .7 18 10 1 2 .5 2.C 17 5 1 17.8 18.7 5 56.3 59.0
6 3 c 5 .4 6 .3 9 7 c 16 .8 14.7 17 2 0 30.9 29 .7 17 1C 1 6 . 0 6 .2 16 5 1 9 .0 9 .7 ft 75 .7 63.1
5 3 c 5 .5 2 .8 6 7 c 12.7 12.0 16 2 c 5.8 1. 6 16 10 1 3.4 5 .5 15 5 1 8 .5 7 .7 3 IC7.5 174.6
4 3 c IC.4 1C.C 7 7 G 31.5 32.4 15 2 0 16.1 15.2 15 10 1 13.1 13.9 14 5 1 19.7 20.8 2 7 8 .c 81.7
3 3 0 5 .6 5 .5 6 7 c 29 .9 24.4 14 2 c 12.2 11.9 14 IC 1 3 . 9 5 .5 13 5 1 1 6 . 5 1 9 .8 1 3 5 .c 38.9
2 3 c 5 .6 3 .7 5 7 c 47 .2 45 .0 13 2 c 5 .2 6.1 13 1C 1 13.1 13.1 12 5 1 13.4 20.6 C ft3.2 6 1 . 6

3 c 19.1 17.4 4 7 c 63.4 58.5 12 2 c 16.7 15.4 12 10 1 4 . 3 2 .9 11 5 1 31.5 32.6 2ft C 1.7 3 .2
14 2 c 4.C 7 .5 3 7 c 23.0 20.4 1 2 c 63 .5 6o.9 11 1C 1 4 .4 2 .6 IC 5 1 13.9 16.4 22 C 3 . 3 3.8
13 2 c i c . 8 2 .7 2 7 c 15.9 15. 6 10 2 0 14.5 1 3 .6 10 1C 1 9 .5 i c . 5 9 5 1 29 .6 3 4 . 2 2C c ic .c 13.1
12 2 c 4 .6 5 .9 1 7 c 4 8 .2 44 .7 9 2 c 21 .3 2 3 . 0 9 10 1 16.1 15 .8 8 5 1 2 3 .8 2 5 . 9 id c 2C.9 24.2
11 2 c 5.1 5 .3 22 6 c 3.1 1 .0 8 2 0 21 .6 18.4 8 10 1 4 .5 7.1 7 - 9 .0 10.2 16 c 2C.C 22.9
1C 2 c 7 .5 6 .c 21 6 c 4.C 1 . 3 7 2 c 23.0 26.2 7 10 1 35 .C 34.8 6 5 1 33 .9 35*3 ift c 9 . ft 6 .3
9 2 c 5 .5 4 .2 2C 6 0 4 .6 c .9 6 2 c 6 1 . 0 59.8 6 1C 1 4 .5 1 .8 5 58.4 5 6 . 6 12 c ft3.9 49 .8
8 2 c 13.1 13.6 '2 6 c 18.1 17.6 5 2 c 1 1 1. 9 H 3 .3 5 10 1 17.C 1 9 .6 4 5 1 33.7 31.4 1C c 57.1 67.0
7 2 c 5 .7 5 .c 10 6 c 5 .4 1.3 4 2 0 17.8 20.7 4 1C 1 19.3 22.4 3 5 1 45.1 4 9 . 6 8 c 2 2 .C 22.0
6 2 c 29 .2 28.1 17 6 c 13.9 14.2 3 2 c 101 .6 115.9 3 1C 1 17.6 18.1 2 5 1 35.5 38.6 6 c 5 7 .C 5C,T5 2 c IC.1 8 .8 16 6 c 5 .9 2 .3 2 2 c 1 4 .9 10 .6 2 1C 1 1C.7 12.9 1 5 1 37.5 33.9 ft c eft.ft 84.8
4 2 c 11.7 12.C 15 6 c 20.4 19.4 1 2 c 105.5 120.6 1 1C 1 24 .9 26.2 C 60 .1 6 3 . 0 2 c 8c.ft 99 .6
3 2 0 7 .2 6.C 14 6 c 1 6 .6 '5 .2 C 2 c 43 .9 52.7 19 9 1 6 .2 7 .9 23 4 1 2.1 2 .2 2 15 2 8 .6 6.4
2 2 c I5 .c 14.2 13 6 c 14.1 11.3 23 0 8 .9 9 .3 18 9 1 ? • ' 2 .3 22 4 1 2 .9 1 .9 1 15 2 ft.ft 1 .9

2 c 10.2 1C.2 12 6 c 14.9 11.3 22 0 4.5 1 .9 17 9 1 8 . 5 8 .5 21 4 1 3 .4 2 .9 6 1ft 2 2 .9 4 .2
C 2 c 26 .8 25.C 1 6 c 38.4 3 3 .c 21 0 12.3 11.8 .6 9 1 5.4 5 .8 2C 4 1 9 .3 9 .2 5 1ft 2 5 .2 5 .2

15 c 12 .C 8 .7 10 6 c 5.3 20 c 7 .7 6 .4 15 9 1 5 . 7 6 .9 19 4 1 4.1 4 .7 ft 1ft 2 ft.ft 3 .5
14 c 4 .8 C.4 9 6 c 52.7 53.8 19 0 0.1 7 .0 14 9 1 1 1 .7 II .c 18 4 1 2 4 .8 27 .8 3 1ft 2 if t.c 14.4
>3 c 5.1 2.1 8 6 c 4 .8 2 .7 10 0 19 .6 18.4 13 9 1 4 .4 6 .4 17 4 1 9 .5 IC.3 2 1ft 2 3 .9 2.4
12 c 12.C i c . 9 7 6 c 12.3 11.0 17 c 5 .9 2 .6 12 9 1 4 . 5 1 . 9 16 4 1 i c .  6 9.5 1 1ft 2 5.1 4 .8
11 0 5 .6 1 .5 6 6 c 4 .5 5 .4 16 c 25.4 22.3 11 9 1 2C.2 20.8 15 4 1 7.1 6 .3 C 1ft 2 5 .2 5 .2
1C c 17.9 15.0 5 6 c 33.4 34.5 15 c 25.0 22.0 10 9 1 4 .5 1.1 14 4 1 14.2 18.1 12 13 2 2.1 1 .0
9 c 2C.4 17.6 4 6 c 1 6 .2 14.6 14 0 5.4 4 .7 9 9 1 26 .6 28 .3 13 4 1 6 .0 6 .4 11 13 2 2 .5 1 .9
8 G 5 .9 4 .8 3 6 c 79 .9 77 .8 13 0 21 .7 23.6 8 9 1 18.4 17.3 12 4 1 40 .5 44 .0 1C 13 2 6 .8 8 .4
7 c 5 .9 3.1 2 6 c 29 .2 24.0 12 0 39.3 35.3 7 9 1 4 .4 4 .7 11 4 1 9 .6 8 .5 9 13 2 7 . ft 7 .6
6 c 2 4 .9 21 .5 1 6 c 44.4 41 .8 1 0 12.9 13.6 6 9 1 1 8 .2 18.5 10 4 1 43 .3 4 9 . B 8 13 2 3 .2 1 . 6
5 c 5 .9 4 ,9 C 6 c 3C.i 26 .0 1C 0 4 .3 5 .7 5 9 1 22 .7 22.8 9 4 1 3 .5 6 .5 7 13 2 12.2 13.3
4 c 27 .C 23 .6 22 5 c 3.6 2 .3 9 c 23 .0 23.0 4 9 1 15.0 17.4 8 4 1 2 0 . 5 20 .7 6 13 2 3 .5 4 .0
3 0 5 .9 3.1 21 5 c 2C .7 18.1 8 0 3.7 2 .4 3 9 1 38 .2 4 c .4 7 4 1 2 ' . 3 18.9 5 13 2 1C.2 11.1
2 c 2 7 .2 26 ,5 20 5 c 1 6 .2 14.2 7 c 43 .5 43 .9 2 9 1 21.5 23.3 6 4 1 5 4 .3 58 .2 ft 13 2 7 . ft 8 .2
1 c IC.1 3 .5 19 5 c 5 .3 2 .7 6 c 4 9 . 6 4S.3 1 9 1 21 .2 24 .3 5 4 1 37.2 39.9 3 13 2 3.7 2 .3

18 C c T .c 6 .2 18 5 c 8.0 3.1 5 c 3 0 . 0 34.5 C 9  1 18 .3 2C.I 4 4 1 50 .2 57 .3 2 13 2 5 . ft 3.4
17 c c 13.7 11. 6 17 5 c 14.8 14.5 4 c 93.6 1C2.7 20 9 1 2 .5 3 .7 3 4 1 23 .5 27.1 1 13 2 9 .3 11.2
>8 c c 4 .6 C .2 16 5 c 20 .7 ld .7 3 c 66.4 96.8 19 8 1 3.1 3 .9 2 4 1 50 .7 54.9 1ft 12 2 8 .7 9.1
15 c c 4 .9 1 .6 15 5 0 30.5 27 .6 2 c 6 1 . 6 18 8 1 15.6 1 6 .0 1 4 1 20.5 17.3 13 12 2 2 .6 1.6
14 c c 5 .3 2 .4 14 5 c ic .c 8 .4 24 C c 5.0 6 .0 17 6 1 3.8 C.7 23 3 1 4 .2 4 .2 12 12 2 6 .3 7 .2
13 c c I1.C 8.4 13 5 c 8 .c 8 .9 22 0 c 10.3 9.1 16 8 1 10.5 11.3 22 3 1 8 .4 9 .6 11 12 2 6 . ft 6 .4
12 c c *•7 6 .7 12 5 c 3C.3 28.0 20 0 c 16.6 17.5 15 8 1 4 .3 7 .6 21 3 1 6 .6 7 .8 1C 12 2 ft.3 3.7
11 c c ld .7 15.9 11 5 c 25.7 2 3 . 6 id c c 13.1 12 .3 14 8 1 4 .4 2 .9 20 3 1 1-9 7 .9 9 12 2 5 .7 6 .3
1C c c 9 .3 7 .2 1C 5 c 29.5 29 .6 16 c 0 13 .6 11.5 13 8 i 4 .4 4 .6 19 3 1 3 .4 7 .2 0 12 2 16.0 15.2
9 c c 19 .C 17.6 9 5 c 41 .2 39.3 14 c 0 42 .2 46 .2 12 8 1 26.4 28.0 18 3 1 8 .2 10.0 7 12 2 3.9 1 .4
8 c c 5 .9 2 .9 8 5 c 26.3 26 .7 12 c 0 66 .6 72.3 11 a 1 n . c 12.2 17 3 1 14.3 1 5 .0 6 12 2 19.9 17.3
7 0 0 15.5 13.4 7 5 c 46.1 50.1 10 c c 55.2 57.1 10 8 1 34.1 37.3 16 3 1 11.9 11 .8 5 12 2 ft.c 3.5
6 c c 11.6 8 .5 6 5 c 12.9 11.9 8 c c 5 1 . 0 56.6 9 8 1 4 .4 4 .8 15 3 1 10.9 11 .6 ft 12 2 5 .0 5.1
5 c c 4 5 .7 43 .3 5 5 G 14. c 13.0 6 c 78.3 98.7 8 8 1 19.1 22.0 14 3 1 23.1 29.5 3 12 2 5.8 5 .2
4 c G 5 .7 2 .7 4 5 c 61 .2 6 3 .9 4 c 17.7 16. 8 7 3 1 11 .8 l c .8 13 3 1 20.4 19.9 2 12 2 11.7 lc .8
3 c c 34.6 33.4 3 5 c 45 .3 41 .7 1 16 3 .9 2 .6 6 8 1 27.4 28.7 12 3 1 22.4 22 .3 1 12 2 ft. 2 2 .5
2 c c 13.2 11.3 2 5 c 34.5 3 1 . 6 3 15 7 .8 5 .9 5 8 1 i c . 6 12.4 11 3 1 35.0 33.6 C 12 2 19.9 17.6
1 c c 13.8 n . c 1 5 c 6 .5 1C.5 2 15 7.4 4 .2 4 8 1 5* .2 56.8 1C 3 1 7.1 9 .6 16 1 2 6 .e 6.1
C e c 25.3 2 6 .3 23 4 c 3.1 2 .0 1 15 7 .2 4 .7 3 8 1 12.2 13.6 9 3 1 26.6 24 .2 15 1 2 7.1 6.4

9 c 1C.2 7 .8 22 4 G ic .5 9 .6 3 14 6 .7 5 .3 2 8 1 39.4 42.6 8 3 1 56 .3 65.4 1ft 2 2 .9 3.6
18 9 c 4 .2 5 .6 21 4 c 6 . 4 7 .3 2 14 6 .7 3-9 1 8 1 3.8 4 .2 7 3 1 2 .9 3.1 13 i i 2 3 .2 4 .3
17 9 c 4 .7 4 .2 20 4 c 13 . a 10.9 1 14 15.4 11.1 21 7 1 2.4 2 .5 6 3 1 55.6 56.5 12 1 2 12 .ft II .9
16 9 c 9 .6 5 .3 *2 4 c 5.-1 1.0 14 13 1.9 3 .3 20 7 1 6 .c 3.1 5 3 1 2 7 .9 30.5 1 1 2 } - 7 3.0
15 9 c 15.3 13.5 18 4 c 5 . 7 2 .5 13 13 2.5 5 .3 19 7 1 6 .9 6 .3 4 3 1 22.1 21.8 1C ti 2 16.9 15.9
14 9 c 5 -7 2 .5 17 4 0 5 . 9 2.5 12 13 2 .9 2 .7 19 7 1 3 .8 2 .6 3 3 1 7 0 .3 71.4 9 11 2 f t .9 6 .9
13 9 c i 3 .4 17.1 16 4 c 22.5 2 1 .C 1 13 7 .8 7 .5 17 7 1 6 .5 6.1 2 3 1 53.4 56.5 8 1 2 ic .c 9 .3
12 9 0 11.8 i c . 8 15 4 c 5 .3 3.4 10 13 3.4 4 .4 16 7 1 12.2 14.7 1 3 1 35.7 32.4 7 11 2 *3.9 13.0
11 9 0 n . 8 9 .9 14 4 G 43 .3 39.0 9 13 9-5 12.3 15 7 1 7 .7 6 .9 c 3 1 82.4 79 .2 6 11 2 6 .0 6.C
1C 9 0 26.1 2 4 .9 13 4 c 7 .7 8 .2 8 13 3 .o 6 .7 14 7 1 11.1 13.3 23 2 1 6 .4 6 .7 5 1 2 9.1 7 .8
9 9 c 2C.1 17.4 12 4 G 12.8 1 3. 3 7 13 3.9 3 .6 13 7 1 1C.1 11.1 22 2 1 3 .2 1 .9 ft 11 2 21.1 13.8
8 9 c 5 .7 6.1 11 4 c 7 .9 3 .5 6 13 5 .7 6 .5 12 7 1 2 0 .C 20.7 21 2 1 11.9 13 .0 3 1 2 6.1 7 .3
7 9 c 49 .4 4 7 .9 1C 4 G 15.3 13.5 5 13 10.0 11.6 11 7 1 10.3 13.3 20 2 1 4 .0 0 .7 2 11 2 12.2 11.2
6 9 G 11.1 8 .2 9 4 c 19. 6 16.4 ft 13 4 .2 1 .3 10 7 1 6 .3 7.C 19 2 1 12.8 13.3 1 11 2 13.3 13.7
5 9 c 19.3 '9 .3 0 4 c 46 .2 45 .8 3 13 14.4 16.3 9 7 1 28.1 26 .3 18 2 1 4 .4 17 ic 2 8 .6 10.2
4 9 c 19.4 2 1 .3 7 4 c 4.C 2 .7 2 13 4 .2 5 .9 8 7 1 44 .6 42 .3 17 2 1 11.1 11.3 16 ic 2 2 .9 4 .0
3 9 c *5.1 12.7 6 4 c 3 3 .c 38.0 1 13 4 .3 7 7 1 16 ,6 16 . 6 16 2 1 4 .5 1 .7 16 1C 2 b ' 3 .6
2 9 c 14.9 13.5 5 4 c 3 .6 1 .6 C 13 10.4 to .8 6 7 1 45 .3 43 .3 15 2 1 3 4 . 3 36.5 1ft 1C 2 6 . 9 £ .c
1 9 c 54.4 5C .J 4 4 c 11.9 13.6 15 12 2 .5 3 .3 5 7 1 29 .8 31.1 14 2 1 4 .3 1 .6 13 1 2 6 . ft 6 .3

2C i c 8 .8 7 .6 3 4 c 19.1 20 .9 14 12 2.9 3 .0 ft 19.5 2C.6 13 2 1 3 7 . 5 42 .0 12 ic 2 3 .9 *•1
’? 8 c 4.1 1.6 2 4 c 73.1 76.5 13 12 4 . 3 3 7 1 33.8 42 .3 12 2 1 4 .7 4 .8 1 IC 2 22 .7 21.8
16 6 G 4 .7 C .7 1 4 c 56.4 55.6 12 12 12.3 14.1 2 7 1 27.8 3C.9 11 2 1 3 .7 1.2 IC 10 2 ft.2 5 .0
17 8 c 5.1 3 .4 C 4 c 89 .9 104.C 1 12 3.5 3 .8 1 7 1 14.6 15.7 1C 2 1 3 .4 5 .7 Q ic 2 15.1 I3.C
16 8 G 12.2 i c . 6 23 3 c 7 .6 7.1 IC 12 S . 8 1C.4 C 7 1 53.7 57.C 9 2 1 4 9 . 2 54.9 6 1C 2 3 .c 7 .5
15 8 c 5 .7 6 .8 22 3 c 8 .2 7 .0 9 12 4.1 5 .9 2 2 6 1 2.1 2 . 2 8 2  1 3 1 . 5 32.9 7 IC 2 6.1 4 . 4



6 IC 
5 ic  * to 
3 ic  
2  ic  
I ic
0  IC 

18 9 
17 9 
16 9 
15 9

18 8 
17 8

1 | poI 'Pc h k w ! Fc, h k 1 > 0 ! h k  1 > 0 ! > c ' h k 1 ; Fo! |fc | h k j Po Tc'

2 9 .2 8 .9 1 5 2 4 5 . 6 45 .7 1 13 6 .9 7 . 8 0 5 3 46 .5 44.1 2 11 4 ? • ' 9 .6 2 4 4 2 9 . 5 3 2 . C
2 26.2 26 .5 22 4 2 4.1 5 .9 c 13 6 .9 7 .2 20 4 3 5 .c 6 .4 1 11 4 8 .5 9 .0 1 4 4 3 . 5 * .9
2 9 .7 S .7 21 4 2 2 .6 3 .5 4 12 15.6 17.C 1? 4 3 3 .2 C.6 11 1C 4 10.2 12.2 C 4 4 3 1 . 5 51 . 6
2 2d.* 2 6 .5 20 4 2 1 3 . c 11.2 3 12 4.C 2 .3 1 8 * 3 1 3 .2 14.9 1C 10 4 2 .7 4 .2 18 3 4 IC.C 11.2
2 10.1 1C. 9 9 4 2 3 .6 1.8 2 12 12.7 13.9 17 4 3 . 6 .0 2 .7 9 10 4 8 .0 7 .8 17 3 4 3 .9 6 .6
2 22.7 2 3 .2 Id 4 2 3 .9 1 .9 1 12 4.1 4 . 3 16 4 3 12.1 14.0 8 10 4 3 .3 2 .3 16 3 4 12.7 10.4
2 11.4 8 .7 17 4 2 4.1 3 .0 9 11 7 .5 8 .7 15 4 3 4 .5 9 .7 7 1C 4 3 .5 1.5 15 3 4 13.7 12.2
2 6 .2 6 .0 16 4 2 16. 0 14.9 8 11 11.1 13.9 14 4 3 4 .6 4 .9 6 10 4 3 .6 2 .6 14 3 4 6 .0 6 .7
2 2 .9 5 .c 15 4 2 4 .3 4.1 7 11 4.1 1 .9 13 4 3 4 .7 4 .8 5 IC 4 11.9 13 . c 13 3 4 7 .2 7 .7
2 3 .3 1 .7 14 4 2 3 1 . 5 30.9 6 11 13.3 13.4 12 4 3 32.4 31-9 4 10 4 3 .8 2 .0 12 3. 4 16. 8 15.1
2 14.C 13.2 13 4 2 13 .9 13.9 5 11 4 .3 7 .c 11 4 3 6 .5 5.1 3 IC 4 15.5 16 .3 1 3 4 6 .6 0 .7
2 3 .0 2 .9 12 4 2 2 5 .3 24 . 2 4 11 4 .3 5 .2 10 4 3 27.3 26 .9 2 10 4 3 .9 4 .2 1C 3 4 20.7 21 .C
2 14.2 13 .C 11 4 2 7.4 7 .0 3 11 7 .6 10. 6 Q 4 3 4 .3 5 .5 1 10 4 13.4 13.0 9 3 4 17.7 16.5
2 8 .6 7 .3 10 4 2 1 5 . 8 16.1 2 11 11.7 12.7 8 4 3 20 .3 19.5 C 10 4 12.0 11.2 8 3 4 4.1 4 .2
2 4 .2 4 .3 9 4 2 H .9 10.2 1 11 4 .4 5 .3 I  ? 3 6.C 8 .2 13 9 4 4 .0 6.1 7 3 4 2 2 .C 22.6
2 12.9 11.7 8 4 2 59.9 59 .9 0 11 15.4 19.3 6 4 3 3 2 .C 27 .8 12 9 4 5 .3 5 .7 6 3 4 13.9 12.8
2 18.5 1 9 .0 7 4 2 6 .6 4 .4 9 10 6 .4 11.5 5 4 3 3 .7 4.1 11 9 4 3.1 2 .8 5 3 4 12.4 11.9
2 10.9 9 .0 6 4 2 75 .5 6 8 . 0 8 10 4 .3 3 .3 4 4 3 76 .6 58 .7 IC 9 4 1C.4 9 .8 4 3 4 31.7 31.0
2 25 .3 23 .3 5 4 2 40 .3 37.6 7 10 20 .3 21.7 3 4 3 i .2 9 9 4 9 .0 8 .8 3 3 4 16.3 14.4
2 19.8 18.3 4 4 2 39.8 35.0 6 10 4 .5 4 .9 2 4 3 46 .4 42 .4 8 9 4 3 .7 4 .5 2 3 4 23.7 22.9
2 16.9 15.4 3 4 2 14.6 1 3 .6 5 10 7 .2 9.1 1 4 3 2C.1 16.3 7 9 4 10.8 11.2 1 3 4 32.3 33.3
2 25.1 23 .9 2 4 2 39.6 35.1 4 10 4 .6 4.1 20 3 3 2 .8 8 .2 6 9 4 5 .6 5.C 18 2 4 2 .3 2.1
2 14.2 1 2 9 .3 9 .2 3 10 4 .6 6.C 5.4 6 .4 5 9 4 9.1 8 .9 17 2 4 12.9 12.1
2 8 .8 5 .5 0 4 2 103.7 91.5 2 10 4 .6 4 .5 18 3 3 3-3 3 .7 4 9 4 10 .1 10.0 16 2 4 3 .5 4 .4
2 26.3 2 9 .2 22 3 2 2 .3 1.7 1 10 16.7 19.4 17 3 3 11.4 12.7 3 9 4 8 .3 8 .5 15 2 4 12.1 9.4
2 2 .4 2 .4 21 3 2 8 .9 7 .4 14 9 7 .7 9 .4 16 3 3 4 .4 7 .2 2 9 4 7 -J 6 .2 14 2 4 4.1 1.9
2 2 .9 4 .2 20 3 2 6 .8 4 .8 13 9 7 .5 9 .7 15 3 3 4 .6 4 .6 1 2 * 14.6 1 3 . 2 13 2 4 4 .2 5 .6
2 3 .3 2 .5 19 3 2 3.8 2 .2 12 9 4 .0 3 .5 14 3 3 11.4 I3.C 14 8 4 1 1.1 12.0 12 2 4 J - 3 3.1
2 11.9 11.3 18 3 2 14.2 14.7 1 9 11.2 13.3 *3 3 3 4 .7 6 .5 13 8 4 2 .9 1 . 7 11 2 4 2 6 . c 22 .3
2 3 .9 3.1 17 3 2 4 .2 2 .7 10 9 4 .4 4 .5 12 3 3 14.6 15-1 12 8 4 9 .3 8.1 1C 2 4 *•2 3 .7
2 16.4 14.9 16 3 2 13.8 14.6 9 9 11.9 14.1 11 3 3 34.4 32 .7 It 8 4 3 -3 5 .9 9 2 4 13. 8 19 .2
2 4 .2 4.C 15 3 2 29.1 29 .3 8 9 15.8 16.7 10 3 3 1C.7 1C.1 10 8 4 3 . 8 4 .9 6 2 4 4.C
2 15.7 15.5 14 3 2 14.0 15.5 7 9 4 .6 4.1 9 3 3 33 .2 29.1 9 8 4 3 . 9 5.4 7 2 4 3 .9 5 . 6
2 4 .3 3 .0 13 3 2 >6.9 14.4 6 9 4 .7 5 .8 8 3 3 4 c .4 8 8 4 19.1 1 7 .8 6 2 4 21.1 20.9
2 12.8 11.9 12 3 2 39.4 38.6 5 9 20 .2 2 3 . c 7 3 3 3 . 8 2 . 8 7 8 4 5 . 9 5.1 5 2 4 41.6 67.0
2 18.1 17.2 1 3 2 12.8 13.7 4 9 16.3 17.5 6 3 3 4 3 . 2 31.5 6 8 4 19.4 19.9 4 2 4 12.1 12.2
2 27.5 28 .0 10 3 2 36.2 33.3 3 9 26.4 28.1 5 3 3 4 c .6 35 .9 5 8 4 6 .c 1 .7 3 2 4 41 ,C 6 1 . 8
2 6.4 8 . 2 9 3 2 4o .5 37.7 2 9 16 .2 1 6 .9 4 3 3 21 .3 15.1 4 8 4 6.1 6 .6 2 2 4 7 .3 6 .6
2 4 9 . 7 49 .3 8 3 2 5 .2 6 .5 1 9 6 .6 10.1 3 3 3 7C.1 49 .8 3 3 4 8 .6 8 .2 1 2 4 20.3 22.1
2 10.7 12.4 7 3 2 36.3 34.1 0 9 18.8 19.4 2 3 3 64 .5 47 .2 2 8 4 13.7 C 2 4 6 .5 5.1
2 5 .6 6 .8 6 3 2 19.9 19.4 14 8 3*9 4.4 1 3 3 60.1 45.4 1 8 4 8 .6 9 .7 id 4 12.1 11.7
2 11.1 1C.9 5 3 2 49 .0 4 3 . 4 13 8 8 .3

12.6
6 .4 0 3 3 56 .8 4 2 .C 0 8 4 27 .0 26 .7 17 4 9.5 8 .9

2 23 .9 2 4 .0 4 3 2 57 .2 51.4 12 8 15.3 20 2 3 H 4 .4 15 7 4 9-0 9 .7 16 4 14.1 9 .6
2 15 .0 15.1 3 3 2 3 2 . 6 26 .9 1 8 4 .5 2 .6 19 2 3 6 .6 7 .7 14 7 4 I .? 1.4 15 4 14.8 12.5
2 53.6 5 6 .2 2 3 2 6 2 . 3 5 6 . 6 10 8 14.1 17.4 Id 2 3 3 .9 1.1 13 7 4 6 .8 5 .2 14 4 4.1 6 . 0
2 2 .3 3 .3 1 3 2 26 .8 23 .3 9 8 6 .6 7.1 17 2 3 7 .4 9 .3 12 7 4 13. 0 1 3 . 8 13 4 17.0 12.1
2 2 .9 3 .2 22 2 2 2 .5 2 .8 8 8 6 .6 7 .4 16 . 2 3 4 .5 3 .6 11 7 4 3 .9 3 .2 12 4 12.8 10. 6
2 10.9 1C.4 21 2 2 4 .4 1.7 7

6
8 4 .7 2 .4 15 2 3 22 .7 24 .2 1C 7 4 14. c 13.6 1 4 4 .3 2 .3

2 3 .1 5 .7 20 2 2 3.5 1 .7 8 17.5 16.9 14 2 3 4 .7 4 .7 9 7 4 1 0 . 2 1 0 .9 1C 4 21.9 19.7
2 12.0 11.8 *9 2 2 14.1 14.5 5 8 4 .6 3 .4 13 2 3 33-8 33.7 8 7 4 7 .3 6 .8 9 4 21 .3 17. 0
2 11.6 1 0 . 6 18 2 2 4.1 5 .2 4 8 23.6 22.7 12 2 3 4 .6 4 .7 7 7 4 7 .4 7 .3 0 4 1 3 . c l c .  1
2 4 .2 2 .7 17 2 2 15.3 13 .8 3 8 11.2 9 .3 11 2 3 19 .8 19.9 6 7 4 6 .6 7 .5 7 4 37.6 31.9
2 10.1 10.2 16 2 2 5 .3 6 .9 2 8 2 2 .2 22 .9 1C 2 3 19.5 17.3 5 7 4 4 . 3 3 .9 6 4 23 .9 21 .8
2 20.5 2 0 .9 15 2 2 12.0 tC .9 1 8 14.3 13.3 i  2 2 31.1 31.5 4 7 4 1 9 .9 20.6 5 4 1 0 .3 7 . 32 4 .3

J - J
14 2 2 11.8 13.6 17 7 3 .9 6 .3 8 2 3 '5 .3 15.C 3 7 4 4 . 3 2 .6 4 4 31.5 29.5

2 27.6 13 2 2 21.4 18.7 16 7 4 .4 6 .9 7 2 3 5 1 . 6 47.4 2 7 4 17. 9 17.9 3 4 15.9 16.9
2 24.4 21 .4 12 2 2 3.9 3 .3 15 7 3 .9 2 .9 6 2 3 6 .7 6 .2 1

16
7 4 n . 8 13.0 2 4 26.6 29.0

2 15*8 14.5 11 2 2 63 .2 59.4 14 7 11.9 13.7 5 2 3 39.3 27 .9 6 4 2 .4 2 .4 1
18

4 22 .9 3 1 .6
2 24 .9 2 5 . 8 10 2 2 8 .7 8. 1 13 7 7 .6 7*9 4 2 3 12.9 10.4 15 6 4 6.C 4 .6 0 4 6 .5 5 .7
2 17.4 17.6 9 2 2 67 .9 67 .2 12 7 9.1 0 .4 3 2 3 22 .7 19.C 14 6 4 3.4 5 .3 16 c 4 15.5 12.3
2 14.7 14.9 6 2 2 19.9 16 .6 1 7 11.3 11.2 2 2 3 14.8 11.7 13 6 4 1C.5 8 .7 14 0 4 21.6 17.1
2 39.0 39.1 7 2 2 1C.3 24.6 10 7 4 .7 4 .7 1 2 3 76 .8 64 .7 12 6 4 3-9 2 .6 12 c 4 15.8 12.3
2 8 .9 7*4 6 2 2 54.8 42 .5 9 7 16.3 15. 8 20 t 3 5 .4 6 .3 11 6 4 18.7 18.1 1C 0 4 16.1 12.1
2 37.9 3 8 .2 5 2 2 6 0 . 6 56 .9 8 7 22.4 21.4 19 1 3 8 .8 8 .8 10 6 4 4 .2 H 8 c 4 23.4 18. 2
2 29.4 26.1 4 2 2 42.7 33.8 7 7 11.3 1 0 . 8 18 1 3 4.C 1.6 ? 6 4 20 .5 1 8 . 6 6 c 4 4 3 .3 37.2
2 2 .0 3 .c 3 2 2 83.4 72 .2 6 7 35.6 33.1 ' I  ! 3 1C.5 11.4 a 6 4 4 .3 6 . 9 4 c 4 7.C 5 .3
2 2 .7 3 .9 2 2 2 23 .6 15.9 5 7 19.1 2 0 . 2 16 1 3 9 .0 9.1 7 6 4 4 .3 3 . 3 2 c 4 32.1 37.1
2 11.5 Tc.6 1 2 2 53.0 43.4 4 7 4 .4 1 .6 15 1 3 4 .6 4 .8 6 6 4 4 .3 1.1 0 c 4 4 5 . C 51.7
2 3 .6 3 .3 0 2 2 28 .5 23.5 3 7 35.5 2 9 . 6 1* 1 3 12.4 13.5 5 6 4 2 3 . 2 3 9 5 9 .2 12.8
2 13.1 12.3 23 2 3 .9 5 .2 2 7 29 .6 27.3 13 1 3 1 6 .2 17.3 4 6 4 8 . 4 10.1 2 9 5 5 .9 6 .2
2 4.1 4 .3 22 2 2 .6 1.6 1 7 4 .3 4 .7 12 1 3 13.9 17.5 3 6 4 3 2 . 5 3 6 .C 1 9 5 2 .5 6 .5
2 4 .2 4 .7 21 2 10.8 1C.3 0 7 4 2 .3 35.7 11 1 3 I2.C 12.C 2 6 4 4.1 4.1 3 8 5 2 .9 1. 0
2 4 .3 2 . 0 20 2 8 .0 7 .2 18 6 3.1 2.1 ic  1 3 7 .3 11 .0 1 6 4 11.1 10.7 2 8 5 10.7 12.9
2 16.2 14 .6 19 2 5 .5 4 .7 17 3.5 3 .2 9 1 3 ?I-3 17.4 c 6 4 10.4 1C.0 1 8 5 3 .2 2 .9
2 4 .3 2 .5 18 2 1C.1 10.1 16 6 3 .9 4 .8 3 1 3 46 .3 36 .9 17 5 4 2 .2

1:1
3 7 5 7 .8 9.1

2 35.7 34.6 17 2 10.0 8 .8 15 6 17.3 16.0 7 1 3 3 .5 6 .4 16 5 4 5 .8 2 7 5 6.1 6 .62 13. 0 12.4 16 2 16 .8 18 .0 14 6 4 .4 3.1 6 1 3 5 H 37.0 15 5 4 13.1 12.6 1 7 5 7.1 6.12 3 1 . 0 30.6 15 2 24 .2 24 .5 13 6 17 .6 19.3 5 : 1 38.3 31.3 14 5 4 3 .7 1.3 3 6 5 5.0 6 . 0
2 9 .5 8 .8 14 2 15 .2 16.5 12 6 4 .6 2 .8 * 1 3 > * - | 11.2 13 5 4 15.4 I5 .c 2 6 5 4 .7 8.1
2 7 .5 5 .7 13 2 2 3 .9 30.7 1 6 4 .7 5 .5 3 1 3 44 .8 3 5 .c 12 5 4 5 .8 5 .8 l 6 5 15.9 16.5
2 7 .3 9.1 12 2 36.1 3 9 .1 1C 6 1 0 . 9 10.5 2 1 3 27 .2 28.1 11 5 4 6 .0 7 .4 3 5 5 15.4 18.7
2 64 .2 59.4 1 2 11.1 0 .7 9 6 22 .7 24.0 1 1 3 9.4 IC.8 10 5 4 15.7 14.) 2 5 5 7 .c 8 .c
2 3.4 3*9 10 2 49.1 51.1 8 6 9.1 11.0 c  1 3 49 .3 6 c . 4 9 5 4 16.7 15.5 1 5 5 12.6
2 54.4 54 .6 9 2 51.5 49.4 7 6 31.2 32.6 20 0 3 9 .9 1C.8 8 5 4 ic .5 i c . 3 3 4 5 6 .8 7 .8
2 11.6 11.1 8 2 15.3 15 .0 6 6 4 .3 4 .4 18 C 3 13.9 2C. 1 7 5 4 23 .6 24.4 2 4 3 1 5 .8 19.7
2 38.2 36.1 2 63 .8 56.9 5 6 24.2 23.9 16 c  3 13.2 13.1 6 5 4 1 6 .5 15.1 1 4 5 5 .9 6 .2
2 1 l . i 11.7 6 2 8 .7 5 .9 4 6 t *c 14.7 14 c  3 4 .7 2 .2 5 5 4 19.0 13.7 3 3 5 16.4 18. 8
2 8 .2 8 .2 5 2 43.8 4 c . 8 3 6 16. 8 15.7 12 c  3 41 .4 40 .3 4 5 4 18.8 19.2 2 3 5 12.5 13.2
2 6 .8 6 .9 4 2 4 6 ,c 41 .3 2 6 10 .6 9.3 ic  c  3 43 .2 41 .7 3 5 4 11.0 9 .6 1 3 5 6.1 3.3
2 3.4 5 .3 3 2 1C.1 7 .6 1 6 53.C 45 .2 8 c 3 14.7 14.1 2 ,5 4 16 .4 16.1 3 2 5 8 . 2 10.5
2 7 .6 6 .6 2 2 66.4 53.7 17 5 9 .3 12.4 6 0 3 44 .7 39.C 1

17
5 4 25 .9 27.4 2 2 5 5.4 2 .0

2 4 .0 4 .6 1 2 43.1 48 .2 16 5 11.7 to .6 4 0 3 85 .6 64.1 4 4 2 .7 1.2 1 2 5 2C.9 21.7
2 9*4 9.1 22 C 2 8 . 0 7.4 15 5 6 .2 9 .c 2 c  3 4 7 . C 49 .3 16 4 4 7.1 6 .6 3 5 2 2 . 5 2 6 . 6
2 i d . 3 18 .9 20 2 8 .6 9 .2 14 5 12.3 12.2 5 12 4 2 . 2 5 .4 15 4 4 5.1 5 .6 2 5 15.4 16 .2
2 4 .3 7 .2 18 0 2 4.1 3 .2 13 5 4 .6 3 .8 4 12 4 2 .4 1.8 14 4 4 24 .c 20 .9 1 5 15 .7 13.5
2 20 .5 17.7 16 0 2 21.5 21 .3 12 5 5 .7 5 .2 3 12 4 2 .6 2-3 13 4 4 4.1 2 .9 2 C i c . 9 8 .2
2 19.1 1 9 . 6 14 c 2 42 .3 36.7 11 5 21.5 22 .9 2 12 4 7 .3 8 .5 12 4 4 1 6 .0 14.1 2 4 10.3
2 15.1 16.4 12 0 2 23.4 23.1 10 5 5 .6 8 .6 1 12 4 2 .7 2 .4 11 4 4 4 .3 3 .3 2 3 6 8 .3 10.3
2 36.8 36 .5

2 6 .9
10 c 2 31.8 29 .9 9 5 28.7 27.9 0 12 4 13 .6 15.7 10 4 4 4 .3 4 .3 1 3 6 7 .5 7 .9

2 29 .9 a 0 2 59.7 63.1 a 5 24.7 23 .8 9 11 4 2.C 3 .3 f 4 4 lc .5 7 .7 3 2 6 12.3 16.7
2 9 .0 7 .9 6 0 2 IOC.2 84 .2 7 5 3.5 9 .5 8 11 4 2 .5 2 .4 8 4 4 25 .7 25.2 2 2 6 3.2 1.9
2 53.4 5C.9 4 c 2 69.6 49 .9 6 5 30.1 26.4 7 11 4 6 .3 7 .2 7 4 4 4.1 3 .4 1 2 6 7 .4 6 .5
2 13 .2 12.3 2 0 2 39.9 37.0 5 5 33.8 27 .9 6 11 4 6.C 6 .6 6 4 4 36.7 34.4 3 1 6 4 .9 H2 3W3 29 .0 2 14 3 4 .8 4.1 4 5 4 .7 4.1 5 II  4 4 .5 6.1 5 4 4 11.9 11.3 2 1 6 6 .7 6 .6
2 34.5 33.6 1 14 3 i c . 3 8 .7 3 5 65.0 53.4 4 11 * 1 3 .3 14.C 4 4 4 i c . 7 3 .8 1 6 6 .7 7 .6
2
2

2 8 . 2
33.7

25.4
31 .5

3
2

13
13

3
3

10.1
4 .8

12.2
3.4

2
1

5
5

23 .3
24 .2

21.8
21 .9

3 11 4 3 .4 3 .5 3 4  4 6 .3 6 .3 2 0 6 10.1 16.3



T a b l e  1 . 5

A n a l y s i s  o f  t h e  a g r e e m e n t  o f  i F q i and  I ^ i a t  t h e  end  

o f  t h e  r e f i n e m e n t .  h i s  t h e  number  o f  r e f l e x i o n s .  

S t r u c t u r e  f a c t o r s  a r e  on t h e  a b s o l u t e  s c a l e .

( a ) As a f u n c l i o n o f  t h  o i— c- o l i n e  i n d e x .

I S | p 0 l S l F j s U ! N R s U I / ;

0 5844 5589 683 OQO
Cm J 0 . 1 1 7 2 . 3

1 5457 5815 629 287 0 . 1 1 5 2 . 2

2 4951 4650 492 273 0 . 0 9 9 1 . 8

3 3498 3280 526 204 0 . 1 5 1 2 . 6

4 2291 2226 266 187 0 . 1 1 6 1 . 4

5 279 298 52 28 0 . 1 8 7 1 . 9
6 74 88 18 10 0 . 2 4  9 1 . 8

( b ) As a f u n c t i o n o f  | f  | 0

0 -  5 1148 1073 419 299 0 . 3 6 5 1 . 4

5 -  10 1958 1873 356 272 0 . 1 8 2 1 . 3
10 -  15 2611 2572 313 213 0 . 1 2 0 1 . 5

15 -  22 3261 3180 289 179 0 . 0 8 9 1 . 6

22 -  32 3165 3102 227 119 0 . 0 7 2 1 . 9
32 -  44 3225 3175 298 85 0 . 0 9 3 3 . 5
44 -  58 3297 3269 287 65 0 . 0 8 7 4 . 4

58 -  7 2 1531 1423 154 24 0 . 1 0 1 6 . 4

72 -  115 2197 2279 323 25 0 . 1 4 7 1 2 . 9

A l l  2 23 9 3  21945 2667 1281 0 . 1 1 9 2 . 1



T a b l e  1 . 6

D i m e n s i o n s  o f  t h e  a r s e n a t e  i o n s ,  
o

(Bond l e n g t h s  i n  A, a n g l e s  i n  d e g r e e s ) .

A s - O ( l ) 1 - 7 0 2 ( 1 5 ) 0 ( 1 ) - - - 0 ( 2 ) 2 - 7 9 7 ( 1 9 )

A s - 0 ( 2 ) 1 - 7 0 5 ( 1 2 ) 0 ( 1 ) - - - 0 ( 3 ) 2 - 7 3 6 ( 1 7 )

As—0 ( 3 ) 1 - 6 8 1 ( 1 2 ) 0 ( l ) - - - 0 ( 4 ) 2 - 7 0 3 ( 2 3 )

A s - 0 ( 4 ) 1 - 6 4 9 ( 1 6 ) 0 ( 2 ) - - - 0 ( 3 ) 2 - 7 1 3 ( 1 8 )

0 ( 2 ) - - - 0 ( 4 ) 2 - 7 4 9 ( 1 8 )

0 ( 3 ) - - - 0 ( 4 ) 2 - 8 0 2 ( 2 1 )

0 ( l ) - A s - 0 ( 2 ) 1 1 0 - 3 ( 0 - 6 )

0 ( l ) - A s - 0 ( 3 ) 1 0 7 - 9 ( 0 - 7 )

0 ( l ) - A s - 0 ( 4 ) 1 0 7 - 5 ( 0 - 7 )

0 ( 2 ) - A s - 0 ( 3 ) ' 1 0 6 - 5 ( 0 - 6 )

0 ( 2 ) - A s - 0 ( 4 ) 1 1 0 - 1 ( 0 - 7 )

0 ( 3 ) - A s - 0 ( 4 ) 1 1 4 - 5 ( 0 - 7 )



T a b l e  1 . 7

Bond l e n g t h s  (A) a nd  a n g l e s  ( ° )  w i t h i n  t h e  q u i n o l o n e  

m o l e c u l e  o f  OH^AsO^; f o r  c o m p a r i s o n  t h e  mean v a l u e s  

f o r  t h e  two q u i n o l o n e  m o l e c u l e s  i n  (^HAsF^- a r e  a l s o

g i v e n .

QH3As ° 4 0 2HAs F6

N -C (2 ) 1 * 2 9 0 ( 2 8 ) 1*326
C ( 2 ) —0 ( 1 1 ) 1 * 3 1 1 ( 2 7 ) 1*277
C ( 2 ) - C ( 3 ) 1 * 4 3 7 ( 2 2 ) 1*480
C ( 3 ) - C ( 4 ) 1 * 3 7 3 ( 2 6 ) 1*335
C ( 4 ) - C ( 10) 1 * 4 0 9 ( 2 6 ) 1*423

C ( 1 0 ) - C ( 5 ) 1 * 4 2 3 ( 2 9 ) 1*410

C ( 5 ) ~ C ( 6 ) 1 * 4 1 6 ( 3 1 ) 1*332

C ( 6 ) - C ( 7 ) 1 * 3 9 3 ( 3 2 ) 1*445
C ( 7 ) - C ( 8 ) 1 * 2 9 7 ( 3 5 ) 1*354

C ( 8 ) - C ( 9 ) 1 * 4 4 6 ( 3 4 ) 1*397
C ( 9 ) - C ( 1 0 ) 1 * 4 1 9 ( 2 3 ) 1*359
C( 9 ) -N 1 * 4 0 2 ( 2 4 ) 1*440

N - C ( l l ) 1 * 4 9 2 ( 2 3 ) 1*507



QH3As 0 4 Q2 HAs F6

N-•C( 2 ) —0 ( 1 1 ) 120 1 1* 5) 119 7
0 ( l l ) - C ( 2 ) - C ( 3 ) 118 1 1 9) 121 3
N-“C(2 )  —C( 3) 121 6 1 9) 119 9
C 2 ) - C ( 3 ) - C ( 4 ) 117 2 1 7) 118 1
C 3 ) - C ( 4 ) - C ( l O ) 121 8 1 6) 121 6
c 4 ) - C ( l O ) - C ( 9 ) 118 4 1 6) 120 8
c 4 ) - C ( l O ) - C ( 5 ) 120 9 1 6) 120 2
c 9 ) - C ( l O ) - C ( 5 ) 120 7 1 6) 118 8

c 1 0 ) - C ( 5 ) —C(6) 117 6 1 6) 119 4
c 5 ) - C ( 6 ) - C ( 7 ) 120 9 2 0) 121 9
c 6 ) - C ( 7 ) - C ( 8 ) 121 3 2 0) 118 0

c 7 ) - C ( 8 ) - C ( 9 ) 122 5 1 9) 119 1

c 8 ) - C ( 9 ) - C ( 1 0 ) 116 5 1 7) 122 5
c 8) —C (9 )  —N 125 1 1 6) 119 8

c 1 0 ) - C ( 9 ) - N 117 9 1 5) 117 7
c 9 ) - N - C ( 2 ) 123 0 1 5) 122 2

c 9 ) - N - C ( l l ) 118 6 1 6) 119 3
c 1 1 ) - N - C ( 2) 118 3 ]. 7) 118 6



T a b l e  1 . 8

o
I n t e r m o l e c u l a r  c o n t e n t s  (<3*8 A) .

c ( l )  • • • e l s 1 1 ) 3 754 A N*- • C(7 n ) 3*423

C ( 2) • • • C ( 7 1 1 ) 3 645 N*• *C(8 n ) 3*462

C(2) - • * c ( 8 I][) 3 444

C(2) • 3 665 0 ( 1 ) - . . C(7V I1 ) 3*629

C(3) • . . C ( 5 1 1 ) 3 505 0 (1 )  * * • C(8V I1 ) 3*480

C ( 3) • • • C ( 6 1 ̂ ) 3 665 0 ( 2 ) • • • C(5V I1 1 ) 3*695

C ( 3) • • * c ( i o I3C) 3 592 0 ( 3 ) * * * C(1IX) 3*225

C(4)  • • • C (5 1 1 ) 3 582 0 ( 4)  • • • C( 1V I 1 ) 3*681

C ( 4 ) . • - c U 1 1 ) 3 482 0 ( 1 1 ) . * •C(4V I 1 1 ) 3*364

C (6 )« •* C (7 V) 3 686 0 ( 1 1 ) . - •C (5 V I1 1 ) 3*481

C(6) • • • C ( 7 V I ) 3 726 0 ( 1 1 )  - -

1—1 
1—1COo• 3*578

C( 6 )  • • * C ( 9 1 ) 3 745 0 ( 1 1 ) . - • C ( 9 1 1 ) 3*512

C (7 )* • • C ( 7 V I ) 3 712

C( 7 )  • 3 501

o



° U ) i  ( 0 ( 1 )

As
0 ( 3 ) S

H(3)

o(n)c(3)
H(4)

c(io),
p H

H(5)
c(5 l
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H ( 6 )

H(7)

X

F ig u re  1 .1 The c r y s ta l  chem ical u n i t  (CCU) o f 1 -m ethy l- 
2-quinolonium  d ihydrogen a rs e n a te .
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IV
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0(3) ecu

0( 1)

I I I

F ig u re  1 .2 The h e l ix  o f  a rs e n a te  io n s  a s  seen  in  th e  
a - a x ia l  p ro je c t io n .



V III

F ig u re  1 .3  The c r y s ta l  s t r u c tu r e  as seen in  i t s  c -a :d .a l p ro je c t io n .
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1 .3  DISCUSSION

The c r y s ta l  s t r u c tu r e  o f  l-n e th y l~ 2 -q u in o lo n iu m  dihydrogen 

a rs e n a te  (QH^AsO^), which i s  shown in  F ig u res  1 .2  and 1 .3 ,  may be 

d e sc rib e d  in  term s o f  a h e l ix  o f  AsO^ te t r a h e d r a  e longated  in  th e  

z - d i r e c t io n .  Sach te tra h e d ro n  i s  l in k e d  th ro u g h  hydrogen bonds to  

th o se  d i r e c t l y  above and below i t  i n  th e  z - d i r e c t io n ,  0 ( l ) ••*0(4^)

= 2.551 (±23) A, and to  th o se  r e la te d  to  i t  by th e  2^ a x is  p a r a l l e l  

to  z ,  0(3) •• * 0 (4 ^ ^ ) = 2.553 (±18) A. Hydrogen bonding a lso  ta k e s  

p lace  between one oxygen atom o f each te tra h e d ro n  and th e  quinolone 

oxygen atom, 0 ( 2 ) , # , 0 ( l l )  = 2 .495 (±18) A.

The a rs e n a te  group, whose dim ensions a re  g iven  i n  Table 1 .6 ,

i n  which s tan d a rd  d e v ia t io n s  a re  g iven  i n  p a re n th e se s , d i f f e r s  l i t t l e

from a re g u la r  te tra h e d ro n , and i s  c o n s is te n t  w ith  a bonding system
3

in v o lv in g  th e  fo rm atio n  o f  fo u r  o bonds u sin g  sp h y b rid  o r b i t a l s  

o f  a r s e n ic .  The As— 0(4) bond le n g th , 1 .649 (±16) A, in d ic a te s  

th a t  t h i s  bond has a  co n s id e ra b le  degree o f  double-bond c h a ra c te r ,  

due to  o v e rla p  between f i l l e d  p - t t  o r b i t a l s  o f  oxygen and u n f i l l e d  

d - t t  o r b i t a l s  o f  a r s e n ic .  I t  i s  comparable w ith , f o r  example, th o se  

found by C a l le r i  and F e r r a r i s  (1967) in  h a id in g e r i te ,  CaHAsO^.^O , 

where th e  mean A s~ 0  d is ta n c e  i s  1 .653 (±6) A, and by Ferguson and 

Macaulay (1969) in  t r ip h e n y la r s in e  oxide m onohydrate, Ph^AsO.^O , in  

which th e  A s= 0  d is ta n c e  i s  1 .644 (±7) A. The o th e r , lo n g e r  As—0 

bonds, whose average le n g th  i s  I .696  (±14) A, a re  in  good agreem ent
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w ith , f o r  example, th o se  found by Ferguson and Macaulay (1963) in  

t r ip h e n y la r s in e  Hh y d ro x y ch lo rid eM, Ph^AsOHCl , where th e  mean As— 0 

d is ta n c e  i s  1 .700 (±14) A, ,and in  t r ip h e n y la r s in e  HhydroxybroraideM, 

Ph^AsOKBr , i n  which th e  As— 0 bond d is ta n c e  i s  1 .712 (±12 ) A.

The c r y s ta l  s t r u c tu r e  o f th e  p a r e n t  a c id , o r th o -a r s e n ic  a c id , 

H^AsO^.-Jl^O , has r e c e n t ly  been s tu d ie d  by Y’o rz a la  (1968) .  The As—0 

bond d is ta n c e s  in  two c ry s ta l lo g ra p h ic a l ly  independent AsO^ te t r a h e d r a  

v a ry  from 1 .594  to  1 .714  A, b u t th e se  v a lu es  may be m odified  once 

le a s t - s q u a re s  re finem en t has been c a r r ie d  o u t (S tephens, 1968) .

The average  As—0 bond d is ta n c e  i n  Qll^AsO^ i s  1 .6 8 4  (+14) A, 

which i s  s im ila r  to  t h a t  found in  most s t r u c tu r e s  co n ta in in g  AsO^ 

te t r a h e d r a .  In  most cases th e  average As— 0 bond d is ta n c e  d i f f e r s  

l i t t l e  from 1 .6 8  A, a lth o u g h  th e  in d iv id u a l  As—0 bond le n g th s  

may vary  co n sid e rab ly  from th e  mean, depending on th e  environm ent.

T h is  i s  c o n s is te n t  w ith  th e  th e o r e t ic a l  tre a tm e n t by Cruickshank 

( l 9o l) o f  th e  d i s t r ib u t io n  o f  bonds i n  X0^ n io n s .

The dim ensions o f th e  qu inolone m olecule a re  g iven  i n  T able  1 .7 ; 

f o r  com parison th e  mean v a lu e s  f o r  th e  two qu ino lone  m olecules in  

Q^HAsF^ ( C a l le r i  and Speakman, 1969) a re  a ls o  g iven . The tw elve 

non-hydrogen atoms o f  th e  m olecule a re  n e a r ly  c o p lan a r, th e  eq u a tio n  

o f  th e  mean p lan e  th rough  them b e in g , i n  o rth o g o n a l c o o rd in a te s  :

-  0 .6 8 5  X + 0.213 x  -  0 .696 Z = -  5 . S08 A .

ft
The ro o t mean square  d is ta n c e  o f  th e  atoms from th e  p lan e  i s  0 .028 a , 

and on ly  0(8) ,  +0.052 A, and C(9) , -0 .0 5 9  A , l i e  s ig n i f ic a n t ly  o u t
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o f  th e  p la n e .

P ro to n a tio n  o f  th e  qu ino lone oxygen atom i s  ev id en t in  th e  

le n g th e n in g  o f  th e  C(2 ) —Q( l l )  bond to  1 .311 (±27) A, and th e  

sh o rte n in g  o f  th e  N— C(2) bond to  1 .290 (±23) A. No reason  i s  

im m ediately  ap p aren t f o r  th e  sh o rte n in g  o f  th e  C(7 ) — C(3) bond 

to  1 .297  (±35) The dim ensions o f  th e  qu ino lone  re s id u e s  i n  

QjHAsF^ a re  s im ila r .  Comparison w ith  th e  m o lecu lar dim ensions o f 

l-m e th y l-2 -q u ino lone  i t s e l f  would be o f i n t e r e s t ,  and i t  i s  hoped 

to  s tudy  t h i s  some tim e i n  th e  f u tu r e .
o

In te rm o le c u la r  c o n ta c ts  o f  l e s s  th a n  3 .7  A a re  g iven  in

Table 1 .3 .  The s h o r te s t  C***C co n tac t i s  C(2 ) • • * 0 (3 ^ )  = 3*444 A,
IX 0

th e  s h o r te s t  0 ‘ **C c o n tac t 0(3)***0(1 ) = 3*225 A, th e  s h o r te s t

I I  0
N***C c o n ta c t N***C(7 ) = 3.4-23 A, and th e  s h o r te s t  N, b , 0 c o n tac t

N***0(2I ) = 3*511 A.
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2 .1  INTRODUCTION

The p re se n t X-ray c r y s ta l - s t r u c tu r e  a n a ly s is  was u n d ertaken  

in  o rd e r  to  study th e  e f f e c t  o f is o to p ic  s u b s t i tu t io n  on th e  hydrogen 

bond in  th e  a c id  s a l t  potassium  hydrogen d i - a s p i r in a te  (KKDA), o f  

which very  a cc u ra te  s t r u c tu r e  an a ly ses  by bo th  X-ray d i f f r a c t i o n  

(M anojlovic and Speakman, 1967) and n e u tro n  d i f f r a c t io n  (S eq u e ira , 

B erk eb ile  and H am ilton, 1967) have been c a r r ie d  o u t .  A ccordingly , 

d a ta  were c o lle c te d  from a c ry s ta l  b e lie v e d  to  be potassium  

deuterium  d i - a s p i r in a te ;  very  r e c e n t ly ,  however, m ass-sp ec tro m etric  

a n a ly se s  o f  some c r y s ta l s  o f  th e  same b a tch  e s ta b lis h e d  th a t  no 

deuterium  was p re s e n t .  N ev erth e le ss , as co n sid e rab le  e f f o r t  went 

in to  th e  c o l le c t io n  o f  th e  d a ta  and th e  re finem en t o f th e  s t r u c tu r e ,  

th e  r e s u l t s  o f t h i s  a n a ly s is ,  which a re  in  e x c e lle n t agreem ent w ith  

th o se  o f  th e  p rev io u s  a n a ly se s , a re  re p o r te d  here  in  f u l l .

2 .2  EXPERIMENTAL 

C ry s ta l Data

Potassium  hydrogen d i - a s p i r in a te  [ b i s a c e ty l s a l i c y la te  ], KH( C^KyO^ ) ^  >

F.W. = 3 9 8 .4 . M onoclin ic , a  = 26.578 (±18), b = 7 .181 (±4 ) ,

£  = 1 0 .6 7 3  (±11 ) A, p = 1 1 6 .36°  ( ± 0 .0 1 ° ) ,  U = 1825.4 A .

Ijjy = 1 .4 5  (by f l o t a t i o n ) ,  Z = 4> £x -  1»453* F(000) = 824*

Space group C 2 /c  No.15) •

L in ea r a b so rp tio n  c o e f f ic ie n t  f o r  MoKd r a d ia t io n ,  ji = 3*6 cm \
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The uD en te ra ted n Cr y s ta l s

I n  November 1967 Dr. Annin W ilson o f  th e  B r is to l- 'le y e r s  Co., 

H i l l s id e ,  Hew J e r s e y , p repared  c r y s ta l s  o f  th e  ac id  potassium  s a l t  

o f  a s p i r in  which he though t to  be d e u te fa te d  a t  th e  a c id ic  hydrogen 

atom, v iz .  KDCC^H^O^^ •

These c iy s t a l s  were sea led  in to  two tu b e s , one o f  which was 

s e n t  to  Dr. W.C. H am ilton a t  Brookhaven, and th e  o th e r  to  Dr. J .C.  

Speakman in  t h i s  d epartm en t. From th e  l a t t e r  b a tch  a. s u i ta b le  

c r y s ta l  was s e le c te d  and mounted f o r  th e  c o l le c t io n  o f  X -ray 

d if f ra c to m e te r  d a ta ; a t  th e  same tim e i t  was coated  w ith  co llo d io n  

to  p rev en t lo s s  o f  deuterium  to  th e  atm osphere. The rem ain ing  

c iy s t a l s  were pu t in to  a  s toppered  tu b e , su cc e ss iv e ly  w ith in  two 

o th e r  s toppered  tu b e s , and p ro te c te d  by b lu e  s i l i c a - g e l  a i r - d r i e r .

D ata were du ly  c o lle c te d  in  June 1963. By August 1963, an 

a n a ly s is  o f  some o f  th e  c iy s t a l s  s e n t to  Brookhaven had been c a r r ie d  

ou t,, and from t h i s  Dr. Hamilton th o u g h t i t  l i k e ly  th a t  th e  d e u te ra tio n  

was more th an  I C O # ,  i . e .  more deu terium  was p re s e n t th a n  could be 

accounted  f o r  by d e u te ra t io n  o f on ly  th e  a c id ic  hydrogen, so th a t  

o th e r  hydrogens to o  must have been re p la c e d  by deu terium .

In  December 1963 th e  in f r a - r e d  spectrum  o f one o f th e  c iy s t a l s  

s e n t to  Glasgow was ru n  by P ro fe sso r  D. Kadzi o f  th e  U n iv e rs ity  o f 

L ju b lja n a , Y ugoslav ia , who re p o rte d  t h a t  th e re  m s  no s ig n i f ic a n t  

d e u te r a t io n ,  and t h i s  seemed to  be confirm ed in  February  1969 when 

o rd in a iy  m ass-sp ec tro m etr ic  an a ly se s  were c a r r ie d  ou t i n  t h i s
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departm ent by Hr. V.A. L au rie  and Miss A. Tennant; one, o f  th e  h igh- 

mass re g io n , showed th a t  no hydrogen atoms o f  th e  a s p i r in a te  re s id u e  

were s u b s t i tu te d  by deu terium , w h ils t  a n o th e r , o f  th e  low-mass reg io n , 

proved in c o n c lu s iv e  re g a rd in g  th e  a c id ic  io n .

In  March 1969 D r. R . I .  Reed and Mr. D.H. Robertson c a r r ie d  ou t 

a  deuterium  a n a ly s is  a s  fo llo w s : a  c r y s ta l  was re a c te d  w ith  a

G rignard re a g en t i n  e th e r ,

KD ( c9n7°^) 2 + CH-Mgl -> CH3D , 

th e  methane produced was sep a ra ted  (condensed) and subm itted  to  

m ass-sp ec tro m etiy . Ho s ig n i f ic a n t  amount o f  CĤ D was found; th e

methane was s u b s ta n t ia l ly  pure CH . T h is method could p ic k  out
4

on ly  th e  a c id ic  hydrogen atom, and th e  r e s u l t ,  which was re p e a te d , 

su g g es ts  t h a t  th e  sample i s ,  a t  th e  p re s e n t tim e , potassium  hydrogen 

d i - a s p i r in a te  (KHDA) .

I  am v e iy  g ra te fu l  to  a l l  th o se  who c a r r ie d  o u t an a ly ses  o f 

th e se  c i y s t a l s .

D ata C o lle c tio n

3
A c r y s ta l  o f  dim ensions 0 .39  x  O.36  x  O.36  ram was mounted on 

a  H ilg e r  and W atts Y290 co m p u te r-co n tro lled  f o u r - c i r c l e  d if f r a c to m e te r .

P r io r  to  th e  d a ta  c o l le c t io n  th e  p o s i t io n s  i n  r e c ip ro c a l  space 

o f  a  number o f  h ig h -o rd e r  re f le x io n s  were determ ined  p r e c is e ly ,  u s in g  

molybdenum r a d ia t io n ,  and c e l l  dim ensions d e riv e d  by a le a s t - s q u a re s  

t r e a tm e n t .
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I n te n s i ty  d a ta  were c o lle c te d , u s in g  molybdenum r a d ia t io n  \d th  

balanced  f i l t e r s  o f  zirconium  and y ttr iu m , in  th re e  b a tc h e s , f o r  

which th e  ranges o f 0 were

0 . 50°  <  0 <  22 . 80° ,  2 2 . 7 5 °  <  0 <  2 9 . 2 0 °  and  2 9 . 1 5 °  <  0 <  3^ . 60°

A ll th e  re f le x io n s  in  th e  f i r s t  b a tch  werc scanned f u l l y ,  w h ils t  fo r  

th e  second and th i r d  b a tch es  a  ra p id  scan  o f each r e f le x io n  was 

c a r r ie d  o u t, and a lo n g e r  counting  tim e spen t scanning on ly  th o se  

r e f le x io n s  whose i n t e n s i t y  was s ig n i f i c a n t ly  above th e  background. 

However, th e  l a t t e r  method tended to  be l e s s  convenien t i n  sev e ra l 

r e s p e c ts  and we re v e r te d  to  th e  o r ig in a l  mode o f o p e ra tio n  towards 

th e  end o f  th e  d a ta  c o l le c t io n .

E qu ivalen t r e f le x io n s  were averaged , and a s e t  o f  2364 

independent re f le x io n s  o b ta in ed . Of th e s e ,  191 had an in te g ra te d  

in t e n s i ty  */hich \*as e i th e r  l e s s  th a n  o r  equal to  th a t  o f  th e  back

ground, and a f u r th e r  337 had an in te g ra te d  in t e n s i ty  which was 

n o t s ig n i f ic a n t ly  above th e  background. S tru c tu re  am plitudes were 

d e riv e d  by app ly ing  L oren tz  and p o la r i s a t io n  c o rre c t io n s  to  th e  

i n t e n s i t i e s .  Ho c o rre c t io n s  f o r  a b so rp tio n  were made.

I  should l i k e  to  thank  I-Jr. A. McAdam f o r  co lla b o ra tin g , w ith  

me i n  th e  c o l le c t io n  o f  th e se  d a ta .

S tru c tu re  Refinem ent

The s t a r t i n g  p o in t f o r  th e  re fin em en t was th e  s e t  o f  atom ic
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param eters found f o r  KHDA by M anojlovic and Speakman (1967). Three 

cy c le s  o f  b lo ck -d iag o n a l le a s t - s q u a re s  re fin em en t, w ith  a n iso tro p ic  

v ib r a t io n a l  p a ram eters  ( f o r  th e  non-hydrogen atoms) and u n i t  w eigh ts, 

reduced th e  v a lu e  o f  R to  0 .1 0 1 , th e  corresponding  v a lu e  o f R1 

being  0 .013 .

At t h i s  p o in t a w eighting  scheme id e n t ic a l  to  t h a t  used by 

M anojlovic and Speakman in  th e  re fin em en t o f t h e i r  KHDA l in e a r -  

d if f r a c to m e te r  d a ta  was in tro d u c e d , v i z .

v = wxw2
p ,

w h e r e  w]L = 1 f o r  | P Q| <  P 1$ w]L = v —  f o r  | P  l> V 1
I ° l

i  , s i n  ^ \2  ^  / s i n  () \ 2 / ^

a n d  v 2 = 1 f o r  (— ^— ) > P 2 > w2 = ' — \ — ' '  ?2

| l ?o l< p ^ » w i t h  p^ t a k e n  a s  2 0 . 0  and  a s  0 . 1 6

However, t h i s  scheme, which had been dev ised  by Dr. K.V. Muir, 

d id  n o t prove s a t i s f a c to r y  f o r  ou r d a ta  u n t i l  i t  was m odified  so as 

to  down-weight s u b s ta n t ia l ly  term s o f  low |Fq | by in c o rp o ra tin g  an 

a d d i t io n a l  f a c to r  W3 such th a t

w = w w w 
1 2  3

where w3 = 0 . 2 5  f o r  |Fq | < lF0 lnin » ! Folmin b e in S th e  s t ru c tu re  

am p litu d e  o f th e  minimum o bservab le  r e f le x io n  5 | F | m̂ n was tak en  

a s  9 . 0 .

Four cy c le s  o f  b lo ck -d iag o n a l le a s t - s q u a r e s  re fin em en t u s in g  th i s  

w e ig h tin g  scheme le d  to  f i n a l  v a lu es  o f  R = 0.095 and R1 = 0.012 ;
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th e  w eigh ting  scheme was j u s t i f i e d  by th e  u n ifo rm ity  o f th e  average 

va lue  o f  wA over v a r io u s  ranges o f  s in  9 and | ? 0 1 •

The f i n a l  p o s i t io n a l  param eters  a re  g iven  i n  Table 2 .1  and th e  

f i n a l  v ib r a t io n a l  param eters i n  T able 2 .2 ; e s tim ated  standard  

d e v ia t io n s , d e riv ed  from th e  in v e rs e  o f th e  le a s t - s q u a r e s  m a trix , 

a re  g iven  in  p a re n th ese s . Observed s t ru c tu re  am plitudes and f i n a l  

c a lc u la te d  s t r u c tu r e  f a c to r s  a re  g iven  i n  Table 2 .3  and t h e i r  a g ree 

ment an a ly sed  in  Table 2 . 4 .  F or th e  s t r u c tu r e - f a c to r  c a lc u la t io n s  

th e  atom ic s c a t te r in g  f a c to r s  used  were from I n te r n a t io n a l  T ab les, 

Volume I I I  (1962).

The group o f atoms whose p aram eters  appear i n  th e se  ta b le s  

c o n s t i tu te s  th e  c r y s ta l  chem ical u n i t  (CCU) o f th e  s t ru c tu re ;  th e  

CCU i s  shown in  F igu re  2 .1 .  O ther sym m etry -re la ted  u n i t s  a re  denoted 

a s  fo llo w s :

i  + y ,  i  -  z;

CCU x , y> z;

I -  X , 1 - y> - z; V i  -  x ,

I I -  X , y>
12 “ zj VI x ,

I I I X , - y , i * z$ VII -  X ,

IV i  -  x ,
s2 “

IX

y> - z;

-  x ,

V III 

2 -  y ,

X ,

-  2.

x , -1  + y , z;

x , 1 -  y ,  t  + z;

\
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T a b l e  2 . 1

F r a c t i o n a l  ( * , y , z ,  x 10 f o r  
o r t h o g o n a l  ( X ' , Y , Z ‘ x 10^  f o r  

c o o r d i n a t e s .  ( X 1 = ax  s i n

x X z

K+ 0 24362 25000

0 1) 3891 89605 1793
0 2) 7328 98852 23824
0 3) 15171 72101 40611
0 4) 7939 52841 29277

c 1) 16540 72129 29340
c 2) 21481 63727 31469
c 3) 23140 63725 20828
c 4) 19758 72065 8187
c 5) 14799 80583 6171
c 6) 13105 80732 16854
c 7) 7772 90465 14445
c 8) 10561 62656 39162
c 9) 9283 65833 51069

H 1) 0 10000 0

H 2) 2354 5825 4082
H 3) 2661 5717 2138

H 4) 2052 7102 89
H 5) 1250 8729 -3 0 5
H 7) 633 5548 5149
H 8) 917 7765 5336
H 9) 1256 6434 6093

K+ , 0 , C ;  x 10^  f o r  H) and

K+ , 0 , C ;  X ' , Y , Z *  x 1 0 3 f o r  H)
; Y = b y ;  Z* = a x  c os  (3 + c z . )

X 1 Y Z5

. 0 17492 (13) 26675

9267 26) 64336 (31) - 2 6 7 9 26)
17453 31) 70976 (37) 16772 29)
36132 31) 51769 (30) 25427 27)
18908 36) 37940 (38) 21869 34)

39392 36) 51789 (36) 11786 37)
51160 38) 45756 (45) 8226 48)
55111 43) 45755 (50) - 5 0 8 6 57)
47056 40) 51743 (44) -14582 43)
35246 36) 57859 (39) -10881 38)
31211 31) 57966 (35) 2517 34)
18510 33) 64954 (35) 6240 32)
25152 43) 44987 (42) 29322 40)
22109 71) 47268 (59) 43535 48)

0 7181 0
5606 (68) 4182 (72) 1577 (67)
6338 (79) 4105 (82) - 8 6 0 (78)
4888 (51) 5099 (51) -2 3 2 7 (50)
2978 (48) 6268 (50) - 1 8 0 1 (47)
1507 (114) 3984 (118) 4747 (114)
2183 (94) 5575 (97) 4612 (89)
2991 (112) 4620 (119) 5019 (109)



T a b l e  2 . 2

V i b r a t i o n a l  p a r a m e t e r s  :r\ —a n i s o t r o p i c { I 2  x 104 ) f o r  K+ , 0 an d
C a t o m s a nd  i s o t r o p i c  (A x 10^)  f o r H a t o m s .

H u U22 - 3 3 ^ 2 3 2H3 i 2- 1 2

K+ 3 6 7 ( 5 ) 3 4 6 ( 5 ) 3 5 2 ( 5 ) - 376 -

0 ( 1 ) 314 12) 5 0 4 ( 1 6 ) 3 1 1 ( 1 2 ) - 5 8 ( 2 3 ) 1 6 7 ( 1 9 ) 1 5 3 ( 2 3 )
0 ( 2 ) 513 17) 6 2 7 ( 2 0 ) 2 9 9 ( 1 2 ) - 1 1 0 ( 2 5 ) 2 3 2 ( 2 3 ) 4 3 2 ( 3 0 )
0 ( 3 ) 451 14) 4 4 3 ( 1 6 ) 2 8 8 ( 1 1 ) 4 9 ( 2 1 ) 2 1 2 ( 2 1 ) 7 5 ( 2 4 )
0 ( 4 ) 607 19) 5 5 5 ( 2 0 ) 5 7 0 ( 1 8 ) - 9 0 ( 3 0 ) 6 9 1 ( 3 1 ) - 3 1 5 ( 3 2 )

C ( l ) 297 14) 3 3 0 ( 1 8 ) 3 4 8 ( 1 5 ) - 4 5 ( 2 6 ) 2 3 3 ( 2 5 ) - 2 1 ( 2 5 )
0 ( 2 ) 300 16) 4 1 8 ( 2 2 ) 5 3 3 ( 2 3 ) 1 5 9 ( 3 6 ) 2 1 8 ( 3 2 ) 1 6 8 ( 3 1 )
0 ( 3 ) 359 19) 4 6 3 ( 2 4 ) 7 9 3 ( 3 2 ) 4 8 ( 4 5 ) 5 5 3 ( 4 2 ) 1 1 8 ( 3 5 )
0 ( 4 ) 370 17) 4 5 2 ( 2 4 ) 5 7 9 ( 2 3 ) - 9 6 ( 3 6 ) 6 0 7 ( 3 5 ) - 3 ( 3 1 )
0 ( 5 ) 310 15) 3 4 8 ( 1 7 ) 4 0 4 ( 1 8 ) - 3 1 ( 2 8 ) 3 3 9 ( 2 8 ) - 1 2 ( 2 6 )
0 ( 6 ) 239 13) 2 8 7 ( 1 4 ) 3 2 6 ( 1 4 ) - 4 0 ( 2 4 ) 2 0 1 ( 2 3 ) - 1 1 ( 2 3 )
0 ( 7 ) 277 13) 3 1 5 ( 1 6 ) 2 7 9 ( 1 4 ) 5 1 ( 2 4 ) 2 2 9 ( 2 3 ) 9 6 ( 2 5 )
0 ( 8 ) 482 21) 3 7 0 ( 1 9 ) 4 2 6 ( 1 9 ) 2 1 6 ( 3 1 ) 4 5 6 ( 3 4 ) 2 0 6 ( 3 3 )
0 ( 9 ) 1002 42) 5 4 3 ( 2 9 ) 6 0 3 ( 2 8 ) 1 4 0 ( 4 7 ) 1 1 0 5 ( 6 1 ) 2 9 5 ( 5 8 )

U. U.
- I S O - I S O

H ( l ) 87 ( 6 2 ) H(5) 14 ( 1 1 )

H(2) 44  ( 1 7 ) 11(7) 96 ( 3 3 )

11(3) 56 ( 2 0 ) H(8) 73 ( 2 6 )

H ( 4 ) 16 ( 1 1 ) H(9) 95 ( 3 3 )



T a b l e  2 . 3

KIIDA: O b s e r v e d  s t r u c t u r e  a m p l i t u d e s  a nd  f i n a l
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 .

* 1 | / o | ¥ c h * Ko | / c h * I /o ! ¥c

35 u 1*0 o .7 , 3 4 . “ b .7 3 5 .* - 3 5 .1
34 J*4 I , 3 2* .7 14 1 3 .0 1 1 .0
J J 1 1 .0 1*> s 14 i. 23  •'}
33 1 7 .5 1 « j 14 0 1 - 1 7 * c
33 1 9 .7 - I 0 .7 1» b 3 .4 14 O - 1 9 .3
3* 1 . 3 1 9 . b 14 0 7 .3
J* 2 1«Vj • 1 1 .7 . 1 9 7 . 3 •V  .1 14 C 4 b .t.
3* u e .  u • 8 . 4 19 1 1< .3 14 C 9 7 .1 1( b A
3* 3 .7 - 0 ,2 19 1 1 5 .* 1 5 .3 2 7 .7
31 t . y • '-V , 19 1 2 0 .2 2 0 .1 13* 7 9.1 - b ! 7
i t ! .:» - 0 .2 19 1 5 .4 5 . ‘ 13 '  7
y • 3 .0 >9 1 3 4 .5 7 s . 330 2 1' .3 - 9 . 7 19 1 2 0 .7 13 5 1 j .  j - 1 2 .0
30 4 0 .9 7 .3 I s 8 2 1 2 .9 - 1 1 .  4 U  5 5 1 9 .5 -1  o .2
30 2 2 1-J.7 1 1 .4 18 1 0 .1 13 5 2 9 .9 2 8 .530 1 5 .1 - 1 4 .2 1o 1 2 .8 13.-5 13 5 2 4 .9 2 4 .3
30 2 I 2 .0 - 1 1 .0 lb U  3 2 1 7 .4 1 9 .'
30 C I 0 .7 1 4 .7 1b 1 1 .3 - 9 .1 1^ 5 - 7 .1
k j 3 1 1 7 .5 1 5 . d 1b t 2 1 7 .5 1 5 .3 13 5 8 .5
29 3 0 4 .0 - o . b 16 b 5 .4 5 .4 13 3 11 8 .2 - 9 .7
29 3 9 .3 1 - ' ,<D !o b 1 2 .8 - 1 3 .3 13 3 ic S . 2
*9 2 9 .4 - 9 . 0 lo 8 7 .7 7 .9 13 3 7 1 2 .7 - I 0 I 7
29 1 3 .3 - 7 . 0 1o 1 3 .2 - 1 1 .9 13 3 2 .6 -o .~ ,
29 7 .1 5 .3 lo 4 2 -1  .6 ? 3 3 1 3 .4 1 b .4
2n 3 .6 • 2 . 7 16 2 1 .4 2 0 .4 2 2 .9 2 3 .4
2d 2 1 3 .9 6 .1 1b 2 .5 2 .9 13 3 4 } .6 - 4 7 ,9
*C 2 3 .3 2 .3 I s 2 2 6 .9 - 2 b . s 13 3 2 2 4 .1 - 2 5 .6
2e 1 7 .9 1 6 .1 lb 2 1 4 .7 - 1 3 .4 13 3 4 1 .7 4 2 .6
27 3 3 8 .9 id 2 2 4 9 .4 4 s . 5 13 3 1 1 .7 1 4 .3
27 3 3 1 4 0 - 1 4 .0 18 2 4 c .  0 - 4 7 .3 13 1 V 1 4 .7 - 1 2 .9
27 3 1 2 C .7 2 5 .9 lb 2 3 4 .7 - 3 3 .2 13  1 9 1 4 .2 •  14 .1
27 c . 5 1 0 .5 18 0 9 .8 1 0 .4 13 1 7 1 2 .6 l c . 7
26 b .o 7 .« Id 0 3 9 .7 3 * .2 13 1 9 .5 • 9 .1
2c 3 7 .2 - 6 . 3 18 0 2 5 5 .5 - 5 5 .6 13 1 * 0 .y - 2 1 .3
2 t 1 1 .0 - 7 . 7 18 tl b .2 - 3 .5 13 1 2 1 .2

u 1 1 ,0 - 1 2 .1 17 9 3 6 .7 1 1 .6 13 1 3 2 7 .6 2 6 17
2 c 4 1 1 4 .b 1 2 . b 17 9 0 l . o 2 .7 13 1 2 1 2 . d -1 2 .C
20 4 1 1 .3 9 . c 17 7 5 9 .7 9 .1 13 1 2 6 .4 - 2 o .5
2c 1; 4 9 .5 r  .1 17 7 1 1 2 .0 1 0 . c 13 1 0 1 3 .7 - 1 3 .8
2 c 0 0 2 7 .2 3 6 .0 17 5 5 1 1 .2 - 9 . 4 12 6 6 3 .1 - 6 . 3
25 7 3 V2 .5 -1  : .b 17 5 2 o . b - 0 . 0 12 6 2 1 4 .7 - 1 3 .2
25 5 4 7 .5 9 .5 17 1 2 0 .0 - 1 9 .8 12 8 1 0 .6 1 2 .6
25 3 6 .0 7 .4 17 5 1 4 .0 1 4 .2 12 6 0 1 1 .5 1 2 .7
25 5 0 1 4 .6 - 1 7 .0 17 7 9 .5 - S .9 12 6 !U 5 .o 4 .2
2$ 3 1 4 .o - 1 3 .6 17 3 4 3 .3 12 6 5 1 1 .3 1 1 .7
*5 3 1 7 . 5 6 . 3 17 3 3 1 4 .5 • 1 1 .6 12 6 6 .4 9 .1
*5 1 3 1 2 .5 - 1 1 .2 17 3 2 1 2 .0 - 1 2 .2 12 6 3 1 0 .9 15 .1
25 1 9 .7 - 9 . 2 17 3 1 3 .7 8 .2 12 6 2 2 7 .5 2 o .b
25 1 0 1 1 .4 1 2 . S 17 3 8 .0 8 .4 12 6 1 4 8 .7 - 4 6 .9
*4 6 0 5 .9 5 .6 17 2 1 .0 - 2 0 .5 12 6 0 1 5 .2 - 1 5 .2
2 “ b 4 9 .1 - 6 . 3 17 4 1 2 .9 1 4 .0 12 4 8 1 2 .1 1 3 .3
24 1 7 0 - 6 . 0 17 3 3 6 .6 - 3 7 .0 12 4 5 2 1 .8 - 2 0 .2
24 b 0 d .d - 1 1 .4 17 2 1 1 .5 - 1 1 .9 12 4 3 1 .0 3 0 .2
20 4 1 2 .4 1 7 .7 17 1 6 .5 - 7 . 0 12 4 3 5 .6 - 7 . 7
24 4 3 1 0 .4 9*9 17 4 .6 - 3 . 3 2 5 7 .3 - 5 7 .  c
24 4 2 2 7 .7 •2 o .l> 1£ lo 2 5 .3 - 3 . 5 12 4 3 1 .6 3 2 .3
24 4 0 1 2 .7 1 3 .0 lb c 5 I 0 .7 9 .2 12 4 0 6 6 .5 6 5 .9
24 2 4 1 4 .1 - 1 3 .3 1b b 5 4 .5 - 6 . 2 12 2 8 l c . 5 - 1 7 .5
24 2 2 2 4 .0 2 3 .7 1b 6 1 4 .1 - 1 5 .3 12 2 7 0 . 0 - 0 .5
24 2 7 . 0 - 5 . 5 16 6 3 5 .3 4 .0 12 2 6 9 .2 9 .6
24 0 I 1- .7 1 1 .2 16 6 2 1 3 .7 1 3 .5 12 2 8 .5 - 9 . 0
24 4 1 6 .2 I 6 .0 lo b O 1C .2 - 1 C .2 12 2 1 4 .3 - 1 4 .5
24 2 1 6 .1 •  I 0 . 0 16 7 7 .4 - 6 . 4 12 2 3 1 5 .4 1 5 .7
24 0 2 7 .6 2 8 .3 16 4 6 I 8 .0 - 1 6 .8 12 2 2 1 3 .3 1 3 .1
23 7 1 1 1 .4 1 2 .5 16 4 5 1 3 .0 1 1 .3 12 2 1 7 .3 - 0 .3
23 7 b .b - 9 . 7 1b 4 2 5 .9 2 4 .3 12 2 0 0 .5 - 3 . 0
23 5 3 t i . l 8 . 3 16 4 3 7 .0 - 9 . 5 12 0 6 1 9 .4 2 0 .9
23 3 2 1 2 .5 - 1 1 .7 1b 4 2 1 1 .5 - 1 2 .1 12 0 6 3 5 .5 - 3 6 .2
23 3 1 1 2 .2 - 1 2 .1 16 4 1 9 .8 - 1 1 .7 12 0 4 1 3 .3 1 4 .6
23 3 O 0 .9 0 .2 16 6 0 3 0 .9 3 4 .3 12 0 2 8 4 .2 - d l  .2
23 3 1 5 .6 4 .6 16 2 9 1 1 .1 - 1 2 .7 12 0 7 1 .4
23 3 0 1 4 .1 - 1 4 .4 16 2 1 0 .2 1 0 .3 11 9 3 1 4 .9 12*2
23 b 4 .4 6 .3 16 2 5 9 .3 - 9 . 0 11 9 1 9 .1 • 6 .1
23 3 1 2 .6 - 1 1 .3 1b 2 4 1 4 .1 - 1 4 .6 11 7 5 1 5 .3 1 3 .8
23 3 1 3 .2 - 1 1 .6 16 2 3 3 0 .8 - 3 0 .6 11 7 3 2 7 .6 - 2 7 .5
23 2 1 7 .4 1 6 .1 16 2 2 3 0 .4 3 1 .9 11 7 2 2 5 .0 - 2 3 .8
2 3 1 1 7 .5 - 1 6 .7 16 2 1 1 9 .9 2 0 .6 11 7 1 3 .0
23 6 .0 6 .7 Id 2 0 5 .5 • 0 . 0 11 7 0 2 .9 0 .6
22 b 4 6 .7 - 9 . 2 16 0 1(> 1 3 .2 - 1 3 .1 11 5 7 6 .7 7 .6
22 1 9 .4 9 .4 16 8 7 .8 1 0 .6 11 5 5 1 1 .9 - 1 3 .5
22 4 3 7 .3 8 .5 16 4 9 .0 1 0 .0 11 5 4 2 0 .4 2 0 .2
22 4 3 1 0 .3 - 8 . 9 16 0 2 6 5 .5 - 6 5 .7 11 5 3 2 .5 - 5 . 2
22 4 1 1 5 .6 - 1 4 . 6 16 u 0 2 3 .0 - 2 1 .9 11 5 2 3 1 .3 3 1 .4
22 4 0 3 .0 - 1 . 6 15 9 2 1 2 .6 - 1 2 .2 11 .5 1 1 6 .5 1 6 .4
22 2 b 6 . 9 9 .0 15 9 1 1 4 .8 - 1 4 .2 11 5 0 - 1 1 .2
22 2 3 1 6 .7 - 1 5 .9 15 7 6 6 .2 - 8 . 0 11 3 11 1 3 .3 - 1 2 .1
22 2 5 .8 - 9 . 6 15 7 5 7 .8 8 .1 11 3 7 1 4 .7 - 1 3 .6
22 2 3 1 6 .5 1 7 .7 13 7 4 8 .7 8 .1 11 3 9 .7 8 .8
22 2 2 2 6 .3 2 4 . t 15 7 2 1 1 .5 1 2 .9 11 3 5 1 6 .0 1 5 .2
22 2 1 8 .5 - 6 . 7 15 7 1 2 2 .6 2 2 .3 11 3 4 1 9 .5 - U . 3
22 2 0 1 3 .3 - 1 2 .0 15 5 5 0 .9 1 .7 11 3 3 1 7 .8 1 9 .2
22 0 2 o j - 3 . 6 15 5 3 1 2 .7 1 1 .9 11 3 2 3 1 .3 2 9 .9
22 0 0 1 } .d 1 3 .o 15 s 2 1 6 .8 - I b . o 11 3 1 3 .1 1 3 .1
21 7 1 1 c .9 1 5 .0 15 5 1 1 2 .1 - 1 2 .2 11 3 0 1 5 ,0 1 4 . C
21 7 O 6 .6 - 6 . 7 15 5 1 5 .6 1 i . 5 11 1 11 H . 7 1 2 .9
21 5 3 1 1 .9 1 2 .5 15 3 7 1 0 .6 - 9 . 9 11 1 IU .3 - 7 . 6
21 3 1 1 5 .9 - 1 2 .3 15 3 6 6 .7 - 7 . 4 11 1 b 4 .3 - 4 . 3
21 3 7 7 . 2 - 9 . 0 15 3 5 7 .0 11 1 2 5 . u • 2 5 .7
21 3 3 9 .1 9 .0 15 3 4 1 4 .8 1 6 .1 11 1 2 1 .0 - 1 9 .9
21 3 3 2 2 .4 • 2 2 .1 15 3 3 5 0 .0 - 4 9 .1 11 1 3 2 3 .4 22 .7
21 3 2 1 0 .0 1 1 .8 15 3 2 2 0 .8 2 0 .3 11 1 2 2 1 .7 - 2 0 .  s
21 3 1 4 .3 - 4 . 0 15 3 3 0 .4 3 0 .7 11 1 - 4 4 .4

21 3 9 .7 - 1 0 .5 15 3 u 2 0 .6 - 2 2 .9 11 1 0 3 0 .1 - 2 7 .9
21 3 3 8 .5 3 9 .1 15 1 9 7 .5 - 9 . 8 10 10 0 9 .8 - 1 ' .5
21 1 0 .6 l u . 6 15 1 4 .9 5 .0 3 0 . 9 - 7 . 0
21 i 4 0 . s - 3 8 .9 15 1 7 1 4 .6 1 5 .4 lo  8 2 0 .5 2 0 .7
21 0 3 .8 • 3 .1 15 1 6 9 .4 - 1 1 .2 lo  6 10 9 .9 1 1 .3
20 0 1 2 .3 1 0 .7 15 1 3 0 .0 - 2 9 .2 lo  6 1 1 .3 • 8 . 9
20 6 4 1 1 .9 - i c . b 15 1 4 9 .9 9 .0 lo  6 6 2 0 .7 17*7
20 3 1 1 .2 1 0 .4 15 1 3 3 5 .o 3 4 .4 10  6 5 1 2 .8 - 1 3 .3
2 0 b 2 1 2 .4 1 2 .3 15 1 2 4 7 .7 - 4 7 .8 lo  6 - 1 .1
20 b 0 1 3 .3 - 1 6 .3 15 1 4 6 .2 - 4 5 .2 1c 6 6 .2 4 .4
20 4 4 3 .7 2 .7 •5 1 2 7 .1 2 5 .1 10 6 2 1 2 .8 1 2 .6

20 4 2 1 3 .4 - 1 2 .5 14 5 K . 6 i u . 5 lo  6
20 4 3 .7 - 0 . 9 14 8 4 1 3 .6 1 4 .5 10 b 0 8 .9 • o .b
20 4 2 0 .6 2 0 .0 16 a 2 1 3 .9 - 1 5 .7 10 4 I 5 .6 7 .4
20 2 6 1 5 .6 I b .o 14 6 5 .1 - 7 . 5 10 4 3 l c . 3 1 0 .3
20 2 3 2 5 .4 • 2 4 .3 14 6 2 9 .9 8 .5 10 4 6 6*1 - 3 . 0
20 2 2 0 .8 - 0 . 8 14 6 9 .0 8 .5 10 4 5 o*7 0*7
2 0 2 1 3 .9 - 1 4 .5 14 6 4 .7 •  4 .0 10 4 4 46*4 4 7 .3
2 0 2 0 6 3 .0 - 5 2 .0 14 4 a 8 .0 8 .9 10 4 3 27*6 2 8 .1
2 0 0 1 1 .7 - 1 3 .3 14 4 6 1 6 .5 - 1 6 .3 10 4 2 3 5 .6 - 3 6 .5
2 0 - 5 . 2 14 6 1 3 .2 1 7 .1 —6* 4
20 0 2 3 3 l l 5 3 .4 14 4 3 1 3 .8 - 1 5 .3 u 12*2

20 0 1 2 .0 1 1 .0 14 4 2 1 3 .7 1 3 .8 10 2 12 5 .1 • 6 .5

1y 0 l . o - 6 . 2 14 4 l c . 7 - 1 1 .5 i c  2 10 1 1 .7 1 1 .5

19 7 4 9 .6 - 7 . 7 14 4 0 4 4 .2 5 0 .4 10 2 3 2 0 .2 - 2 0 .1

13 3 3 9 .3 9 .2 14 2 7 7 .7 - 9 . 7 10 2 T • 1 . 9

19 3 13*0 - 1 4 . 7 14 2 1 3 .0 1 2 .1 to  2

ty y 0 .6 0 .5 14 2 5 2 0 .0 • 2 0 . '  • t o  2 5 5 .4 - 5 . 4

19 3 7 9 .1 - 1 0 .7 14 2 0 .7 1 .4 10 2 4 3 0 .0 - * 9 .7

19 3 4 6 .7 6 .0 14 2 3 1 5 .6 1 4 .0 V- 2 2 *9 1.8

* k 1 |Koi Kc ft 1 |Ko| rc n < 1 |P°I Vc
1 . 2 2 3*5.3 33. b 2 I s .  4 - 17.6 7 I* 5.4 -C .1
V> ) b K 1 21,2 7 7 21.1
v> 2 7 .2 -9 .5 b 6 11 3.7 -7 .6 7 6 7.9 0.1
10 10 6.1 -7 .6 6 9 1i .1 9.6 7 4 4,0 •  1.2
ic 17.6 17.7 t b 7 9.0 I ' . o 7 3 *1.3 -21.7
lo 37.4 -36.7 b b 6 20. 6 21 ,2 7 2 9.3
V> 4 29.1 2s .7 b 6 5 11.1 -10,4 7 1 *,0 l l . c
10 2 62.1 - 5 8 .8 6 6 4 2d.7 -L’c .3 7 0 7.7 -7 .9
1 / 0 7.3 11.7 b 3 1.8 3.4 5 10 14.1 U .7
9 y 3 6.7 b.3 b 6 2 40.8 40,1 5 7 *3.8 24.2
9 y 1 0.9 -3 .8 1 38.9 -36 .9 5 6 33.7
9 7 b b.y 8 .3 38.7 -3 s .  1 5 5 29.1 -29.0
J 7 3 21.9 -21.3 b 11 y .s 11.2 4 b.7 5.4
9 7 2 31 .* 31.5 9 9.4 -d .7 5 3 22.7 22.7
9 7 1 1:5.4 I s .7 7 9.2 -d .d 5 2 I0 . 6 - i d . 4
9 7 2C.1 -20.4 6 13.4 -13.7 5 1 *3.3 -22 .9
9 5 1 13.7 13.7 6 5 9.9 11.4 5 0 2.9 •  l .b
y 3 7 12.8 12.3 6 4 4 1.8 -O .J 3 13 13.3 12.4
y 3 b 14.0 15.1 6 3 11.0 -8 .6 3 11 9.o -7 .3
y 5 3 7.6 -11 .0 b 4 2 12.0 - lc .5 3 9 3.2 5*1
9 3 9.1 -8.1 6 4 64.9 61.3 3 b -O.S
y 5 3 23.3 23.7 6 4 75.4 71.5 3 7 4.9 -4 .2
y 3 2 jy .y -u o .i 6 2 9 5 .7 -5 .8 3 6 12.9 -12 .9
y 5 7y.n -77.1 25. 3 -2o .6 3 5 43.1 43.2
9 5 36.6 35.4 6 2 7 16.3 16.2 3 4 2- .y 25.3
9 3 9 . 8.2 7.9 £ 39.1 39.4 3 3 15.2 13.0
y 3 7 2d.7 -*9. 5 3o.d 37.5 3 2 24.1 21.3
y 3 b 22.3 22.4 2 4 ly .y -20.7 3 1 1*t.4 122.4
y 3 5 24.7 23.0 2 3 16.6 16.7 3 45.8 -47.4
9 3 4 0.7 - 0. 2 b 2 2 105.4 104.4 1 11 0.9 8.7
9 3 3 0 . 6 - 3.2 b 2 6 . 9 3.4 1 9 4.8 -4 .7
9 3 2 52.9 30.7 6 2 206.9 -211.3 1 8 17.4 ia .o
9 3 92.1 69.3 6 0 10 15.2 - I 6 .0 1 7 44.6 44.5
9 3 22.1 24.5 b 6.6 6.4 1 6 15.5 -15.4
y 1 y 16.7 - 17.1 b 0 6 35.8 -33 .9 1 5 21.1 -22 .0
9 1 14.6 - 15.7 S 4 30 .0 -52 .3 1 4 56.1 50.4
9 1 7 25.7 23.7 s 0 2 13.8 7 .9 1 3 22.5 -20.7
9 1 b.7 0 .6 s 0 0 42.6 -44 , U 1 2 75.8 -76.1
y 1 3 2.b -4 .5 * 9 5 11.1 -12.1 1 1 2o2.2 - 226 . t
9 4 32.5 - 30.1 7 9 14.5 11.9 1 84.0 ©5.3
y 1 3 30.4 31.1 7 7 12.9 -14 .2 8 1C 6.5 - 9.6
9 1 2 iy .9 22.5 7 3 0*8 -0 .3 B 6 9.3 ic .e
y 1 28.0 - 27 . b 7 2 0.8 1.5 2 e 6 0.9 -'^.1
9 1 0 76.9 -73 .9 7 9 .9 - 11,0  ;> 8 3.6
8 lo - 6.5 7 0 a .6 9 . 0  ?. 8 4 12.4 10I 3
8 b b 9.7 -6 .9 5 10 6.2 -6 .7 2 a 2 0.8 3.4
6 8 5 4.0 -S .b 9 13.5 -11 .9 ? 8 4.7 - 6 .0
8 8 4 7 .2 9.0 5 10.2 10.4 2 3 O 12.7 12.2
b b 2 0 . 9 -7 .9 3 5 22.1 -20 .4 I 12 4.1 •4,1
8 8 13.4 -12.3 5 4 12.1 10.B 2 10 10.4 9.5
8 6 4.9 3.o 5 3 38.1 38.1 2 6 9 9.5 -d .6
b 6 IO i c .6 9.1 5 2 27.4 24 .2 i 6 7 22.6 -23 .7
8 6 8.5 -7 .7 5 2b.2 -27 .3 2 6 7.1 -4 .6
8 6 b 19.4 19.0 5 0 12.0 -12 .2 2 5 O.b 7.1
8 6 5 10.4 -1 6 .y 3 13 12.3 10.9 2 6 17.0 -15.5
b 6 4 lo .o -16.7 3 11 11.0 -12 .2 2 3 2.7 -0 .4
b b 3 4.4 -2 .9 3 8 4.9 -7.1 2 b 12.3 11.*
8 6 2 d.o 6.4 3 7 16.1 17.tt 2 11.1 -10.4
b 6 35.6 35.7 3 o.7 0.5 2 6 0 23.6 -24.0
b 0 0.7 -4 .2  5 3 5 40.2 40,8 2 4 12 9.4 7.2
8 4 12 12*6 I t .b 3 4.6 -5 .8 2 4 11 12.J - 11. a
b 4 1“ o .y -7 .4 3 3 28.3 -29.1 2 4 19.0 19.0
8 4 7 0 . 8 4 . 5 3 2 81.0 -77.1 2 4 b 9.2 b.4
b 4 b 4.0 4 .7 3 28.6 28.2 7 6.9 d.1

4 3 17.6 1b.5 22.7 20,3 2 4 6 17.7 - t o , 9
8 4 4 22.1 21.6 1 13 b.b -5 .7 2 4 5 6.4 7.6
b 4 3 14.b 12.9 11 0.9 16.4 2 4 4 29.4 29.1
8 4 2 iy .5 20.4 5 9 5.0 1.2 2 4 4.7 1.9
8 4 37.1 -34 .4  5 8 0.7 -4 .3  2 4 2 85.0 -31.7
b 4 3*i 0 .3  5 7 25.2 25.3 2 4 38.4 -36 .9
3 2 12 10.7 -17.1 1 6 9.9 •8 .4 4 32.6 31.3
8 2 10 12.8 12.4 5 d.6 -10.4 ' 2 12 8.5 -7 .0
a 2 9 d.2 -S .4  5 4 ly .2 18.2 2 11 9.3 S.e
d 2 b 4.3 -2 .3  5 3 38.3 37.2 2 2 10 3.3 5.4
8 2 7 0. 7 0 . 9  5 2 37.4 34.4 2 2 9 4.0 7 .3
b 2 6 13.6 12.1 5 3.5 -2 .4  2 2 6 0.7 -1 .6
b 2 5 6.0 4.1 5 0 9.3 -9 .9  2 2 7 27.8 26.3
8 e 4 40.1 -42 .0 ic 4.9 -4 .7  2 2 6 22.7 23.5
8 2 3 20.2 27.3 1C 3 11.1 8 . 4  2 2 5 17.4 15.7
b 2 2 44.6 42.5 10 2 8.9 9 .0 2 2 4 24.9 -24.3
8 2 b.b 5.3 10 0 14.1 •14 ,4  2 2 22.2 -22 . 1
6 2 0 112.2 -111.4 8 9 2.9 6 .4 2 2 2 24.3 24.1
b 0 d 13.3 -15.3 5 7 10.7 -11 .4  2 200.4 20b.O
d 0 29.7 -29.2 c 2 16.0 -15 .3  2 2 63.1 s l .o
6 0 4 9.6 -6 .2 8 0 21.0 21.6 2 0 14 10.5 -9 .7
8 0 2 y.8 -10.1 6 12 1.0 -b.U 2 0 12 27 .7 24.0
d O 0.9 •4.1 6 lo 8 .8 8 .5 10 21.4 •22.4
7 y 5 11.5 -9 .4 b 9 10,5 -1C.£ 2 0 a 10.6 11.0
7 y 17.5 -Ib .o 6 6,9 -b.O 2 6 16.9 -19.0
7 7 10 8.7 0.1 b 7 3.6 -4 .1  2 4 79.1 76.0
7 7 0 3.7 6 lo .b 9.8 2 0 2 12.6 -1 4 .-
7 7 7 9.7 -b . 1 6 o,d • 1.1 2 0 0 64.4 59.6
7 7 7.5 9.0 6 26.8 -26 ,5 11 11.2 11.4
7 7 4 1.9 -5.1 b Ib .o -14 .0 11 0 7.5 7 .9
7 7 3 5.5 -4 .3 6 2 22,5 21.3 9 S 6.7 7.7
7 7 2 o#B 2.5 6 13.3 - 13.3 9 7.9 11.0
7 7 13.4 13.8 b 0 3o.d* - 30. 7 9 11.6 9,6

7 O e.1 6.2 9 5.4 «.d 9 2 “ 4.4 - 5.5
7 IO 1< .2 -10 .0 4 b 39.8 39.9 9 IS.9 - I d .3
7 3 y 18.9 •18.4 7 9.4 11.5 7 11 d.1 -3.1
7 5 7 0 . 6 11.3 4 13.3 -14 .2 7 7 12.3 • 12,6
7 5 b iy .7 20.2 4 5 17.4 17.1 7 5 11.9 12.3
7 3 3 17.3 -17.4 6.1 5.5 7 o.S -2 .4
7 5 4 11.0 -9 .6 4 3 28.0 •26 .0 3 30.8 • 30,2
7 5 3 18.9 10.4 4 2 5.5 4.2 7 2 u.8 4.6
7 5 2 7.2 6.4 4 47.6 45.7 7 22.9 24.2
7 3 32.7 - 33.3 4 0 10,9 -9 .8 7 -10 ,8
7 5 16.9 1b. 4 2 13 5.9 5.8 11 c.9 9.3
7 3 10 16.2 14.6 2 10 14.4 15.3 5 9 14.9 -14.5
7 3 b 0.8 0 . 8 2 9 9.5 11.d 5 5.7 6 .2
7 3 7 15.1 -15.5 2 8 35.7 -35 .3 5 7 22.7 22.5
7 3 b ly .y 19.5 2 7 4.1 5 .o 6 30.9 -3 c . 9
7 3 3 38.6 37.8 2 6 26.1 29.0 5 5 15.5 -1 b ,*
7 3 4 27.0 •26.4 2 5 23 .2 22.y 4 11.2 11.3
7 3 3 23.6 -26 .2 2 4 31.1 -79 .0 5 3 22.1 22.0
7 3 2 16.7 14.0 2 3 52.6 50.6 5 2 37.4 -37 .6
7 3 3.8 -3 .7 2 89.9 90.5 5 a.b - s . 9
7 3 64.5 •6 l .y 2 17.5 17.7 5 0 12.9 -13.1
7 12 6.6 -5 .7 2 0 11.0 10.6 3 13 7.4
7 1 11 8 .4 7.3 0 14 2.5 -1^.3 3 11
7 9 17.2 -17.2 0 10 24.7 -25.5 3 9 43.2 42.9
7 b 27.9 -27.6 0 8 10.1 10.3 3 d Id.* 19.0
7 7 24.2 27.1 0 11.0 -11 .2 3 7 13.0 -14 . 0
7 4.8 • l .b 0 4 102.3 93.2 3 30.1 -29.*
7 1 3 27.5 -25.0 2 67.o -91.1 32.9 30.5
7 1 9.4 -5 .2 0 81.6 -90 .7 3 11.0 9.0
7 I 3 1*0.5 124.7 11 i c . 3 •  10,b 3 3 55.5 -53.0
7 1 2 18.7 I d . t 9 5 0 .9 •7 .2 3 2 39.* 35. *
7 4 .4 •1 .8 9 lb .6 15.3 0* . 1
7 1 0 34.y 32.5 9 2 10.b -11 .3 3 12.0 11."
b b • ic .y 7.9 9 16.3 - 15.2 12 9.0 7.4
6 b 3 M .b -y .b 9 0 19.1 17.9 11 u .e 3.1



h * l? o | Kc n < iP o | Kc K 1 !KoJ Kc

1 1 10 2 0 .5 - 2 0 .4 5 5 .7 5 2 .3 - 5 5 1 7 .3 - I t .  .
1 1 y * 1 * 7 - 4 1 .7 - 2 r . p - v  !-•
1 1 2 2 * 2 2 1 1 5 .0 - 1 1 2 .C 3
1 1 7 3 3 - o 32^ 3 m2 2 0 , j *<‘.1 5 b * \- t - 5 0 .4
1 1 b 3 . 9 - 2 2 14 1 2 .0 1 1 .8 5 1 5 1 .2
1 1 * 3 o .y - 3 1 .0 - 2 2 10 2 9 .3 3 i t

^ * 71 1 5 p . 4 5 1 . y m i 2 2 .1 — 1 .  ** - 5 3 13 0 .3
1 1 3 1 1 6 .2 l l o . y 2 4 2 .2 — 4 1 .7 - s 3 12 7 I 4
1 1 2 5 7 .7 - 5 9 .4 2 7 9 .7 y .o - 5 3 i t 4 .6 i ! t
1 1 6 4 . b 6 4 .1 o .b - 4 .2 - 5 3 9 2 d .5 2 9 .6
1 1 > . 1 3 2 .1 m2 5 1 3 .0 - 1 2 ,2 -5 * 3 •ft*- ,2
0 v> 4 .o b .b 2 4 l o . l 3 7 3 2 I 9 - 3 d

10 7 .o • y . ^ - 2 2 3 2 3 .5 2 5 .4 - 5 6 4 4 1 .3
o V ' 1 3 .2 - 1 5 .* 2 1 4 .1 l o .  y 3 I b .o 1 5 .6
0 e 1 3 .3 1 2 .1 2 6 7 .0 - 6 7 .1 3 4 1 .- . - 4 0 .2
u b 7 1 3 .7 - 1 1 .1 0 10 2 o .y - c ’O.O - 5 3 t 7 . 5 • 8 5 . -
o b b i i . y - 1 2 .3 - 2 1 1 1 .2 1 1 3 .2 3 I c .  1 Ib .O
o 6 p 1 1 .0 1 0 . ft - 2 6 2 .0 2 .2 a .  j
o d 3 4 . 3 - 2 0 4 1 4 ^ .0 1 4 1 .4 1 I t 9 .0
0 6 2 1 7 .o - 1 7 .4 2 1 3 . J - 1 4 . ft - 5 1 13 tu 7 - 7 .1
o 8 0 2 1 .3 2 1 .0 - 3 9 7 9 .3 9 .6 - 5 1 12 8 .4 - 6 . 8
0 b i 1 o . y - o . b - 3 4 .6 - 6 .9 - 5 1 11 1 4 .0 1 6 .6
0 6 1 6 .2 - 1 5 .5 - 3 9 2 .2 7 .0 - 5 1 I t 3 c .  -j 3 4 .2
0 b 7 6.5 7 .5 - 3 b 1 2 .9 - 1 2 .9 - 5 1 5 9 . y - b l . 2

b i u . 3 1 3 - ' - 3 7 1 4 . c - 1 4 .2 1 7 .4 8 .2
0 6 5 a . y - 9 . 9 - 3 6 1 4 .7 1 3 .o 1 7 5 2 .5 5 1 .1
0 k o . 7 - 3 . 5 - 3 5 2 6 .4 2 « .3 - 5 1 b 2 7 . ) 2 6 .0
0 6 3 o . 7 - 1 . 4 - 3 4 1 .7 - 4 . 5 - 5 1 5 6 .2
0 6 2 6 . 5 4 .0 - 3 3 1 6 .8 - 1 7 .3 - 5 1 5 .5
0 6 2 . 6 - 2 . 5 - 3 2 0 .8 - 5 . 2 - 5 1 3 7 3 .5 7 3 .9
0 6 1 2 .6 - 1 4 . 0 2 2 .7 2 2 .2 1 2 5 2 .1 7 6 .7
0 4 12 1 . 1 1 0 .2 - 3 13 1 .7 - b . u - 5 1 6 3 .2 - 7 0 .9
0 4 10 1 1 . b - 1 0 .9 - 3 11 7 .3 0 .2 - 6 10 5 u . o - 1 0 .5
0 4 8 y , n 4 .3 - 3 9 1 4 .4 - 1 5 .1 - b 0 I 0 .3 9 .8
0 k 7 I c . b - 1 -J .7 8 .0 - y . 5 - b ft 3 3 .5
0 h 6 2 ,y - 6 3 . 5 - j 7 1 1 .6 i d 2 I 2 3 .3
0 4 3 6 .5 5 .6 - 3 6 .2 6 1 7 .3 l o . l
o 4 4 3 5 .3 3 4 .8 - 3 2 3 .6 - 2 4 .4 - b 12 1 0 . b - 1 0 .0
0 3 6 . 3 5 .7 - 3 1 0 .4 - 9 . 9 9 6 .7 - 5 . 3

h 2 7 4 . 0 - 7 3 .9 - 3 3 O .b 0 .4 b 2 0 .2 - 2 1 .1
u 4 1 7 .7 1 8 .7 - 3 2 1 1 .9 - 1 2 .6 - 6 6 1 4 ,0 1 3 .9

4 0 3 5 .1 3 2 .3 - 3 2 8 .2 - 2 9 . 9 - 6 6 1 5 .8 2 0 .2
0 2 14 6 . 4 5 .2 - 3 13 5 .7 6 .2 5 4 . 6 - 4 . 8
0 2 12 1 3 .3 - 1 2 . y - 3 11 9 .2 - 7 . 8 - 6 b 4 4 0 .5 - 4 2 .5
o 2 11 8 . 4 - 9 . 7 • J 10 o .b - 8 . 7 - b 3 3 .3 1 .6
0 2 l o 0 . 0 - 0 .7 - 3 9 1 2 .3 1 2 .3 - 6 6 2 1 4 .5 1 4 .2

2 y 3 1 .4 3 1 .7 - 3 8 1 2 .7 - I 3 .5 - 6 0 .7 5 .7
u 2 b 7 . 8 7 . 5 - j 7 3 8 .1 - 3 * .  2 12 4 .0 4 .5
o 2 7 2 7 .1 2 7 .1 - 3 6 3 4 .4 3 2 .7 - 0 10 1 2 .4 - 1 2 .9
o 2 6 3 9 .1 3 7 .8 - 3 6 3 .0 0 3 .0 - 6 4 9 5 .1 - 8 . 9
u 2 5 0 . 5 - 0 .3 - 3 4 3 4 .1 - 3 4 .4 - b 4 d 7 .7 4 .9
o 2 4 2 2 .2 2 1 .0 - 3 3 2 2 .6 - 2 1 .2 m t 4 7 0 .7 • 3 . 9

2 3 3 6 .3 3 2 .3 - 3 2 1 7 .9 - 1 7 .9 2 0 .9 - 2 0 .9
0 2 2 3 9 .5 - 3 5 .3 - 3 6 2 .9 6 5 .0 8 .0 7 .2
0 2 b e .  9 - 6 7 .1 - 3 U 1 3 .1 - 1 1 .1 9 .6 - 8 .9
0 2 1 2 6 .5 •1 2 7 .1 - 3 11 2 1 .8 2 1 .6 9 .1 - I t . 4
0 o 12 1 H .6 1 7 .2 - 3 K 2 4 .3 2 5 .3 4 2 4 .7 - 5 .1
0 0 l o J . d 2 .5 - 3 y 3 5 .0 3 6 .3 mb 3 6 .3 - 3 6 .0
0 u d 2 1 .1 2 2 .7 - 3 8 2 .1 • t . 9 mb 2 15 2 .2
0 i b . 7 • 3 9 .3 - 3 7 1 8 .7 1 9 .2 mb 2 11 0 .0 b .7
0 0 4 y y . 2 9 4 .7 - 3 b 2 7 .b 2 6 .3 - 6 2 lo 1 3 .5 1 3 .o
0 0 2 y 4 . i -•9 7 .0 - 3 6 7 .9 - o b .o - 6 9 1 5 .1 - 1 6 .1

- 1 11 4 .2 7 .2 - 3 2 7 .7 - 2 7 .1 mb 2 d 9 .1
•1 y y y .o - y . e - 3 3 2 3 .4 2 1 .7 - 6 2 7 9 .6 •  1 0 .2
- 1 7 y 3 . 5 3 .7 - 3 2 1 0 1 .2 1 0 5 .5 mb 2 b 9 3 .0 6 9 .c
•1 7 7 5 . 4 - 4 , 8 - 3 1 6 2 .2 - 1 7 9 .5 mb 2 5 3 3 .3 - 3 2 .2
•1 7 b 1 2 .6 •  1 2 .0 - 4 10 2 1 3 .o 1 2 .5 2 6 3 .1 - 6 4 .0
• 1 7 b l y .B 2 0 .0 8 11 8 .0 - b . y mb 2 3 4 0 .7 - 3 7 .6
• 1 7 0 . 6 3 .4 • 4 b 10 3 .0 - b . 3 mb 2 2 1 2 1 .9 I I 9 .0
• 1 7 3 2 3 .8 - 2 1 .5 • 4 e 1 4 .u 1 2 .5 - 6 2 2 8 .3 2 9 .0
• 1 7 2 7 . 5 - 7 . y 8 2 1 0 .1 - 1 . 1 - 6 0 16 3 .1 5 .7
- 1 7 1 7 .1 1 3 .4 mh 6 13 8 .7 • 4 .1 - 6 0 12 0 .8 2 0 .9
• 1 5 11 3 .0 5 .4 6 12 1 1 .3 - y .U mb 0 10 1 3 .1 1 J . 5
- 1 5 V i 1 5 .3 - 1 4 ,1 - 4 b 11 6 .3 5 .7 - 6 8 3 1 .4 - 3 1 .5
• 1 5 y 1 0 .2 - 9 . 2 6 10 9 .9 8 .7 mb 0 b 7 8 .6 - 7 o .1
• 1 5 a 6 . 8 - 9 .1 8 I 6 .0 - 1 5 .3 mb 0 5 7 .5 b u .3
•1 5 7 2 .1 3 .7 - 4 7 2 . 9 5 .5 0 2 7 2 .3 7 1 .4
. 1 5 b 0 . 7 • 2  .2 • 4 6 9 .4 1 1 .5 - 7 9 3 0 .9 1 6 .3
• 1 b > 4 . 3 • 6 , 0 - 4 6 6 .0 - 7 .1 9 3 .6 - 2 1 .3
- 1 b 4 3 . 5 - 7 . 3 • 4 6 2 5 .1 - 2 5 .0 - 7 12 5 .7 - b .  1
• 1 b 3 5 - 3 5 .9 - 4 6 3 9 .7 - 7 11 9 .7 - 5 . 2
• 1 b 2 1 2 .3 - 1 2 .0 . 4 0 2 o .7 - 2 .1 - 7 lu o . 9 5 .3
- 1 b 1 3 .4 - 1 4 ,5 mh 6 1 6 .3 1 7 .4 - 7 9 l . o 1 2 .3
• 1 3 13 3 . 3 5 .8 10 1 6 .0 - 1 5 .4 - 7 b 1 2 .8 1 1 .5
• 1 3 10 1 7 .1 1 7 .1 mh 4 9 o .b 4 .4 - 7 3 .2 3 .3
•1 3 y 2 5 .8 2 6 .2 rnH 8 9 .0 7 .6 - 7 4 b .7 - 5 . 9
• 1 3 8 V . 1 1 0 .3 mh 4 7 2 4 .0 2 3 .0 4 .4 1 .4
•1 3 7 - 1 7 .0 mh 4 6 2 7 .5 - 3 0 .0 - 7 2 6 .1 - 4 ,1
• 1 3 b 1 4 .0 - 1 3 .9 mh 4 5 7 . 3 - 6 . 9 - 7 2b  .1 2 5 .1
• 1 3 b l y . b 2 0 .9 mh e .3 7 .8 - 7 11 1 4 .6 I c  • 3
. 1 3 4 3 .1 - 0 . 4 mU 3 i s . 9 1 6 .5 - 7 10 1 1 . h - 1 1 .0
• 1 3 3 4 6 .6 - 4 6 .3 - 4 2 1 6 .5 - 1 7 .1 • 7 1 4 .7 - 1 4 .4
•1 3 2 4 0 .3 - 3 7 .3 . 4 4 3 .5 - 7 1 6 .9 - 1 5 .5
•1 3 7 4 .1 7 1 .4 mh 14 1 1 .6 y.y - 7 7 2 4 .0 2 3 .7
• 1 1 It) 7 . 7 6 .4 mh 2 12 1 6 .4 - 1 5 .0 - 7 4 ,5 3 .o
• 1 1 13 y .7 - 9 . 6 mk 2 10 2 1 .1 2 1 .9 - 7 3 3 .o • 3 2 .4
•1 1 11 2 1 .5 2 1 .0 mh 2 1 3 .1 - 1 3 .7 - 7 9 .4 • 9 . 4
• 1 1 V. l y . 6 - l y .O mU 2 1 7 .1 - 1 8 .4 - 7 3 3 .6 3 4 .3
•1 1 y 0 . 7 - 3 . 5 - 4 2 7 4 7 .5 - 4 7 .8 - 7 1 6 .2 1 4 .2
• 1 1 H 1 7 .1 1 7 .6 - 4 2 2 0 .0 2 0 .3 -7 1 1 .2 - ) . d
•1 1 7 2 1 .4 2 1 .0 mh 2 1 3 .4 - 1 1 .9 - 7 15 5 .5
• 1 1 1 0 .4 y.7 mk 2 2 5 .o - 2 6 .6 - 7 13 1 2 .5 1 1 .8
• 1 1 s 4 1 .0 - 4 1 . 3 2 3 .1 - 7 12 1 2 .y - 1 2 .3
• 1 1 4 1 2 .2 1 2 .5 2 2 94^ 2 9 4 .4 11 1 9 .4 - t f t . c
• 1 1 3 <W.1 d o .o mh 1 2 5 .8 • 1 2 3 .9 - 7 I t 3 .5 5 .5
• 1 1 2 b o .  2 7 6 .2 0 12 c . i 6 .3 - 7 9 7 .3 5 .2
•1 1 3 5 .2 5 6 .0 mh *> 10 0 . 7 0 .3 '  - 7 8 t . 7 - 1 . 0

1 > 7 3 .3 6 .1 4 2 .0 4 2 .5 7 3 3 .0 - 3 4 ,0
• 2 10 d .1 6 .4 mh 2 .7 2 9 .6 - 2 9 .9
m2 1" 4 1 0 .1 • 6 . 4 mH 4 8 6 .9 d 4 .2 - 7 2 0 .0 1 9 .5
m2 1U 1 2 .4 1 1 .7 2 5 7 .0 - 5 5 .7 - 7 2 4 ,4 •  2p • 1
m2 1* .O y .2 - 5 9 9 .6 9 .7 - 7 3 4C .1 - 4 6 .6
m2 c C.fa - 1 0 .9 - 5 9 7 1 7 .7 l o . 6 - 7 2 1 4 .5 1 4 .4

m2 6 4 y .8 V .1 9 5 9 .4 - 1 1 .3 - 7 8 1 .7 • 7 a  ,0
m2 3 i* j .a • i b . 2 - 5 9 3 3 .3 3 .2 - 7 15 l . o 0 .0

• 2 u 2 2 1 .5 • 1 9 .5 - 5 9 1 6 . 3 - 7 . 0 • 7 13 5 .o -p . J
m2 6 12 3 . 9 - 5 . 2 7 11 7 .3 • 4 . 9 - 7 11 9 .0
m2 t IO y .4 9 .7 - 5 7 1 2 .8 1 1 .9 1 1 2 c . 2
m2 8 1 6 .y - 1 7 .1 - 5 7 9 .4 - 6 , 2 - 7 9 3 5 .3 - 3 9 .0

• 2 b 7 7 . 3 6 .1 7 7 1 5 .6 - 1 5 .4 - 7 1 9 .0 - 2 0 .0

m2 6 6 e .y 9 .4 - 5 7 9 .5 9 .7 - 7 7 5 .2 7 .3
m2 6 b 1 - . 7 - 1 1 .0 -5 7 1 4 .4 1 3 .2 - 7 6 6 0 .5 5 6 .7
m2 4 1 2 .0 - 1 2 . 0 - 5 7 4 1 3 .6 - 1 2 .0 - 7 9 .3 —11 .3
m2 3 2 9 .3 2 C .3 - 5 7 3 v  ,3 - I t . U - 7 2 4 , C 2 4 .7

m2 6 1 0 . 7 - 1 7 .4 - 5 7 2 2 9 .4 2 r . s - 7 1 5 .8 15*5
m2 4 V 7 . 3 - 7 . 9 - 5 7 1 2 c  . 7 - 7 2 1 4 .1 - 1 o .7

4 l o 1 7 .0 - 1 7 .2 -5 5 13 1 .0 • 7 .7 - 7 1 1 b . j - 1 2 2 .0
m2 H 9 9 .3 7 .o -5 5 12 5 .2 - 5 . 9 V ' 6 9 .6 9 .7
m2 ll c 0 .7 5 .7 - 5 5 9 1 3 .3 - 1 ; . 2 c 1 2 .0 6 .3
m2 4 7 fo .2 - 1 0 ,1 •5 5 1 1 .0 - 1 0 .  t 9 1 2 .1 1 1 .7
m2 b 3 7 .1 - 2 * .7 -5 5 7 2 .1 4 .4 a I t . 5 1 1 .7
• 2 4 3 « .e - 4 . 1 •5 p 6 7 .5 5 .5 -c d 7 7 . 9 -6 .3

h 4 i Kc h 1 |y 0 | Kc * 1 M Kc

-rt 0 l o . j - 1 7 . J i r 2 1 ,7 2 3 .7 - 1 3 3 9 0 .7 2 ' j , )
3 .9 - - . 5 i c 2 ( .4 - I f t .O -1 3 3 0 .7 2 - . ,b

- 0 1 1 5 .2 I 5 . t ■ t d 2 -J,': - 1 3 3 7 0 .7 - 1 2 .1
6 1 1 .1 - d . 9 0 c 3 5 .5 3 3 .6 - 1 3 3 b O .b 1 9 .6

- 8 b 9 b .y - 7 . 6 0 0 4 1 2 .7 - 1 1 .6 - I d 5 2 .1 - 7 . ;
b 22 .2 t  0 U 4.4 - 4 6 .7 - 1 3 3 2 .3 9 .5

- d b 7 1 9 .3 I d . - . e 9 .3 d .1 - 1 3 3 j - 4 1 .6
2 2 .5 2 2 .4 9 .1 o . l - 1 3 3 2 - 0 .1

5 7 .4 9 .6 3 o .y 8 .4 - 1 3 3 1 1 .7 3 6 .0
- d 3 2 .1 - 3 1 .0 2 1 1 .5 - 1 0 .2 - 1 3 1 15 3 .1 3 .2
- d 6 3 2 b .  t 1 8 .7 - 7 . 4 - 1 3 1 11 1 .9 1 0 .5

4 4 .0 4 3 .b d 2 0 .  y - 2 0 .4 - 1 3 1 I t - 2 4 . d
b 1 4 .1 - 4 . 7 7 I 0 .3 - 1 7 .6 -1 3 1 9 - 2 2 .5

- r i 14 9 .1 - 9 .1 1 9 .4 1 8 .6 - 1 3 1 d 2 .7 1 0 .3
- c 4 IO 2 0 ,3 m 2 '-,2 5 .7 5*9 - 1 3 1 7 0 .6 2 2 .1
- « 9 4 .9 - 7 . 3 3 6 .5 - 1 3 1 b 0 .6 - 4 6 . t

3 1 .4 3 1 .4 1 3 .3 1 3 l9 -1 3 1 1 9 .2 • 2 b . -
4 7 3 0 .3 - 3 7 . t 1 1 1 .5 y .o -1 3 1 2 1 .2 - 2 2 .9

-fc 4 0 .7 o .7 14 l . o - b . 7 - 1 3 1 3 5 .5 35.*
- 8 4 7 .o - f t . 4 11 o .y 6 .2 - 1 3 1 2 1 9 .5
mb 4 -8.3 - 8 . 5 9 2 3 .4 - 2 3 .3 •1 3 1 1 4 0 .7 4 4 .4
mb 4 3 5 4 .5 - 8  2 .9 3 4 5 .6 4 5 .6 -1 4 8 1 2 .0 l l . o

4 2 3 1 . « - 3 1 .0 7 4 9 . ; - 1 4 3 7 1 6 .6 - 1 6 .4
m t 4 1 4 .5 5 .1 6 3 2 .7 - 3 2 .4 -1 4 6 .7 6 .7

14 1 4 .2 1 2 .1 1 6 .3 - 1 8 .4 -1 4 d 3 - 7 . 6
11 - 5 . 0 4 4 .3 3 .0 - V i ft 2 1 3 .0 - 1 5 .0
1 3 0 .1 3 o .o 3 2 7 .0 2 7 .7 -1 4 6 11 0 . 9 - 4 .7

- 8 2 9 1 4 .7 - 1 4 .3 5 .9 - 7 . 2 - 1 4 6 U 1 2 .0 1 2 .4
2 5 5 .5 - 5 6 .5 1 2 2 .8 - 2 2 .2 -1 4 9 1 .7
2 7 3 4 .7 3 3 .6 15 7 .0 - 9 . 0 - 1 4 8 2 1 .7 - 2 2 .5
2 b 4 8 .3 4 0 .7 1 j 7 .0 -1U 7 4 0 .1 4 0 .1

mb 2 5 1 3 .7 - 1 2 .4 11 1 6 .9 - 1 7 .5 -1 4 6 6 2 2 .0 2 1 .4
- 8 2 4 7 0 .5 - b y .o V. 1 4 . J - 1 3 . 9 -1 4 5 0 .5 5 .o
mb 2 4 7 .0 - 4 7 . 0 9 2 3 .6 2 3 .2 - 1 4 6 7 .7 1 0 .4

2 1 0 2 .ft 1 4 2 .2 1 0 .9 1 1 .5 - 1 4 b 3 2 .7 - 2 . 2
2 1 2 0 .9 - 2 8 .1 7 44,<> - 4 5 . 4 - 1 4 b 2 9 .7 1 3 .3

- 6 0 14 2 1 .3 - 2 1 .2 6 4 .1 - l . b - 1 4 6 1 9 .2 - 1 1 .2
-C 0 12 2 2 .5 2 1 .4 5 1 4 .2 - 1 5 .5 - 1 4 4 14 1 3 .9 - 1 2 .9
mb O 10 1 7 .3 - 1 6 .7 5 0 .2 4 3 .6 •  14 4 13 B .o 5 .8
mb 0 8 3 6 .1 3 5 .9 3 6 1 .9 - 6 2 .7 -1 4 4 12 1 6 .2 1 3 .0
mb t 3 .0 - 2 .1 2 4 3 .S 4 4 .6 •  14 4 I t 7 .1 - 4 . y
- 8 4 2 3 .0 - 1 9 .3 1 7 2 .9 7 3 .4 •  14 4 9 2 1 .2 2 0 ,5
- 6 2 7 .5 - 2 6 . 5 15 9 .2 8 .6 -1 4 4 4 7 .7 4 7 .6
- 9 9 9 1 2 .9 •  1 2 .4 13 2 4 .4 - 2 2 . 9 •  14 4 7 31 .6 - 3 0 .3
- 9 9 6 .9 1 1 .1 12 1 6 .7 1 5 .2 •  14 4 6 5 5 .9 - 5 c . 3
• y 9 3 1 7 .3 1 5 .2 11 4 .3 2 . 7 •  14 4 1 3 .9 - 1 4 .1
- y 9 1 5 .5 1 6 .3 I t 2 1 .7 - 2 1 .4 •  14 4 4 5 2 .5 5 3 .3
- 9 b I 0 . 6 I 0 .8 9 3 5 .9 - 3 5 . 8 - l u 4 3 2 1 .4 2 1 .6
- 9 5 7 . 6 7 . 3 8 1 5 .3 1 5 .4 •  lu 4 2 3 4 .3 - 3 9 . 9
• y 4 3 .1 - 6 . 0 7 1 8 .2 2 2 .2 - 1 4 4 1 4 .2 1 5 .1
- 9 3 0 .ft 9 . 3 6 36  .b - 3 8 . 9 - 1 4 15 1 1 .0 - 7 .1
-y 2 c . d 2 .1 5 S 4 .b - 5 2 . 9 •  14 2 14 1 6 .0 1 5 . ft
- 9 4 .5 3 .2 1 1 .0 - I t . 3 •  14 2 13 1 1 .0 - 1 1 .4
- 9 12 3 .8 - 4 . 0 3 2 6 .5 2 7 .7 •  14 2 12 1 f t .4 - 1 8 . t

11 1 1 .6 1 1 .2 2 7 3 .0 - 6 3 . 5 - 1 4 2 11 1 3 .5 - 1 4 .4
- 9 b 2 .8 6 .7 1 1 0 .3 - l o b . 5 •  14 2 10 0 .7 2 .9
- 9 7 2 4 .0 2 4 .o 2  10 6 5 .1 - 6 . 5 •  14 2 9 6 .1 - 4 . 2
- 9 b 8 .4 - 9 . 2 6 12 5 .6 4 .5 •  14 2 6 2 1 .7 - 2 1 .3
- 9 5 2 6 .  9 - 2 5 .9 6 10 1 2 .4 - 1 3 . 5 - 1 4 2 7 2 3 .3 - 2 3 .1
- y 0 .7 5 .1 d d 1 3 .2 1 4 .1 - 1 4 2 1 3 .9 1 3 .7
- 9 3 3 6 .1 3 9 .4 8 6 4 .1 •  14 2 0 .6 - 2 . 0
- 9 2 6 .8 8 5 1 2 .6 1 2 .9 .1 4 2 c .4 7 .9
- 9 1 3 7 .4 ft k 1 3 .b 1 3 .0 - 1 4 2 3 1 3 .2 1 3 .0
• 9 13 6 .9 " d l a e 2 1 5 .1 - 1 6 .7 - 1 4 2 1 1 .9 1 4 . j
- 9 11 fc'O.O - I b .O 6 12 l . o - 4 . 2 -1 4 2 1 2 .8 - 1 2 ,2
- y 10 7 .5 8 .2 2 t 9 11 .C 1 1 .7 - 1 4 16 l . d 6 .4
- y 9 2 4 .1 - 2 5 .2 7 2 0 .1 - 1 8 .5 - 1 4 0 14 i c  .2 - 9 . 2
- y d 1 .9 6 6 0 .8 3 .0 - 1 4 u 1 1 .4 1 0 .0
- 9 7 1 4 .8 - 1 6 . 9 6 5 0 .8 0 . 7 - 1 4 0 10 2 4 .4 - 2 3 .3
- 9 6 1 4 .9 - 1 3 . 9 6 4 0 .7 1 .4 -1 4 0 3 3 2 .3 3 0 .7
- y 5 2 1 .5 2 0 .5 6 3 7 .7 1 0 .1 - 1 4 0 b b .8 - c b . t
• y 4 1 0 .0 - 1 2 .0 6 2 1 7 .3 1 7 .9 - 1 4 0 4 3 2 .8 2 9 .6
- y 3 l ib .7 - 4 8 .6 b 0 .7 • 2 .1 - 1 4 2 1 b 1 ,6 - 1 5 9 .6
- s 2 2 1 .8 - 1 9 .6 4 14 9 .6 - I 0 .6 - 1 5 9 6 l . o - 4 .6
• s 2 4 .2 2 6 .0 12 1 1 .9 9 .3 - 1 5 9 8 .4 - 7 . 9
- 9 14 0 .9 3 .9 11 1 5 .3 - 1 4 . y - 1 5 7 13 1 2 .1 9 .3
- 9 12 1 1 .5 1 0 .0 10 3 .3 - 4 . 7 - 1 5 7 I t 5 .1 6 .4

11 1 0 .3 1 0 .6 9 1 4 .2 1 4 ,4 - 1 5 7 9 1 2 .7 1 3 .5
10 1 > .3 - 1 0 .7 2 4 5 .0 - 1 5 8 0 .9 5 .9

- y 9 l e . y - 1 6 .7 7 7 .o 7 .5 - 1 5 7 1 9 .o 1 9 .3
- 9 h V .5 9 .5 4 6 3 7 .6 - 3 9 .3 - 1 5 7 4 1 1 .5 - 1 4 .  .
- 9 7 1 7 .o 1 7 .1 4 5 4 .5 4 .6 - 1 5 7 3 2 2 .2 - 2 5 .2
- 9 6 1 3 .2 •  1 2 .9 4 4 6 5 .5 6 5 .1 - 1 5 7 I o . q 1 9 .5
- 9 5 1 o 7 .6 - 1 5 6 .1 4 3 6 .7 - d . o - 1 5 5 13 1 0 .1 - C .7
- 9 4 6 5 .3 6 2 .0 4 2 1 9 .5 - 2 0 .5 - 1 5 5 12 9 .0 7 . 9
• 9 3 4 .1 6 .6 2 .7 - 2 . 7 - 1 5 11 9 .2 8 .3
• 9 2 0 .7 - 3 1 .1 2 12 a . 7 - 9 . 8 - 1 5 9 6 .2 - 8 .1
- 9 7 3 .0 - 7 7 .7 2  2 11 1 1 .2 - 1 ^ . 3 - 1 5 8 1 6 .0 - 1 5 .4
I t 10 4 5 .3 - 7 . 0 2  2 10 1 .3 - 1 5 5 7 8 .4 - 6 . 5

• l o d 12 3 .3 5 .2 2  2 9 1 7 .4 - 1 9 .2 - 1 5 6 2 5 .0 2 5 .4
. l o d b l o . t • 1 0 .6 2 2 d . t - 8 . 2 -1 5 5 2 0 . t - 2 0 .5

6 5 1 3 .7 1 1 .2 2 7 1 8 .3 •  1 8 .2 - 1 5 5 4 0 .9 4 3 .2
10 0 4 9 .4 9 .3 2 3 d .2 3 7 .4 - 1 5 5 3 1 1 .1 1 5 .7

-V . a 3 6 .9 2 2 3 4 .1 - 3 3 .1 - 1 5 5 2 2 ,0 0 .9
.1 0 d 2 1 6 .4 - 1 7 .2 2 2 5 4 .0 - 5 5 .4 - 1 5 5 .3 - 2 . 5
• V» 11 1 4 .7 ! 3 .f t 2  2 3 0 .5 - 1 . 6 - 1 5 3 14 7 .9 2 .7
• l u 10 1 4 .9 l 4 . b 2 2 0 .5 2 .3 - 1 5 3 10 5 .1 6 .3
V; 7 1 2 .9 - 1 2 .2 lo 1 2 .0 1 0 .2 - 1 5 3 9 1 5 .o 1 5 . t
I t 1 4 .6 1 4 .0 2 0 14 0 .9 0 .9 -1 5 0 5 .7 2 .3

• v . b 5 6 .1 - 3 . 1 2 0 12 1 6 .7 1 6 .7 - 1 5 3 7 3 3 .1 - 3 2 .2
.1 0 1 2 .9 - 1 3 .6 2  t V 2 4 .5 - 2 2 .8 - 1 5 d .9 - d .d
.1 0 b 3 9 .6 9 .7 2 0 3 0 . b 2 9 .4 -1 5 3 5 7 .1 5 4 .9
• I t 2

42 “7
3 1 .2 2  O 7 b .o - 7 1 .5 - 1 5 3 4 U . 4 - 1 4 . )

.1 0 b 9 5 .0 y 2 . l -1 5 3 3 3 9 .2 - 4 0 ,0
V* 15 5 .6 2 1 3 2 .6 - 1 3 1 .0 - 1 5 3 2 6 .3 4 .4
1 14 7 .1 • 9 . 3 3 9 7 0 .2 7 .8 - 1 5 3 1 2 7 .4
10 4 12 1 1 .7 v v y 9 5 1 2 .9 - I c . b - 1 5 12 3 .5 • 7 .2

• 10 4 IO 2 7 .  b - 2 7 .0 7 13 9 .8 8 .4 - 1 5 11 1 3 .3 1 2 .2
l o 1 4 .1 - 1 4 .6 7 7 9 .2 - 7 . 5 - 1 5 1 t 1 . 9 - 9 . 4

.1 ‘j 4 8 1 5 .9 1 5 .3 7 7 .8 • d . 4 - 1 5 9 4 .9 - 4 . 5
1 7 4 .3 5 .9 7 3 2 .6 3 3 .3 -1 5 3 .9 • 2 .5
V> b 2 1 .1 - 2 0 .5 7 3 1 3 .6 • 1 3 .5 - 1 5 7 3 1 .J

3 M1 4 5 o .o 2 .0 7 o .o 0 .9 - 1 5 b
1 ; 4 4 3 1 .2 3 1 .6 7 1 1 .1 1 7 .4 - 1 5 J 2 I 0 -3 W 2
l o 4 3 2 1 .0 - 2 2 .3 5 15 b .o 6 . 9 - 1 5 4 1 .3 - 4 1 .3

• 10 4 2 0 .1 5 14 4 .0 - 5 . 4 - 1 5 3 5 0 .6 5 3 . t
. I t 4 1 1 .0 1 0 .0 5 13 7 . 0 - 5 . 2 - 1 5 2 6 .0 - 5 .6
•10 2 IP T .o C .I 5 12 S .d 7 .4 1 I 9 .0 - l o . l
. 1 . 2 12 5 .7 - 7 . b 5 11 1 3 .3 1 2 .9 10 h 1 1 .5 - 1  V J
I t 2 11 9 .0 - 1 1 .0 5 10 5 .9 - « . 3 - l o 11 3 .7 - 6 . 5
10 2 IO 2 1 .2 2 . 1 5 9 1 5 .5 - 1 5 .5 - l o i y . o • 2 - .  5
10 2 5 .1 5 .b 5 0 d .1 - 5 . 2 - l o 8 1 1 .0 1 3 .o
v . 4 0 .5 • 3 9 .3 5 7 4 .7 - 2 . 5 - l o 13 7 .5 5 .6
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KILL) A : a n a l y s i s  o f  t h e  a g r e e m e n t  o f  | F q I and  | F | a t  t h e  end 

o f  t h e  r e f i n e m e n t .  N i s  t h e  number  o f  r e f l e x i o n s .  S t r u c t u r e

f a c t o r s  a r e  011 t h e  

( a )  As a f u n c t i o n

S|F0 t 

0*0  -  0*1 562

a b s o l u t e  s c  

o f  s i n  9/A. .

d p j

582

a l e .

S| a |

39

N

8

R

0 - 0 6 9

z M / n

4.9
0 - 1  -  0*2 3309 3355 134 52 0 - 0 4 0 2 - 6

0*2 -  0*3 6094 5975 260 148 0 - 0 4 3 1 - 8

•01o
p•O

6691 6806 486 280 0 - 0 7 3 1 - 7

in•OI•O

8269 8465 650 463 0 - 0 7 9 1 - 4

0*5 — 0*6 715 4 7310 746 573 0 - 1 0 4 1 - 3

0*6  -  0*7 4 7 1 4 4862 864 510 0 - 1 8 3 1*7

0*7  -  0*8 2815 2914 548 330 0 - 1 9 5 1 - 7

( b )  As a 

0 - 3

f u n c t i o n

321

o f |Fo l .

1264 1020 268 3 - 1 8 3 3 - 8

3 - 6 1197 1315 467 260 0 - 3 9 0 1 - 8

6 - 9 2802 2793 549 371 0 - 1 9 6 1- 5

9 -, 12 3866 3793 431 372 0 - 1 1 2 1 - 2

12 -  15 3662 3588 264 274 0 - 0 7 2 1 - 0

15 -  20 4291 4258 228 249 0 - 0 5 3 0 - 9

20 -  30 6223 6145 245 257 0 - 0 3 9 1 - 0

30 -  45 5849 5788 189 161 0 - 0 3 2 1 - 2

45 -  70 4823 4767 126 87 0 - 0 2 6 1 - 4

70  -  140 5189 5132 142 57 0 - 0 2 7 2- 5

140 -  250 1386 1427 67 8 0 - 0 4 8 8 - 4

A l l 39.608 40270. 3728 2364 0 - 0 9 4 1 - 6



T a b l e  2 . 5

K+ ***0 d i s t a n c e s  (A) an d  0***K"I"***0 a n g l e s  ( ° )  i n  KHDA
( a )  p r e s e n t  w o rk ,  ( b )  M a n o j l o v i c  an d  Speakm an  (1 9 6 7 )

( a )  (b )

K+*•* 0 ( 2 V I 1 ) 2*717 ( 4 ) 2* 720 (3

^ •• •o d 1) 2*761 (3 ) 2*766 (2

K+ • • • 0 ( 4 ) 2*826 (4) 2*832 (3

0 ( 2 V I I )***K+ * * * 0 ( 2 V I ) 9 5 - 2 2 11) 94*93 9)

0 ( 2 V I I )***K+ ***o(iVI11) 6 9 - 7 5 9) 69*83 7)

0 ( 2 V I I )***K+ *••od1) 8 1 - 7 4 9) 81*79 8)

0 ( 2 V I I )***K+ * • • 0 ( 4 I ] : ) '89*77 10) 90*19 8)

0 ( 2 V I )***K+ ** 168*38 9) 168*19 8)

0 ( ! V I I I ) . . . K + •••Od1) 137*40 10) 137*72 8)

0 ( 1 V I I I ) . . . K + • • • 0 ( 4 1 1 ) 109*85 9) 109*99 8)

o d 1) - - - ^ * * * 0 ( 4 n ) 100*72 9) 100*49 8)

0 ( 4 ) * * * K + * * * 0 ( 4 I : i ) 87*31 11) 86 • 84 9)



T a b l e  2 . 6

o
Bond l e n g t h s  ( a )  i n  KHDA: ( a )  p r e s e n t  vrork ,

(b )  M a n o j l o v i c  an d  S p e a k n a n  ( 1 9 6 7 ) ,

( c )  S e q u e i r a ,  B e r k e b i l e  a n d  H a m i l to n  ( 1 9 6 7 ) .

( a ) ( b ) (c

B en z e n e i i n g  :

c ( l )  - c (  2 ) 1*370  ( 5 ) 1*390  ( 4 ) 1*392 (3 )
C(2)  - C( 3) 1*389  (7 ) 1*372  ( 6 ) 1 * 39 4 (4 )
C (3 )  - C( 4 ) 1*382  ( 7 ) 1*390  ( 5 ) 1*399 (4 )
C(4)  - C( 5 ) 1 - 3 8 1  ( 6 ) 1*3 8 7  (4 ) 1*382 (3 )

C ( 5 )  - C (6 ) 1*399  ( 5 ) 1*393  ( 5 ) 1*395 ( 3 )
C (6 )  - C ( l ) 1*382  ( 5 ) 1*3 9 4  ( 4 ) 1*393 (3 )

C (2 )  - H (2 ) 0* 98  ( 7 ) 0*93  ( 5 ) 1*081 (6 )
C(3)  - H (3 ) 1*01 (8 ) 1 - 0 3  (6 ) 1*083 (6 )
C(4)  - H (4 ) 0 - 8 9  ( 5 ) 0*85 ( 4 ) 1*080 ( 7 )
C(5)  - H( 5 ) 1*02  ( 5 ) 1*01 (4 ) 1*088 ( 5 )

C a r b o x y l G ro u p :

C (6 )  - C (7 ) 1 * 497  ( 5 ) 1 * 5 0 4  ( 4 ) 1 * 501 (3 )

C (7 )  - 0 ( 2 ) 1 * 21 8  ( 5 ) 1*221  ( 4 ) 1*217 (4 )

C(7)  - 0 ( 1 ) 1 *286  ( 4 ) 1*2 8 4  ( 4 ) 1 * 2 8 4 (3 )

A c e t y l  G ro u p :

c(l) - 0 ( 3 ) 1 * 4 0 3  ( 5 ) 1*392  ( 4 ) 1*390 (4 )

0 ( 3 )  - C( 8 ) 1 *348  ( 5 ) 1*360  ( 4 ) 1*356 (4 )
C (8 )  - 0 ( 9 ) 1*471  ( 6 ) 1 * 477  ( 6 ) 1*491 (4 )

C (8 )  - 0 ( 4 ) 1*201  ( 6 ) 1*199  ( 4 ) 1 * 2 0 4 (4 )

C (9 )  - H (7 ) 1*10  ( 1 2 ) 0*9 3  ( 7 ) 0*98 ( 2 )

C(9)  - H (8 ) 0 - 8 9  ( 1 0 ) 0*83 ( 1 0 ) 1*01 ( 2 )

C(9)  - H (9 ) 1*03  (1 1 ) 1*13  ( 1 2 ) 0*99 ( 2 )

H y d ro g e n  B ond:

0 ( l ) * * * 0 ( l I X ) 2*439  ( 4 ) 2*455  ( 5 ) 2*4 4 8  ( 4 )



T a b l e  2 . 7

Bond a n g l e s  ( ° )  i n  KHDA: ( a )  p r e s e n t  w o r k ,

( b )  M a n o j l o v i c  and  Speakman  ( 1 9 6 ? ) ,

( c )  S e c j u e i r a ,  B e r k e b i l e  a nd  H a m i l t o n  ( 1 9 6 7 ) .  

E s t i m a t e d  s t a n d a r d  d e v i a t i o n s  a r e  a p p r o x i m a t e l y  0 * 3 ° .

c ( l ) _ c 2) _ _ C 3)

( a )

119*6

( b )

119*8

( c )

119*5

C ( 2 ) - c 3) - c 4) 119*5 120*2 119*6

C (3 ) - c 4) - c 5) 120*4 120*0 120*0

C (4) - c 5) - c 6) 120*5 120*6 121*3

C(5 ) - c 6) - c 1) 117*9 118*3 118*2

C(6) - c 1) - c 2) 122*1 121*3 121*5

C(l) - c 6) - c 7 ) 123*0 122*6 122*5

C(5 ) - c 6) - c 7) 119*1 119*1 119*3

C(6) - c 7) - 0 1) 114*5 114*5 114*4

C(6) - c 7) - 0 2) 121*3 121*4 121*1

0 ( 1 ) — c 7) — 0 2) 124*1 124*1 124*4

C(2) -  C 1) -  0 3) 116*9 117*4 116 6

C( 6) -  C 1) -  0 3) 121*0 121*4 121 9

C ( l ) -  0 3) -  C 8) 118*1 118*1 118 0

0 ( 3 ) -  C 8) -  C 9) 111*7 1 11 *4 111 4

0 ( 3 ) -  C 8) -  0 4) 122*7 122*6 122 7

0 ( 4 ) -  C 8) -  C 9) 125*7 125*8 125 9



z -<E-
H (l)

0 (1 )

p (9 )
P ( 8 )H(8)

H(5)
0(6)

H(9) P(5)J0(3)
c ( l )

,0(4)
H(4)

0 (2 )

H(2)

H(3)
0

2 A10

F igu re  2 .1  The c r y s t a l  chemical, u n i t  (CCU) o f  KHDA.
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IV

Fig u re  2 .2  The c r y s t a l  s t r u c tu r e  as  seen in  i t s  b -a :o .a l p r o j e c t ! on.
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2 . 3  DISCUSSIO N

A genera l  view o f  th e  c r y s ta l  s t r u c tu r e  o f  potassium  hydrogen 

d i - a s p i r i n a t e  (KHDA) i s  shovn i n  F igu re  2 .2 .  With th e  c a t io n  

ly in g  on a 2 - f o ld  a x is  and th e  tvo  a s p i r i n a t e  r e s id u e s  r e l a t e d  by 

a c iy s t a l lo g r a p h ic  cen tre  o f  in v e r s io n ,  i t  i s  ty p i c a l  o f  t h a t  found, 

i n  th e  ac id  s a l t s  o f  s e v e ra l  o th e r  a rom a tic  a c id s ,  e .g .  p -ch lo ro -  

benzo ic  ac id  (M ills  and Speakraan, 1963b), and i n  common v i t h  them

i s  o f  Type A (S h r iv a s ta v a  and Speakman, 1 9 6 l ) .
+ +

K •• •0  d is ta n c e s  and 0***K •••0  a n g le s  a re  given i n  Table 2 .5 ,

and bond le n g th s  and an g les  i n  th e  a s p i r in a t e  re s id u e s  i n  Tables 2 .6

and 2 .7  r e s p e c t iv e ly ;  s tan d a rd  d e v ia t io n s  a r e  g iven  in  p a re n th e se s .

F or comparison, th e  v a lu es  found from th e  o th e r  an a ly ses  (Manojlovic

and Speakman, 1967; Seque ira ,  B erkeb ile  and Hamilton, 1967) a re  a l s o

given i n  th e se  t a b l e s .  No s i g n i f i c a n t  d i f f e r e n c e s  a re  a p p aren t .

I
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The Crystal Structures of the Acid Salts of Some Dibasic Acids. Part I. 
A Neutron-diffraction Study of Ammonium (and Potassium) Tetroxalate
By M. C u rrie  and J .  C. S peakm an,*  Chemistry Department, The University, Glasgow W.2 

N. A. C urry , Solid State Physics Division, A.E.R.E., Harwell

Potassium and ammonium tetroxalates (M H 0x,H 20x.2H 20 , where M = K,NH4 and HaOx = oxalic acid) are 
isomorphous, and the structure of the former has been accurately determined by Haas, using X-ray diffraction. 
The structure of the latter has now been determined by neutron-diffraction analysis, based on 1731 independent 
reflexions and refined by anisotropic least-squares to R = 8-85%. In general, and where comparable, the results 
confirm those of Haas.

The positions of the hydrogen-atoms attached to oxygen have been fixed with estimated standard deviations of 
±0 007 A, and for those attached to N, ±0 010 A. The structure involves seven distinct hydrogen bonds between
0  atoms : they range in length (O • • • O) from 2-899 to 2-472 A. and the corresponding 0 -H  distances tend to 
increase inversely from 0-945 to 1-102 A. The four H atoms of the ammonium ion form four, nearly linear. 
N-H • • ■ 0  bonds with N • • • 0  lengths = 2-927. 2-938. 2-950, 2-974 (each ± 0  004) A and N-H = 1 -004,1  -022,
1 015, 0-995 (each ± 0  010) A. There is a fifth N • • • O contact of 2-973 A, without any intervening proton.

The oxalate residues have their C and O atoms coplanar, and C-C = 1-544, 1-549 (each ± 0-005), and 1-549
(± 0 -0 0 3 ) A. In the three un-ionised carboxyl groups C=0 = 1 -2 0 6 ,1 -2 1 1 ,1 -2 1 2  (each ± 0-004) A and C-O (H ) 
=1-296, 1-288, 1-291 (each ± 0  004) A. The remaining ionised carboxyl group has C ^O  = 1-230, 1-247  
(each ± 0-004) A.

A c c o r d in g  to Groth’s Chemische Krystallographie, 
ammonium, potassium, and rubidium tetroxalates 
(MH30 x 2,2H20 , where H2Ox =  oxalic acid and M =  
NH4, K, or Rb) are isomorphous. Some years ago one 
of us confirmed this isomorphism by preliminary X-ray 
study, with the intention of determining the crystal 
structure, using the isomorphism to solve the phase 
problem. Before this plan had been put into effect 
however, Haas 1 published an account of an accurate 
structure analysis of potassium tetroxalate (KTO). 
In 1965 we decided to supplement Haas’s X-ray work 
with a three-dimensional neutron-diffraction study. 
This seemed useful for two reasons: first, the tetroxalate 
structure includes an interesting variety of hydrogen 
bonds, and Haas’s location of the hydrogen atoms in 
them was necessarily of limited accuracy, which should 
be improved by neutron diffraction; secondly, the 
dimensions found by Haas for one carboxyl group are 
anomalous.

Though the tetroxalates crystallise beautifully, we 
were more successful in growing the large crystals 
needed for neutron diffraction in the case of ammonium 
tetroxalate (ATO). Our main effort therefore went into 
collecting intensity measurements for ATO, and this 
information has been used in a detailed refinement of the 
structure. ATO offers the additional interest of the role 
played by the four hydrogen atoms of the ammonium 
ion when this replaces potassium which, according to 
Haas, has seven oxygen atoms within 2*95 A.

The crystal of KTO available proved of poor quality, 
and we collected only partial data. This Paper describes 
our study of ATO in some detail, with a brief note on 
KTO.

Crystal Data.—For both ATO and KTO we chose unit 
cells to accord with the goniometric data collected by 
Groth. Our cell therefore differs from that used by Haas 
for KTO. The alternative cells are symmetrically re
lated by the transformation matrix, 001/010/100. Thus 
transformed our results agree well with those of Haas.

The following parameters were established by Cu-Xa 
X-rays, for which X was taken as 1 *5418 A for 5 and 
1*5405 A for otj, by use of a least-squares treatment of 
high-order reflexions whose positions on Weissenberg 
photographs were compared with lines due to aluminium 
wire.

Ammonium Tetroxalate.—C4H7N 08,2H20 , M  =
233*18; Triclinic, a =  6*329 (±5), b =  10*551 (±6), 
c =  7*226 (±5) A, a =  85*75°, 0 =  97*62°, y =  79*73° 
(each ±  0*07°), U =  468*34 A3, Dm =  1*64, Z =  2, 
Dc =  1*654. The axial ratios derived from these cell 
dimensions are; a : b : c  =  0*5998 :1 : 0*6849, which 
agree fairly well with the parameters recorded by Groth 
(Vol. I ll , p. 142), viz., a: b :c =  0*6053:1:0*6835; 
a =  86° 44', 0 =  94° 32', y =  79° 14'. The angles also 
agree except for 0; in citing these results, due to Ram- 
melsberg, Groth comments that the value for 0 is 
‘ unmoglich.'

Potassium Tetroxalate.—C4H3K 08,2H20 , M  =  254*09; 
a =  6*354 (±5), b =  10*605 (±7), c =  7*021 (±5) A, 
a =  86*13°, 0 =  100*16°, y =  78*10° (each ±  0*08°), 
U =  453*92 A3, Dm =  1*79 (Groth cites 1*76—1*85), 
Z =  2, De =  1*859. Derived axial ratios are a : b : c =  
0*5992 :1 : 0*6620, which agree with the parameters 
given by Groth (p. 140), viz., a : b : c  =  0*6001:1 : 0*6649; 
a =  86° 33', 0 =  100° 14', y =  78° 37'. The holohedry 
reported by Groth implies that the space group is P i  
(No. 2), and this is borne out by Haas’s analysis as well 
as by our own.

Structure Analysis and Refinement.—Neutron-scatter
ing structure amplitudes were measured for 1731 inde
pendent reflexions, covering the reciprocal sphere to 
0 =  45°. Of these 1226 had values significantly above 
background. All 1731 terms were included in the re
finement however; 411 whose integrated intensities were 
less than a certain threshold value (chosen to be three 
times their standard deviations, a) went in with their 
intensities put equal to half that threshold value (the

1 D. J. Haas, Acta Cryst., 1964, 17, 1611.
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formal error in these weak intensities can therefore never 
exceed l-5cr); whilst 94 which gave zero intensity went 
in as zero.

The starting point for the analysis was the set of frac
tional co-ordinates found by Haas in KTO for the 
C and O atoms, and co-ordinates for the N atom assumed 
to occupy the same position as K+. Three cycles of 
neutron-scattering-density synthesis and structure-factor 
calculations enabled us to allocate signs to all terms, and 
to find positions (of negative scattering-density) for all 
H atoms. Further refinement was then by one cycle of 
isotropic full-matrix, least-squares analysis, followed by 
seven cycles of anisotropic, block-diagonal analysis. 
Nuclear scattering-lengths used were: C, 0*661; O, 
0-577; N, 0-940; and H, -0-378 x IO"12 cm. In the 
last cycle parameter shifts were all less than one-third 
of their standard deviations (a) and in a great majority 
of cases were less than one-fifth. The least-squares 
weighting scheme, which is explained in the Experimen
tal section, was judged satisfactory from the uniformity 
of Z(wA2) over ranges of sin 0 and |F0|. A final difference- 
synthesis was computed, with use of (F0 — Fc') as 
coefficients, where Fc' is the structure factor calculated 
for all atoms except H. The three-dimensional function 
showed negative regions at the positions of the H atoms, 
but no other significant density. The final R-value was 
8-85%, with R' =  0-90%.

Our final co-ordinates are listed in Table 1, and 
vibrational parameters in Table 2; standard deviations, 
derived from the least-squares residuals, are given in 
parentheses.

The crystal structure of the tetroxalates is too complex 
for simple verbal or pictorial description. Rapid com
prehension may be expedited by the pair of stereo
scopic views in Figure 1.* The asymmetric unit con
sists of one complete oxalate residue, two half-residues, 
two water molecules, and the cation. The best choice 
of a crystal chemical unit (CCU) is not self-evident. 
Our choice, represented by the atoms numbered in 
Table 1, is specified in Figure 2{a). After allowance for 
the change of axes, our CCU corresponds closely with 
the atoms listed by Haas in his Table l .f  Our 0(9) 
and 0(10) are his H20(1) and HzO(2).

In subsequent description of the structure, we need 
other symmetry-related units: they are as follows:

CCU x y  z
I 1 — x, —y,  —z  IV  2 — x, —y,  1 — z

II 1 +  x, y ,  \ z  V  1 — x, 1 — y ,  1 — z
III 1 — x, —y,  1 — z  VI x, y ,  1 +  z

Relevant parts of these are denoted in Figure 2(4). The 
oxalate residue based on C(l), 0(1), and 0(3), and 
corresponding to Haas’s I, we designate A.  Oxalate 
B  (Haas’s II) is based on C(2), 0(2), and 0(4). Oxalate 
C (Haas's III) consists of C(3), C(4), and 0(5)—0(8).

* Such a picture is best seen with a stereoscopic viewer. 
After a little practice, however, many people can achieve stere- 
opsis without instrumental aid. The picture should be viewed 
in a good, even light; it  helps if a piece of card is held between 
the eyes, and normal to  the picture, so that each eye can see 
only its appropriate half of the diagram.

Correction of atomic co-ordinates for the effects of 
rigid-body libration of the oxalate residues was con
sidered; inspection of the vibrational parameters, in 
Table 2, suggested that such effects might be present. 
The usual computational procedures for dealing with 
these corrections fail when the librating unit has high 
symmetry; the oxalate groups have nearly mmrn 
symmetry in ATO. We therefore used a method due to 
Beagley and Small.2 Preliminary results indicated that 
the libration principally took the form of torsion about 
the C~C axis; corrections were then evaluated on the 
assumption that other modes of libration were negligible. 
Corrections thus apply only to the eight O atoms, 0(1)— 
0(8), and the amended co-ordinates are appended in the 
lower part of Table 1. The effects on interatomic dis
tances exceed standard deviations, though never by 
more than three-fold. We therefore give precedence 
to the uncorrected values, but, where appropriate, we 
add the corrected distances or angles in square brackets. 
We assume that the attached H atoms “ ride ” on their 
O atoms, and that therefore the O-H distances need no 
significant correction.

DISCUSSION

The Oxalate Residues.—Figure 3 shows the dimensions 
of the oxalate residues. The formula 
N H 4H 0 x ,H 20 x ,2 H 20  suggests that one residue will be 
the half-ion, HOx- , and hence chemically unsymmetrical; 
that the other will be an un-ionised molecule, H2Ox, and 
hence symmetrical. Identification is aided by the 
consideration that the crystallographically distinct half
oxalates, each duplicated by a centre of inversion, must 
correspond to H2Ox. The dimensions of A and B accord 
with this deduction. In particular the C~0 distances 
differ in the sense C-O(H) >  C=0. Our location of 
H atoms confirms the assignment of double and single 
bonds. Residue C must then represent HOx- , and we 
expect one of its carboxyl groups to have C~0(H) >  
C=0, and the other, being ionised, to have the C-0 
distances nearly equal. In KTO Haas's findings were 
anomalous in this detail: his dimensions for the carboxyl 
groups do not differ significantly. Our results for C in 
ATO, shown in Figure 3, reveal the expected difference. 
This is supported by the absence of any proton covalently 
attached to 0(7).

Our knowledge of the dimensions of the carboxyl 
group in crystals is less definitive than one might expect 
after 30 years of X-ray study. Carboxylic acids norm
ally crystallise as centrosymmetric, hydrogen-bonded 
dimers (VII). Amongst the structures that have been 
accurately determined, the 0(H) • • • O distances do riot 
differ greatly from a mean of 2-65 A ; the hydrogen bonds 
are all of moderate strength. But, while the sum of

t H aas's co-ordinates are stated to  be in A. They are in fact 
fractional, though their standard deviations are in A. The 
positions of atom s in his Figure 1 do not always correspond 
directly with his co-ordinates.

* B. Beagley and R. W. H . Small, Proc. Roy. Soc., 1903, A, 
275, 469; B. Beagley, Ph.D. Thesis, Birmingham, 1962.
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ATO ATO
F i g u r e  1 Stereoscopic views to show the crystal structure of ATO. The largest circles represent O atoms, the smallest 

H atoms, the intermediate C atoms, and the N  atom  of the ammonium ion is hatched

csinA

b s ln y

^ 2) ^ P Hl4i ( i )P O o ( i )

ID (IV)

V I

F i g u r e  2 (a) The crystal chemical unit (CCU) of ATO. This consists of one entire oxalate residue, two half-residues, two water
molecules, and the ammonium ion

(b) The CCU of ATO together with the additional units needed in a description of the structure. These are denoted by roman 
numerals corresponding to  the point-positions specified in the text. [Note that only the necessary parts of these additional 
units are shown. Thus (I) involves only the half-oxalate, related by a centre of sym m etry at ($,0,0), needed to  complete 
oxalate £ .]
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T a b l e  1

A m m on iu m  te tro x a la te: fractional {x, y ,  z  x  108) and orthogonal ( X \  Y ', Z '  in  A, x  104) co-ord inates (X ' and  Z '  are, 
resp ectively , para lle l to  a* and  c, Y '  is perpendicular to  th em  both ). N u m bering  o f a to m s is  sh ow n in  F igure 2(a).
Stan dard  d ev ia tio n s o f  X \  Y \  and  Z ' are g iv en  in  parentheses

N .............................
C ( l) ........................
C (2)........................
C(3)........................
C (4)........................
0 (1) ............
0(2) ...................
0 (3).........................
0 (4).........................
0 (5).........................
0(6) ....................
0 (7).........................
0 (8) ....................
0 (9).........................
0(10) ....................
H (l) ....................
H(2) ....................
H(3) ....................
H(4) ....................
H(5) ....................
H(6) ....................
H(7) ....................
H(8) ....................
H(9) ....................
H(10) ....................
H ( ll )  ....................

Co-ordinates of eight oxygen atoms, corrected for the effects of torsional oscillation, are given below
0(1)........................... 66,163 6775 66,533 40,746 15,028 43,054
0(2)........................... 49,933 15,292 7747 30,751 22,052 2603
0(3)........................... 34,016 15,467 48,909 20,949 20,335 33,696
0(4)........................... 23,756 7673 —9893 14,630 10,910 —8542
° (6 ) ........................... 81,613 31,316 43,123 50,261 42,694 26,760
0(0)........................... 72,518 43,295 15,232 44,660 64,213 8306
0(7 )........................... 66,572 64,884 33,694 40,998 76,219 23 834
0(8)........................... 76,233 52,209 61,002 46,948 64,035 41,765

X y z
84,200 27,511 84,431
60,682 6290 54,740
41,799 6460 - 9 9 9
75,571 42,206 32,401
72,516 54,193 43,618
66,000 6819 66,445
49,813 15,254 7663
34,182 15,421 48,999
23,872 7708 -9 8 1 6
81,565 31,392 42,951
72,674 43,218 15,392
66,639 64,804 33,860
76,174 52,283 60,835
23,249 35,566 7232
94,408 12,536 25,177
23,636 38,879 19,355
26,017 42,217 - 1 7 0 6
85,952 6540 20,607

108,493 7830 29,870
85,761 23,521 35,430
38,177 24,007 7244
34,333 24,100 56,583
74,658 21,459 79,141
99,406 22,361 87,046
80,029 30,823 96,226
83,007 35,206 74,629

X ’ Y' Z'
51,854 (20) 38,999 (18) 56,095 (18)
31,212 (25) 12,669 (21) . 35,794 (22)
25,742 (25) 11,787 (22) - 3 7 2 5 (23)
46,540 (26) 53,431 (22) 20,371 (22)
44,659 (26) 65,679 (23) 29,670 (23)
40,646 (33) 15,054 (29) 43,007 (33)
30,677 (32) 21.997 (30) 2550 (34)
21,051 (35) 20,307 (301 33,744 (32)
14,701 (32) 10,960 (30) - 8 4 9 4 (34)
50,225 (42) 42,767 (27) 26,647 (30)
44,694 (39) 54,138 (30) 8411 (29)
41,039 (38) 76,142 (28) 23,942 (28)
46,911 (41) 64,106 (28) 41,655 (28)
14,318 (34) 40,198 (28) 6056 (30)
58,141 (38) 24,461 (35) 11,250 (41)
14,556 (71) 43,730 (60) 15,042 (61)
16,022 (70) 47,527 (65) - 1 1 5 (58)
52,933 (74) 17,143 (66) 8189 (70)
66,815 (73) 21,191 (73) 13,091 (78)
52,816 (70) 34,987 (57) 20,243 (61)
23,511 (59) 29,818 (56) 3908 (59)
21,144 (67) 29,457 (58) 39,890 (60)
45,978 (102) 31,492 (89) 52,600 (98)
61,219 (93) 35,396 (97) 56,305 (105)
49,286 (116) 41,986 (95) 65,227 (78)
51,120 (95) 46,954 (72) 49,713 (69)

T a b l e  2

Ammonium tetroxalate: vibrational parameters (A* x 104). Standard deviations are given in parentheses
u n  u *t U , ,  2 U ti  2C7S1 2 Ul9

N ............................... 352 (10) 235(8) 288 (8) - 1 0 9 (1 3 )  36 (15) - 3 2  (14)
C (l) ..........................  286(12) 140(10) 226 (10) - 9 8 ( 1 6 )  37 (18) - 1 0 ( 1 8 )
£ (* )   255(11) 163(10) 257 (10) -1 1 3 ( 1 6 )  92(18) 30(18)
£ (* ) ..........................  318 (12) 143 (9) 231 (10) - 1 0 1  (15) 101 (18) 0(17)
C(4)   288(11) 167 (9) 244 (10) —158 (16) 49(17) - 5 ( 1 7 )
0(1)   319(15) 189(12) 401 (15) —217 (22) —106(25) - 2 1  (22)
0  2 ...................... 287 (14) 213 (12) 455(17) - 2 8 5  (23) 26(25) - 1 1  (23)
0(3)........................... 375 (16) 181 (12) 354 (15) - 1 8 5 (2 1 )  - 1 3 9 (2 5 )  135 (23)
O f  .....................  280( 14) 223 (13) 432 (16) - 2 6 1  (23) 9 (24) 34 22)
0 (6    655(23) 132(11) 263 (13) - 7  (19) 139 (28) - 2 4  26
0(6)........................... 547 (20) 193(12) 238 (13) —120(20) 112 (26) 2 (25)
0(7)   565(20) 150(11) 239 (12) - 7 9  (19) 111 (26) 65(25)
0(8)   626(22) 171 (12) 226(12) —126(19) 171 (27) —15(26)
0(9)   376(16) 178(12) 329(14) - 9 5  (20) 171 (24) —5(23)
0(10) ...................... 358(17) 277 (15) 608 (21) - 4 6 2  (30) 2 (31) 38(27)
H (l) ...................... 577 (36) 357 (26) 456(29) —215(44) 250(54) - 6 7  (50)
H(2) ...................... 601 (37) 308(25) 420(27) 19(41) 215 (52) —162 (49)
H(3) ...................... 665 (37) 423 (31) 616 (37) - 4 8 3  (55) 192 (61) - 2 1 9  (65)
H (4) ...................... 447 (34) 488 (34) 665 (40) — 181 (69) 82(60) —6(56)
H(5) ...................... 588 (37) 303 (24) 468(29) -1 4 9 ( 4 2 )  158(53) -1 2 0 (4 9 )
H («) ...................... 373 (27) 329(24) 490(29) -2 0 5 ( 4 2 )  121 (45) - 1 2  (43)
H(7) ...................... 491 (32) 317 (25) 442 (28) 2 (41) - 4 0  49 56 46
H (8) ...................... 163 (65) 618 (46) 799 (53) —361 (79) 17 (87) —472 (83)
H (9) ...................... 571 (43) 622(45) 886 (58) 39(81) - 2 5 ( 8 1 )  191 (75)
H(10)   1079(74) 657 (47) 494(38) - 2 1 2  (67) 393 86) 27 94
H (H ) ...................... 865(56) 454(33) 444(32) 76(51) 155(67) —247 (70)
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C=0 and C-O(H) distances is roughly constant at 
2*60 A, the difference ranges widely from 0*04 to 0-12 A. 
Perhaps this very significant variation, in otherwise 
similar situations, is due to partial disorder of the H

0 (3 m ) 0(1)
. 113 0*(0-2)

^ 1 - 2  ll(4)[l-22l] 

l26-3*(0  3)C(1ffl) l 549(S- C(1)

1̂20-6* (0-2) 
0(1m)

^ 2 8 8 (4 )  [1-298]

0(3)

,.0(4}0(2*)
\ h2-0*(0-2) X o6 (4 )[I -2 I4 ]

126 5*(0 3) C(2l)-' *AA{*]-C(2)

121-6*10-2)
0(4  )

0 (7 )

[ l - 2 5 9 ] l - 2 4 7 (4 ) \

c l4 )-1-549(3)

(1-242] 1-230(4) / /  

0(8)

0 (7 )

\ l - 2 9 6 ( 4 )  [1-306] 

0(2)

0(6)
f̂2l2(4)[l-224]

C13)
\ h 2 9 l ( 4 )  [1-304]

0(5)

%JI5-d'(0 2) Z ' 
\  121-8° (0 2)^

0(6)

127 5*(0-3) C(4)---------- C(3) 124-8*(0-3)
//'H 7-5*(0-2) \

/ /  II3 3*(0 2 ) \

0(8) 0(5)

F ig u re  3 Bond-lengths and bond-angles in the crystallo- 
graphically distinct oxalate residues (the lengths shown in 
square brackets have been corrected for libration)

atoms: that is to say, the dimers occur randomly as 
(VII) or (VIII) in unequal proportions.* By X-ray 
methods some randomness in the positions of the H 
atoms would be hard to detect.

O - H - - O

* / 
O — H - O

(VII)

O--H-O
— C C —

O - H -

(VIII)

In ATO we have three carboxyl groups (not dimerised) 
whose dimensions are known with some precision, and 
whose protons have been definitely located. Their 
dimensions do not differ significantly: the average 
C~0(H) and C=0 distances are 1-292 and 1-210; their 
average sum is 2-601; and their difference 0-082 
(±0-004) A.

The C~C bonds all exceed the notional length of 1-64 A, 
and greatly exceed that expected between s/>2-hybridised 
C atoms. This supports the conclusion reached by 
several authors, and notably by Beagley and Small,2*8 
(hat the bond in the oxalate residue is anomalous. 
These two workers have plotted electron-density dif
ference syntheses and found significant residual density

the mid-point of the C-C bond. This they have 
tentatively ascribed to the bonding electrons. A possible 
Ejection is that errors tend to accumulate at special

(or quasi-special) positions; so that the density found at 
the centre of the oxalate group might be a Fourier-arte- 
fact. A similar error could occur in a neutron-diffraction 
synthesis. On the other hand, since neutrons are not 
scattered by (paired) electrons, electron density should 
not be detectable in a difference synthesis. Our neutron- 
diffraction difference map showed only a trace of nega
tive scattering power at the mid-points of the C-C bonds. 
So far as it goes, therefore, this evidence favours the 
contention of Beagley and Small that their effect is not a 
Fourier-artefact.

Each oxalate residue is planar in its C and O atoms. 
The mean planes are:
oxalate A : 0-4774X' +  0-4209Y' -  0-7713Z' =  -0-7419 
oxalate B : 0-3443X' -j- 0-3666Y' -  0-8644Z' =  1-6416
oxalate C: 0-9575X' -f 0-2624Y  -  0-1394Z' =  6-6222
The deviations of C and O atoms from these respective 
planes are not significant. The H atoms are however 
displaced from the planes of their oxalate residues as 
follows: H(7) by 0-086 A from plane A ; H(6) by 0*077 A 
from plane B; and H(5) by 0-136 A from plane C.

Environment of the Cation.—A potassium ion in a 
crystal is usually co-ordinated to 6, 7, or 8 O atoms 
When isomorphous substitution of K+ by NH4+ occurs, 
either the four H atoms must occupy the 6—8 positions

T a b l e  3

D eta ils  o f  th e  structure around th e  ca tio n  in  ATO . (D is
ta n ces  in  A: standard  d ev ia tio n s in  parentheses). 
K + • • • O d istan ces in  K T O  are g iv en  for com parison; 
N  • • • O co n ta cts  in v o lv in g  a  hydrogen  bond are  
asterisked. Certain d ista n ces h a v e  been  rough ly  
corrected  for th e  effects o f torsional o sc illa tio n  o f th e  
ox a la te  res id u es; th ese  are g iven  in  square b rackets

N/K-i
ATO KTO

0(1) 2-950 (4) ** [2-946] 2-870 (4)
0(2*1) 3-298 (4) [3-294] 3-250 (4)
0 (4«) 2-927 (4) 4■ [2-924] 2-931 (4)
0(5) 2-973 (4) [2-961] 2-879 (4)
0(6*1) 2-974 (4)*1 [2-970] 2-915 (4)
0(7*) 3-247 (4) [3-239] 3-044 (4)
0(8) 2-938 (3)«' [2-926] 2-870 (4)
0(9U) 3-069 (4) 2-893 (4)
0(10*1) 3-166 (4) 2-924 (4)

N—H(8) 1-015 (10)
H(9) 1 004 (10)
H(10) 0-995(9) 
H (ll)  1-022(7)

H(8) • • • • 0(1) 1-977 (10) [1-974]
H(9) • • • • 0 (4«) 1-960 (10) [1-958]
H(10) • • • 0(6*1) 2-018 (9) [2-015]
H ( ll )  • • • 0(8) 1-941 (8) [1-930]

H (8)-N —H(9) 
H (8)-N -H (10) 
H (8 )-N -H (ll)  
H(9)—N-H(IO) 
H(9)—N—H (ll)  
H (1 0 )-N -H (ll)

106-4 (0-8)e 
112-9(0-9)
108-6 (0-7)
109-2 (0-9) 
111-1 (0-8) 
108-7 (0-7)

N—H(8) • 
N—H(9) • 
N-H(IO) 
N - H ( l l)

0 (1) 159-7 (0-9)c
■ 0 (4 n ) 161-0(0-8) 
0(6*1) 160-4(0-8) 
0(8) 164-2 (0-7)

randomly, or the structure must undergo subtle changes 
so as to achieve a co-ordination based on four N-H • • • O 
hydrogen bonds. Neutron diffraction helps us to make a 
detailed study of such changes in the tetroxalate system.

Haas lists nine K+ • • • O contacts in KTO. Seven of
* Because of the environm ent (VII) and (VIII) are not 

equivalent in a crystal.
* B. Beagley and R. W. H. Small, Acta Cryst., 1964, 1 7 , 783.
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these have distances less than 2*95 A and so may 
qualify as direct K+ • • • O contacts, and they are in
cluded in Table 3. An ionic radius for NH+ is difficult4 
to designate, but Pauling has suggested a value similar 
to that of Rb+, viz., ca. 1-48 A, which is 0*15 A greater 
than the accepted radius of K+. As Table 3 shows, there, 
are five notably short NH4+ • • • O contacts in ATO. 
They do not generally correspond to the shortest 
K+ • • • O contacts; and they are significantly shorter

are deemed to be “ comparable ” may we draw a curve 
to represent the relationship between the 0~H and 
O • • • O distances in the idealised hydrogen bond. Our 
seven points suggest that the Pimentel-McClellan curve, 
if it has any general significance, ought to rise more 
steeply, especially in the region of 2-5 A.

A chief interest in this diagram (and a chief reason for 
studying " very short ” hydrogen bonds 6) lies in how 
this curve, which is respectably observational though

T a b l e  4

D eta ils  o f th e  w ater  m olecu les and O -H  • • • O hyd rogen  b on ds in  ATO . (D istan ces in  A : stan dard  d ev ia tio n s  in 
parentheses). Certain d istan ces ha v e  been  rough ly  corrected  for th e  effects o f torsion a l o sc illa tio n  o f  th e  o x a la te  
res id u es; th ese  are g iv en  in  square brackets

0 (9 )-H (l)  .............. .. 0-966 (7) H (l) • * • • 0 (8 V) ... . .. 1-765(7) 0(9) ------0 (8 V) .... ... 2-721 (4) [2-714]
0 (9 VI)—H(2VI) .... .. 0-973 (6) H(2VI) • • • 0 (6 V)........ . .. 1-787 (6) 0(9™)i • • • 0 (6 V) ....... 2-745 (4) [2-734]
0(10)—H(3) ......... .. 0-949 (8) H(3) • • • ' 0 (41 )...... ... 1-906 (7) 0(10) - - -0 (4 1 )  ....... 2-833 (5) [2-824]
0(10)—H(4) ......... .. 0-945 (8) H(4) • • ••0(1™ ) ... ... 2-000 (8) 0(10) • • • 0(1™) .... .. 2-899 (6) [2-889]
0(5)-H (6) .............. .. 1-040(7) H(5) • • • - 0(10) ... ... 1-483 (7) 0(5) ••■ •0 (1 0 ) ....... 2-520 (5) [2-520]
0(2 )—H(6) .............. .. 1-069(7) H(6) • • •* 0 (9 ) ........ ... 1-403(7) 0(2) • • • • 0 ( 9 ) ......... .. 2-472 (4) [2-472]
0 (3 )—H(7) .............. .. 1-102(7) H(7) • • • • 0 (7 V) ........ . .. 1-399(7) 0(3) • • • • 0 (7 V) ... . .. 2-500 (4) [2-500]

H (l)—0(9 )—H(2) .... 108-1 (0-6)° H(3)—0(10)—H(4) .... 107-4(0-7)°
0 (9 )—H ( l ) ...........■ 0 (8 V) ................ 169-5(0-6) C(4V)—0 (8 V) ------ 0(9) ................. ... 143-2 (0-2)
0 (9 VI)—H(2VI) • • 0 (6 V) ........... . . . .  167-4(0-6) C(3V)—0 (6 V) ------ 0 (9 VI) ............ ... 125-1 (0-2)
0 (10)—H(3) ■0(41) ............ . .. 164-8 (0-7) C(2I) - 0 ( 4 I) ------ 0(10) ............ ... 125-2 (0-2)
O(10)-H(4) • • • ■0(1™) ................ 158-2 (0-7) C(l™)-0(1™) • • • 0(10) ............ ... 125-0(0-2)
0 (5 )—H(5) •0 (1 0 ) ........... ... .  173-3(0-7) C(3)—0 ( 5 ) ........... 0 (1 0 )................. ... 113-1 (0-2)
0 ( 2 ) - H (6 ) --------• 0(9) ............... ... .  178-2 (0-6) C(2)—0 ( 2 ) ........... 0(9) ..................... 113-4(0-2)
0 (3 )—H(7) • Of 7V) ............... .  177-1 (0-7) C(l)—0 ( 3 ) ........... 0(7^ )............ .... 114-7 (0-2)

than we should predict were we to increase the K+ • • • O 
distances by 0*15 A.

The H atoms appear to be entirely localised along four 
of these NH4+ • • • O contacts. An almost regularly 
tetrahedral co-ordination of the H atoms round the N is 
achieved, with the N~H • • • O angles never less than 160°. 
This favourable arrangement causes the bonding to be 
concentrated into these directions.

One other contact, to 0(5), remains short, though no 
proton is evident. The other cation • • • O distances are 
considerably increased as compared with KTO. Table 3 
also includes details of the structure of the NH4 ion.

The Hydrogen Bonding.—Apart from the N-H • • • O 
bonds, ATO includes seven hydrogen bonds between 
O atoms. Details of these are given in Table 4. The 
O • • • O distances range from 2*90 to 2*47 A, and our 
results enable us to add well-authenticated points to the 
Nakamato-Margoshes-Rundle graph which shows how 
the O-H distance tends to increase as the overall O • • • O 
distance diminishes. In Figure 4 we plot our seven 
points and we also show the curve drawn by Pimentel 
and McClellan 4 to represent the trend of the information 
available in 1959.

Unfortunately, we cannot directly observe the change 
in the position of the proton as the O • • • O distance is 
reduced in an isolated hydrogen bond. Figure 4 is 
based on the bonds in a large number of different crystal
line compounds. Only insofar as these different bonds

4 G. C. Pim entel and A. L. McClellan, “ The Hydrogen Bond,” 
W. H. Freeman and Co., San Francisco and London, 1960, p. 259.

* J. C. Speakman, Chem. Comm., 1967, 32.

not-too-well defined, behaves as it approaches the 
straight line, of slope 0*5, which represents the mathe
matical relationship between O-H and O • • • O in a bond 
of postulated symmetry. (We show this as a broken

1 20

O
100

2 7 0 3 10230 2 5 0 2 9 0

0---0 (&)
F i g u r e  4 Graph showing the Nakamoto-Margoshes-Rundle 

relationship between O • • • O and O—H distances in hydrogen 
bonds. The curve is that given by Pimentel and McClellan 
(1960). The diagonal broken line corresponds to hypothetical 
centrosymmetric bonds. The values derived from the analysis 
of ATO are indicated by vertical lines whose lengths give their 
standard deviations

line in Figure 4.) Does the curve bend over to the left 
so as ultimately to converge on to the diagonal line? 
Or does it rise more and more steeply until it cuts the 
line? The special interest attaching to this region of 
the graph is matched by its special obscurity. On the 
experimental side, accurate information is scarce and
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hard to obtain. There is one well-authenticated bond 
with O • • • O =  2*411 A and the proton not significantly 
displaced from the mid-point; but, as the uncertainties 
of 0~H and O • • • O are each at least 0-005 A, unam
biguous symmetry of the bond is not proved.® On the 
theoretical side we face an indeterminacy problem: 
a moderately short O • • H • • O bond may have its 
proton moving in a situation of double potential- 
energy minimum; as the bond becomes still shorter, the 
minima come closer together and the energy barrier 
between them lower, and ultimately only a single mini
mum remains; when the top of the barrier lies near to, 
or below, the zero-point energy level, the location of the 
proton becomes abnormally uncertain.

Though some of the bonds in ATO are “ very short " 
the protons in them are well away from the mid-point. 
Bonds in which genuine symmetry had been suspected 
(chiefly on spectroscopic grounds) are not much shorter 
than 0(2)-H  • • • 0(9).5 But they have the difference 
of lying across an element of crystallographic symmetry. 
The consequent symmetry of total environment may 
favour the establishment of internal symmetry in such 
bonds.7

Very short hydrogen bonds seem to be formed only 
when the proton donor is an acid of adequate strength. 
The three short bonds in ATO all have carboxyl groups 
as donors, whereas the four longer bonds have water 
molecules as donors. More surprisingly, the shortest 
bond 0(2)H • • • 0(9) has a water molecule as acceptor.

Potassium Tetroxalate.—A limited number of data were 
collected from a crystal of KTO. They proved to be of 
inferior quality, but were used in a partial refinement to 
R =  20% for 700 reflexions. We do not consider the 
co-ordinates and molecular dimensions thus derived to 
be worth reporting. However, seven H atoms were duly 
revealed, in a Fourier synthesis, in positions in good 
general agreement with those found in ATO.

ex pe r im e n t a l

The cry sta l o f A TO  used had d im ension s 0-5 x  0-4 X 0-2 
cm. T h e neutron  beam , m onochrom atised  to  X =  1-103 A  
and w ith  an in te n s ity  o f 4-3 x  10 5 neutrons cm .-8 sec .-1, 
was derived  from  th e  D ID O  reactor a t  A .E .R .E ., H arw ell. 
Intensity m easurem ents w ere m ade w ith  a  F erranti M ark II  
automatic d iffractom eter.8 T h is in stru m en t perm its rota
tion o f th e  cry sta l through th ee  E ulerian  angles, x , and  to, 
and ro ta tion  o f th e  cou n ter  through 20 a b ou t an  a x is  co in ci
dent w ith  th a t  for to. T he d iffractom eter is  controlled  b y  
punched paper tap e  w h ich  con ta in s in stru ction s for ro ta tin g  
the sh afts to  bring each  se t  o f  p lan es c lose  to  th e  reflecting  
position, fo llo w ed  b y  in stru ction s for advan cin g  th e  cry sta l  
by sm all angular step s through  th e  reflexion. T he num ber  
of neutrons d e tected  a t  each step , during a  fixed  m onitor  
count, is  recorded b o th  on  paper ta p e  and  on  te leprin ter  
Paper. T h e  ta p e  w h ich  contro ls th e  d iffractom eter is  pre

* R. D. Ellison and H. A. Levy, Acta Cryst., 1965, 19, 260 
(the difficulties of locating the proton precisely are fully discussed 
•a this Paper).

7 Lj. Manojlovid and J. C. Speakman, J . Chem. Soc. (A), 1967, 
¥71.

pared in  tw o  s ta g e s : first, th e  four angular position s corres
pon d ing  to  each  reflexion, o u t to  a  specified  va lu e  o f 0, are  
com puted  and  o u tp u t on  punched  cards, usin g  a program m e  
due to  M. J . D . P ow ell o f  T heoretical P h ysics D iv ision , 
A .E .R .E ., for th e  IB M  7030 com puter; second ly , th is  
deck  o f cards is used  to  prepare a  ta p e  conta in ing  instruc
tion s, in  appropriate form , to  find and  m easure each  re
flexion. A T L A S program m es (w ritten  b y  N . A. C.) are used  
for th e  second sta g e  ab ove  and also  to  " process ” th e  
diffractom eter o u tp u t to  y ie ld  a  se t  of rela tive  in ten sities  
and  structure am p litu d es. T he in ten sities  w ere corrected  
for absorption  (w ith  p =  1-4 cm .-1) b y  th e  program m e  
O R A B S due to  W ehe, B using, and L ev y , and adap ted  for  
A T L A S. N o  correction w as m ade for secondary ex tin ction , 
and ex a m in a tio n  o f th e  final lis t  o f structure factors sug
g ests  th a t no serious error arose from  th is  cause.

T a b l e  5

A m m onium  te tr o x a la te : ana lysis o f  th e  agreem en t o f  
observed  and ca lcu lated  structure factors a t  th e  end  
of th e  refinem ent. N  is th e  num ber of reflexions. 
Structure factors are on  th e  ab so lu te  scale

(a) As a function of the magnitude of the observed structure 
factors.

Range of
\Fo\ Z |F .| 2 |F e| 2 |A | N R s |A |/ isr

0-0— 0-4 3-33 59-16 62-88 108 18-883 0-58
0-4— 0-8 245-63 202-86 80-95 428 0-330 0 1 9
0-8— 1-2 230-58 218-56 29-69 230 0-129 0-13
1-2— 1-7 383-25 374-12 31-62 269 0-083 0 1 2
1-7— 2-4 522-52 517-86 27-32 256 0-052 0-11
2-4— 3 1 412-06 408-73 20-31 151 0-049 0 1 3
3-1— 4 0 538-59 534-95 22-12 155 0-041 0-14
4 0 — 5-2 366-27 370-42 14-57 81 0-040 0-18
5-2— 6-5 210-25 215-15 11-34 36 0-054 0-32
6-5— 8 0 120-37 126-03 6-62 17 0-055 0-39

(b) As ai. function of the layer line index.
h 2 |F e| Z |F ,| E|A| N R S |A |  IN

- 8 6 1 6 5-61 0-53 4 0-087 0-13
- 7 51-33 45-46 7-43 47 0-145 0 1 6
- 6 98-01 95-15 11-32 79 0-116 0-14
- 5 99-04 96-21 9-99 65 0-101 0-15
- 4 225-69 223-92 16-29 125 0-072 0-13
- 3 111-29 110-10 10-89 68 0-098 0 1 6
- 2 304-94 304-95 23-70 159 0-078 0-15
- 1 340-13 343-56 30-60 175 0-090 0-17

0 372-93 359-88 28-29 184 0-076 0-15
1 366-27 363-96 31-82 179 0-087 0-18
2 343-21 339-92 26-64 172 0-078 0 15
3 297-93 296-20 27-58 157 0-093 0-18
4 212-80 207-03 17-36 130 0-082 0 1 3
5 140-50 143-10 15-54 99 0-111 0-16
6 65-74 64-75 10-03 60 0-153 0-17
7 32-59 32-74 3-70 28 0-114 0 1 3

All 3068-55 3032-54 271-71 1731 0-089 0-16

T h e  least-squ ares a n a ly sis w as don e a t  G lasgow , w ith  th e  
program m e d eve lop ed  b y  D . W . J . Cruickshank and h is co 
w orkers. T he w e ig h tin g  schem e is  d u e to  D . R . M cGregor,* 
an d  is  a s fo llow s: A ll va lu es o f A*, w here A =  |F 0| — |F C|, 
are grouped in to  a  tw o-d im en sion a l array, according to  
ranges o f (sin 0)/X and  o f |F 0|. In  each  group <(A*) is  
ca lcu la ted . A n y  group in  w h ich  th e  num ber o f term s is  
inad eq uate  is  rejected . T h e  v a lu es o f <A*> in  a ll o ther

8 R. F. Dyer, U .K .A .E .A . document AERE-R5259, Part 1, 
1966; B. T. M. W illis and U. W. Arndt, " Single Crystal Diffracto- 
metry," Cambridge University Press, 1966.

• D. R. McGregor, Ph.D . Thesis, Glasgow, 1967.
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groups are th en  fitted , b y  lea st squares, to  a  surface. In  
th is  particu lar an a ly sis  th e  fun ction  obta ined  w as

/ =  — 1*99 -  0-75 \F 0\ +  0-166 |F 0|* -  0-0164 (
\ s m  0 J

+  8-69 X IO'5 - 4 - 8 9  X l ( r u (sin0/X)2

T hen w  [ =  e x p (— / ) ]  w as ca lcu lated  for each reflexion. T he  
ad eq u acy  o f th is  w e ig h tin g  schem e and  o f th e  an a ly sis  
generally  is supported  b y  T able 6.

O bserved structure a m p litu d es and final ca lcu lated  struc
ture factors are stored  on  m agn etic  ta p e  a t  G lasgow  (and, 
w e hope, in  due course e lsew here). A  c o p y  o f th ese  d a ta  can  
be had  from  Dr. J . G. S im e (at T he C hem istry  D epartm en t,

U n iv ersity  o f G lasgow , G lasgow  W .2) b y  qu otin g  reference 
G L /1967/4 . T he co p y  w ill norm ally  ta k e  th e  form  of a 
prin t-out, thou gh  o u t-p u t on  paper ta p e  or on cards m ay be 
ava ilab le  on  request.

W e are in d eb ted  to  th e  Solid  S ta te  P h y sics  D ivision , 
A .E .R .E ., H arw ell, and  p articu larly  to  D r. G. L ow  for 
m aking  neutron-d iffraction fa c ilitie s availab le  (to  J. C. S. 
and M. C.), and to  J. B . F orsyth , S. A. W ilson, and N . P ovall 
for th e ir  guidance. W e h a v e  m ade ex ten siv e  use of the  
K D F 9  crystallographic program m es d evelop ed  a t  G lasgow  
b y  D . W . J. Cruickshank, J. G. S im e, K . W . Muir, and others. 
O ne o f us (M. C.) acknow ledges a  m ain tenance  grant from  
th e  S .R .C .

[7/634 Received, M ay 3rd, 1967]
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INTRODUCTION

B a s i c a l l y  t h e r e  a re  t h r e e  w ays o f  s e t t i n g  up a 
c r y s t a l  on t h e  F e r r a n t i  f o u r - c i r c l e  d i f f r a c t o m e t e r :

( 1 )  w i t h  a r e a l  a x i s  v e r t i c a l  a t  y £  0 °

( 2 )  w i t h  a r e c i p r o c a l  a x i s  v e r t i c a l  a t  y = 0 °

( 3 )  i n  a g e n e r a l  o r i e n t a t i o n *

I f  t h e  c r y s t a l  p o s s e s s e s  o r th o r h o m b ic  o r  h i g h e r  
symmetry t h e  r e a l  and r e c i p r o c a l  a x e s  a r e  c o i n c i d e n t  and 
( l )  and ( 2 )  become i d e n t i c a l .  I f ,  h o w e v e r ,  t h e  c r y s t a l
i s  m o n o c l i n i c ,  w i t h  t h e  b - a x i s  u n i q u e ,  o n l y  b and b* a r e  
c o i n c i d e n t .  In  t h e  t r i c l i n i c  c a s e  t h e  r e a l  and r e c i p r o c a l  
a x e s  do n o t  c o i n c i d e .

xo c a l c u l a t e  t h e  s e t t i n g  a n g l e s  f o r  a c r y s t a l  on  
t h e  d i f f r a c t o m e t e r  i t  i s  n e c e s s a r y  t o  u s e  a program  
o r i g i n a l l y  w r i t t e n  by M .J .D .  P o w e l l  f o r  t h e  STRETCH c o m p u te r ,  
and s u b s e q u e n t l y  m o d i f i e d  f o r  u s e  on ATLAS and th e  
IBM 3 6 0 /6 5 *  T h i s  program  i s  f u l l y  d e s c r i b e d  e l s e w h e r e  
( P o w e l l ,  1 9 6 5 )  b u t  some n o t e s  a r e  i n c l u d e d  h e r e  a s  an 
A p p en d ix .  The d i f f r a c t o m e t e r  i t s e l f  i s  d e s c r i b e d  by  
Bunce and W hee ler  ( 1 9 6 5 ) .

REAL AXIS VERTICAL

A c r y s t a l  may be s e t  up w i t h  a r e a l  a x i s  v e r t i c a l  
( a t  y = 0 ° )  i n  one o f  s e v e r a l  w a y s ,  v i z .  by X -r a y  o s c i l l a t i o n  
o r  b a c k - r e f l e x i o n  Laue p h o t o g r a p h s ,  a f t e r  w h ich  i t  i s  
t r a n s f e r r e d  t o  t h e  d i f f r a c t o m e t e r  on w h ich  i t s  p o s i t i o n  i s  
d e f i n e d  by s e t t i n g  o f  $ ,  0  and 0 f o r  a s t r o n g  z e r o - l a y e r  
r e f l e x i o n  and by t u r n i n g  th o  g o n i o m e t e r  by hand u n t i l  t h e  
p eak  i s  i n d i c a t e d  on t h e  r a t e - m e t e r .  T h i s  peak  i s  
c e n t r e d  a s  w e l l  a s  p o s s i b l e ,  t h e  g o n i o m e t e r  i s  c lamped  
i n  p o s i t i o n ,  a n d ,  i f  t h e  c r y s t a l  h a s  b e e n  s e t  up p r o p e r l y ,  
g e n e r a l  r e f l e x i o n s ,  f o r  w h ich  y £ . 0 ° ,  w i l l  a p p ea r  w here  
p r e d i c t e d *

T h i s  method h a s  s e v e r a l  d i s a d v a n t a g e s ,  t h e  g r e a t e s t  
o f  w hich  i s  t h a t  t h e  a d j u s t m e n t s  t o  t h e  a r c s  a r e  made on  
th e  b a s i s  o f  X -r a y  p h o t o g r a p h s  from w h ic h  no b e t t e r  a c c u r a c y  
t h a t  0*10  -  0*20^ may be o b t a i n a b l e ,  w h i l s t  t h e  a c c u r a c y  
o f  t h e  i n s t r u m e n t  i s  s p e c i f i e d  a s  0 * 0 1 ° .  I t  i s  a l s o  
d i f f i c u l t  t o  make a d j u s t m e n t s  t o  t h e  a r c s  on ce  t h e  c r y s t a l  
i s  mounted on t h e  i n s t r u m e n t  a s  y s c a n s  o f  a z e r o - l a y e r
r e f l e x i o n  t e n d  t o  show l i t t l e  v a r i a t i o n  o f  peak  i n t e n s i t y  
o v e r  r a n g e s  o f  3*00  t o  4 * 0 0 ° .



- 2 -

2 . 2 .  RECIPROCAL AXIS VERTICAL

The s e c o n d ,  an d  m o s t  s a t i s f a c t o r y ,  a p p r o a c h  t o  
t h e  p r o b le m  i s  t o  o r i e n t  t h e  c r y s t a l  so t h a t  a  r e c i p r o c a l  
a x i s  i s  v e r t i c a l  a t  v = 0 ° .  The m a in  a d v a n t a g e  o f  t h i s  
m e th o d  i s  t h a t  t h e  c r y s t a l  i s  s e t  up  on t h e  d i f f r a c t o m e t e r  
i t s e l f ,  t h o u g h ,  o f  c o u r s e ,  i t s  a p p r o x i m a t e  o r i e n t a t i o n  
h a s  t o  be  known f i r s t .  T h i s  i s  e a s i l y  o b t a i n e d  o p t i c a l l y  
o r  f ro m  a n  X - r a y  o s c i l l a t i o n  p h o t o g r a p h .

The c r y s t a l  i s  m o u n te d  on  t h e  d i f f r a c t o m e t e r  a n d  
a  s t r o n g  . r e f l e x i o n ,  f o r  w h ic h  y = + £ 0 * 0 0 °  ( i . e .  a n  
OkO o r  OkO r e f l e x i o n  i f  b* i s  v e r t i c a l )  i s  c h o s e n ,
0 a n d  S b e i n g  p o s i t i o n e d  a p p r o p r i a t e l y .  F o r  s u c h  a  
r e f l e x i o n ,  v i z .  a t  y = + 9 0 * 0 0 ° ,  $ i s  i n s e n s i t i v e ,  a s  
r o t a t i n g  $, when t h e  c r y s t a l  i s  p r o p e r l y  s e t ,  m e r e l y  r o t a t e s  
t h e  r e c i p r o c a l  v e c t o r  w i t h o u t  a l t e r i n g  i t s  p o s i t i o n .  $ 
i s  p o s i t i o n e d  so t h a t  one  a r c  o f  t h e  g o n i o m e t e r  i s  
h o r i z o n t a l  a n d  t h e  o t h e r  v e r t i c a l .  The h o r i z o n t a l  
a r c  i s  t h e n  a d j u s t e d ,  p r e f e r a b l y  b y  m ean s  o f  a n  e x t e n d e d  
a r c  k e y ,  u n t i l  t h e  i n t e n s i t y  o f  t h e  p e a k ,  i n d i c a t e d  on  
t h e  r a t e - m e t e r ,  i s  m a x im is e d ;  * i s  t h e n  t u r n e d  t h r o u g h  
+ 9 0 °  a n d  t h e  o t h e r  a r c  s i m i l a r l y  a d j u s t e d .  The c r y s t a l  
i s  now s e t  w i t h  t h e  r e c i p r o c a l  a x i s  v e r t i c a l  a t  y = 0 ° .  
F i n a l l y ,  t h e  g o n i o m e t e r  i s  c la m p e d  i n  p o s i t i o n  f o r  a  
r e f l e x i o n  a t  y = 0 °  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .

2 . 3 .  GENERAL ORIENTATION

T h i s  m e th o d  r e q u i r e s  t h a t  t h e  o r i e n t a t i o n  o f  t h e  
c r y s t a l  be  known a p p r o x i m a t e l y ,  a n d  s e t t i n g  a n g l e s  s h o u l d  
be  c a l c u l a t e d  f o r  t h i s  a p p r o x i m a t e  o r i e n t a t i o n .  The 
g o n i o m e t e r  i s  c la m p e d  i n  p o s i t i o n  a s  d e s c r i b e d  p r e v i o u s l y .  
G e n e r a l  r e f l e x i o n s  f o r  w h ic h  y = 0 °  a r e  t h e n  s o u g h t ,
0 a n d  0 b e i n g  s e n t  t o  t h e  p o s i t i o n s  c a l c u l a t e d  f o r  t h e  
r e f l e x i o n ;  0 i s  d e p e n d e n t  on t h e  c e l l  d i m e n s i o n s  o f  
t h e  c r y s t a l ,  a n d  i n  g e n e r a l  0 = 0 ,  t h u s  t h e  o r i e n t a t i o n  
o f  t h e  c r y s t a l ,  w i t h  r e s p e c t  t o  t h e  d i f f r a c t o m e t e r ,  i s  
d e f i n e d  b y  $ a n d  y .  As t h e  c r y s t a l  i s  n o t  s e t  p r o p e r l y  
i . e .  n o t  w i t h  a n  a x i s  v e r t i c a l ,  a  g e n e r a l  r e f l e x i o n  w i l l  
n o t  be  f o u n d  e x a c t l y  w h e re  p r e d i c t e d  b u t ,  by  m ovem ents  
o f  $ a n d  y ,  i t  s h o u l d  be  l o c a t e d  w i t h o u t  u n d u e  d i f f i c u l t y ,  
a n d ,  o n c e  l o c a t e d ,  r e f i n e m e n t  o f  * a n d  y a r e  s u c c e s s i v e l y  
c a r r i e d  o u t  u n t i l  p e a k  m a x i m i s a t i o n  i s  o b t a i n e d .
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T h i s  p r o c e d u r e  i s  c a r r i e d  o u t  f o r  s e v e r a l  r e f l e x i o n s  
w h ic h  s h o u l d  b e ,  i f  p o s s i b l e ,  i n  d i f f e r e n t  r e g i o n s  o f  
r e c i p r o c a l  s p a c e  a n d  a t  h i g h  v a l u e s  o f  Q. The p o s i t i o n s  
o f  t h e s e  r e f l e x i o n s  a r e  t h e n  p u t  i n t o  t h e  P o w e l l  p ro g ra m  
a n d  a new s e t  o f  a n g l e s  c a l c u l a t e d  f ro m  w h ic h  e v e r y  r e f l e x i o n  
s h o u l d  be  l o c a t e d  w h e re  p r e d i c t e d .

The r e s u l t s  o b t a i n e d  b y  t h i s  a p p r o a c h  t e n d  t o  be  
u n s a t i s f a c t o r y  a n d  c o n s e q u e n t l y  i t  i s  v e r y  s e ld o m  u s e d .  One
l i k e l y  r e a s o n  f o r  t h i s  i s  t h e  i n s e n s i t i v i t y  o f  y when c a r r y i n g  
o u t  t h e  r e f i n e m e n t  o f  t h e  p e a k  p o s i t i o n .  I n  many c a s e s  l i t t l e  
v a r i a t i o n  i n  i n t e n s i t y  may be i n d i c a t e d  o v e r  a  r a n g e  o f  3*00 t o  
4 *0 0 ° .
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APPENDIX

( l )  The s e t t i n g  a n g l e s  o b t a i n e d  from t h e  ATLAS and 3 6 0 / 6 5  
v e r s i o n s  o f  t h e  P o w e l l  program a r e  e n t i r e l y  e q u i v a l e n t  
b u t  d i f f e r  i n  t h e i r  d e f i n i t i o n  o f  t h e  d i r e c t i o n  o f  t h e  
r e c i p r o c a l  l a t t i c e  v e c t o r  f o r  a g i v e n  r e f l e x i o n ,  e . g .

ATLAS 3 6 0 / 6 5

R .FLEXION $ X « y

221 1 4 1 - 4 5  - 3 7 * 3 1  - 3 8 * 5 5  37*31

221 -  3 8 - 5 5  37*31 141*45  -3 7 * 3 1

D and 0 a r e  o f  c o u r s e  i d e n t i c a l  f o r  t h e  221 and 221  
r e f l e x i o n s  i n  each  c a s e .

( 2 )  A v e r s i o n  o f  t h e  P o w e l l  program  m o d i f i e d  by P . J .  Brown 
i s  a v a i l a b l e  t o  c a l c u l a t e  a n g l e s  f o r  t h e  F e r r a n t i  t w o -  
c i r c l e  d i f f r a c t o m e t e r  ( w i t h  c r y o s t a t ) .  T h i s  i s  n o t  
a v a i l a b l e  on ATLAS.

( 3 )  The " f i t t i n g "  | ) ro c e d u r e  f o r  c r y s t a l s  i n  a g e n e r a l  
o r i e n t a t i o n ,  a s  d e s c r i b e d  i n  S e c t i o n  2 . 3  i s  a v a i l a b l e  
o n l y  on t h e  3 6 0 / 6 5 -

( 4 )  P r i o r  t o  u s i n g  t h e  P o w e l l  program t h e  f o l l o w i n g  d a t a  
must  be known:

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

( b )  C u rren t  n e u t r o n  w q v e le n g t h

( c )  C u r r e n t  l i m i t  s w i t c h  p o s i t i o n s ;  t h e s e  c o m p r is e  
t h e  f i r s t  f o u r  c a r d s  o f  t h e  " P o w e l l  D a ta " .


