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Abstrac t  

The c r y s t a l  s t r u c t u r e s  of f o u r  inorganic  compounds: 

f s f a r s M r k ( ~ 0 )  8 )  (IV),were determined by x-ray d i f f r a c t i o n  

techniques .  I n t e n s i t y  d a t a  c o l l e c t i o n  was c a r r i e d  out on 

a Picker  f o u r - c i r c l e  d i f f r ac tomete r ,  manually operated f o r  

( I )  and (II) ,  and computer c o n t r o l l e d  f o r  (111) and (IV) . 
While t h e  Phase Problem i n  (11) and ( N )  was solved by 

P a t t e r s o n  syn thes i s ,  t h a t  i n  (111) was solved by Direc t  

Methods (   an gent Refinement Program ) . The s t r u c t u r e  

s o l u t i o n  of ( I )  was complicated by t h e  ex i s t ence  of pseudo- 

symmetry and was solved by us ing  Direc t  Methods (,Symbolic 

Addition Procedure ) .  Refinement of t h e  atomic and thermal 

p a r a m e t e r s i n a l l  cases  was by f u l l - m a t r i x  l eas t - squares  

techniques .  Resul t s  a r e  shown i n  t h e  fo l lowing t a b l e  : 

compounds I I1 I11 IV 

number of 
r e f  lex ions  
measured 
number of r e f l e x i o n s  
regarded as 
s i g n i f i c a n t l y  511 1392 2197 1439 
above background 
( N )  

no.  of v a r i a b l e s  77 94 107 208 
(v )  . 
N/V 6.6 14.8 20 .5  6.9 

f i n a l  R-value ( $ )  6.9 5 .O 5 -4 3 . 5  

iii 



The t h e s i s  a l s o  g ives  a  d i scuss ion  of t h e  s i g n i f i c a n c e  

of t h e  r e s u l t s  and a  d e t a i l e d  d e s c r i p t i o n  of t h e  exper i -  

mental and computing methods used i n  t h e  s t r u c t u r e  determina- 

t i o n  of t h e s e  compounds. The fol lowing b r i e f l y  descr ibes  t h e  

major f e a t u r e s  i n  each s t r u c t u r e .  

I n  ( I ) ,  t h e  two chromium atoms a r e  l inked  toge the r  by 

a  chromium-chromium bond (2.650 (4);) and by br idging  n i t r o -  

s y l  and amido groups, each chromium atom i s  a l s o  bonded t o  a  

t e rmina l  n i t r o s y l  group and a  n-cyclopentadiene r i n g .  I n  t h i s  

model of t h e  s t r u c t u r e ,  a c r y s t a l l o g r a p h i c  mi r ro r  plane passes  

through t h e  C r - C r  bond and t h e  t e rmina l  n i t r o s y l  groups 

with t h e  two b r idg ing  groups be ing  d isordered .  Each 

cyclopentadiene r i n g  i s  descr ibed by two equal occupancy 

d isordered  o r i e n t a t i o n s .  

I n  (11), t h e  i o d a t e  groups a r e  p r i m a r i l y  t r i g o n a l  

pyramidal.  Weak i n t e r i o n i c  ( I  ... 0 )  and hydrogen I OH...^) 

bonds r e s u l t  i n  a  three-dimensional network with a  

corresponding inc rease  i n  t h e  coordina t ion  numbers ( s i x  

and seven) , abou t  t h e  iod ine  atoms. S i g n i f i c a n t  d i f f e r -  

ences a r e  found between t h e  1-0 and I -OH bonds. 

I n  (III), each t e l l u r i u m  atom i n  t h e  molecule has  

a d i s t o r t e d  oc tahedra l  environment formed by two t r a n s -  

Te-I, two c i s -  Te-C covalent bonds and two s h o r t  i n t e r -  - 
molecular Te ... I con tac t s  from iodine  atoms a t t ached  t o  

neighbouring ( C H ~  )* TeI2 molecules.  A s  a  r e s u l t ,  t h e  



molecules are linked together in corrugated sheets. Since 

there are three crystallographically distinct (c% ), c el, 

molecules in the asymmetric unit, variations in the Te-I 

bonds can be correlated with the regularity of the octa- 

hedral environment about the tellurium atoms. 

In (IV), the molecule is binuclear ; each 

manganese atom is bonded to a.n arsenic atom and four 

carbonyl groups. The two M~(co,+) units are joined together 

by a long Mn-Mn bond (2.971(3) 1) and the bridging f4fars 
ligand. The molecule is twisted about the Mn-Mn bond so 

that the ligands of the two manganese atoms are almost 

perfectly staggered, as in the parent compound Mn2(~~)1w 



To Tin and my parents  
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CHAPTER 1 

INTRODUCTION 

X-ray diffraction techniques have been most valuable 

in providing quantitative data from structural studies in 

the solid state. Moreover the development of computers in 

recent years has had great impact on the technical aspect 

of structure determinations. This thesis describes the 

x-ray crystal structure analysis of four inorganic compounds: 

dicyclopentadienyldinitrosyl~-nitrosyl~-amidodichromiwn(I), 

( C ~ H ~ ) ~ C ~ ~ ( N O ) ~ ( N H ~ )  (I); potassium hydrogen di-iodate, 

KI03 .HI03 (11) ; a-dimethyltellurium di-iodide, ~ - ( c H ~ ) ~ T ~ I ~  

(111); and tetrafluorocyclobutenebis(dimethylarsine)- 

octacarbonyldimanganese ( 0 )  , ( c H ~  ) 2 ~ ~ E = ~ ~ ~  (cH~) ~ c G F ~ M ~ P  ( ~ 0 ) ~  

(abbreviated as f4fars~2(~~)8) (IV) . 
Displacement of chloride from cyclopentadienyl-dinitro- 

syl-chloro-chromium, (C~H~)C~(NO)~CI, can lead to mononuclear 

or binuclear products. The binuclear products containing 

bridging groups attracted attention as several geometrical 

isomers were possible1. The structures of [C5H5cr(N0) 2] 2 2 

both in solidandliquid states would be interesting as 

they can be compared with the analogous complexes, e.g. 

[ C ~ H ~ F ~ ( N O ) ~ ] ~ ~ ,  which exhibit geometric 

It had been reported that during the preparation 



of [ C 5 I I 5 C r  ( N O )  2] *, a by-product, compound ( I) ,  was obtained5,  

presumably formed by t h e  reduct ion  of C r - N O  t o  C r - N H 2  by NaBH4. 

From spect roscopic  evidence it was expected t o  have unusual 

mixed amido and n i t r o s y l  br idges  a s  we l l  a s  a  p o s s i b l e  metal-  

metal  bond. U n t i l  1969 t h e r e  was no r e p o r t  on c r y s t a l  

s t r u c t u r e s  of compounds with br idging  n i t r o s y l  groups. The 

chemical i n t e r e s t  coupled with i t s  s t a b i l i t y  i n  a i r  and 

under x-rays made ( I )  an  a t t r a c t i v e  s u b j e c t  f o r  a  c r y s t a l  

s t r u c t u r e  study. 

During t h e  i n f r a - r e d  s t u d i e s  of some ioda te  compounds 

it was found6 t h a t  t h e  spectrum f o r  KI03.HI03 (11) was 

complex and t h e  bands could no t  be ass igned s a t 5 s f a c t o r i l y  

from a simple s t r u c t u r a l  model. It was concluded t h a t  

perhaps two kinds of ioda te  groups were present .  It i s  

i n t e r e s t i n g  t o  note  t h a t  var ious  i o d a t e  compounds7 possess  

non- l inear  o p t i c a l  p r o p e r t i e s  and they  have various a p p l i -  

c a t i o n s  i n  t h e  s o l i d  s t a t e .  Most of them were found t o  

have secondary in termolecular  i n t e r a c t i o n s  bes ides  t h e  
- 

primary bonding arrangement of t r i g o n a l  pyramidal 103 

groups. In p a r t i c u l a r ,  t h e  c r y s t a l  s t r u c t u r e  of a - i o d i c  

ac id ,  U - H I O ~ ~ ,  showed a d d i t i o n a l  hydrogen bonding t o  form 

i n f i n i t e  chains  of t h e  type .... HI0 3... .HI03... .HI03... .  . 
The c r y s t a l  s t r u c t u r e  of (11) wasexpected t o  r evea l  t h e  

d i f f e r e n t  environments about t h e  iodine  atoms due t o  p o s s i b l e  

in termolecular  I...O i n t e r a c t i o n s  a s  wel l  as t h e  na tu re  of 



the hydrogen OR. . . 0 bonding.. 

The study of dimethyltellurium di-iodide dates back to 
1 

the 1920 s when vernong suggested that it existed in a and 

f3 forms which he concluded to be cis- and trans- isomers - 
of a square-planar structure. Subsequent investigation by 

1 0  
Drew suggested that they were actually covalent (a) and 

ionic ( @ )  isomers. The ionic ( @ )  form was confirmed by 
+ an x-ray structure determination to be [ T ~ ( C H ~ ) ~  ] 

[ ~e (CH~) L - 1  l. Preliminary x-ray work on the a isomer1 

showed that there were twelve formula units per unit cell, 

and the simple molecular formula of ( c H ~ ) ~ T ~ I ~  was there- 

fore questioned. A detailed structure analysis of the a 

isomer was thus carried out to study its exact nature and 

and to compare it with the form. 

The ligating properties of the 1,2-bis (dimethy1arsine)- 
I----------- - -7 

tetrafluorocyclobutene (CH~)~ASC=CAS(CH~)~CF~CF~ (f4fars) 

have been well known13. It can act as a monodentate, biden- 

tate, tridentate or bridging ligand. (IV) was prepared by 

Crow et al14"by reaction of fafars with dimanganese deca- 

carbonyl. Spectroscopic evidence indicated a bridging 

f,fars ligand and a Mn-Mn bond. Reaction of (IV) with 

iodine at room temperature resultedinrupture of the metal- 

metal bond to give f4fars-Mn2~2(~~)8. It had a f4fars ligand 

bridge as the only linkage between the two M~I(CO)~ moieties 

which were twisted about the Mn-As bonds to lie on either 



s i d e  of t h e  cyclobutene r i n g ' 4 b .  It was considered i n t e r e s t -  

i n g  t o  f i n d  out  the  exact  coordina t ion  about t h e  manganese 

atoms i n  (Iv) before the  rupture  of t h e  Mn-Mn bond, and 

t o  compare it with t h e  parent  compound Mn2 ( C O )  l 5  a s  

we l l  a s  o t h e r  r e l a t e d  f 4 f a r s  d e r i v a t i v e s .  



CHAPTER 2 

EXPERIMENTAL 

A g e n e r a l o u t l i n e  of t h e  experimental  method i s  pre-  

sented  i n  t h i s  s e c t i o n .  A summary of t h e  c r y s t a l  da ta  i s  

included f o r  comparison i n  Table ( I ) .  

Crys ta l s  of ( I )  and (IV) were suppl ied  by Drs N . F l i t c r o f t  

and W.R.Cullen respectively.(111) was a v a i l a b l e  a s  a  commercial 

product .  (11) was prepared by mixing warm equimolar aqueous 

s o l u t i o n s  of KI03 and HI03 and c r y s t a l s  of KI03 .HI03 separa ted  

out on cool ing .  

2 .1 Prel iminary Examinat ion  and Photography 

Samples of t h e  c r y s t a l s  were examined with a hand-lens 

and under a  p o l a r i z i n g  microscope before  mounting. Unlike 

t h e  o the r s  which were s t a b l e  i n  a i r ,  c r y s t a l s  of (111) were 

extremely v o l a t i l e  and t o x i c .  They were t h e r e f o r e  f i r s t  

examined i n s i d e  a  v i a l  with t h e  hand-lens and f o u r  s u i t a b l e  

c r y s t a l s  were then  i n d i v i d u a l l y  sea led  i n  c a p i l l a r i e s .  Since 

t h e  s i n g l e  c r y s t a l  fragment of (11)was a f r a g i l e , t h i n p l a t e i t  

was a l s o  sea led  i n  a  c a p i l l a r y .  S u i t a b l e  c r y s t a l s  of ( I )  and 

(IV) were mounted on t h i n  g l a s s  f i b r e s .  

Af te r  a  c r y s t a l  was a l igned  on a  two-c i rc le  Nonius 

Optical  Goniostat ,  it was put on t h e  Weissenberg and precess ion  

cameras t o  determine i t s  q u a l i t y ,  s e t t i n g ,  c e l l  dimensions 



and p o s s i b l e  space groups. The photographic information was 

s p e c i a l l y  h e l p f u l  i n  ( I )  and (11)(as  t h e i r  i n t e n s i t y  d a t a  were 

c o l l e c t e d  on a manually operated d i f f r ac t0mete r )and  served a s  

input  d a t a  t o  t h e  program ~ ~ ~ ~ 2 ( w r i t t e n  by E.L. Enwall) t o  

c a l c u l a t e  t h e  angular  s e t t i n g s  f o r  t h e  unique s e t  of r e f l e x i o n s .  

The d e n s i t i e s  of t h e  compounds were measured us ing  a  

Berman d e n s i t y  balance except i n  t h e  case of ( I )  where a  l i q u i d  

of t h e  same d e n s i t y  was prepared and i t s  d e n s i t y  measured a f t e r -  

wards. 

2 .2  Dif f  ractometry 

I n  t h e  cases  of ( I )  (11) and (III) ,  t h e  s i n g l e  c r y s t a l s  

f o r  photography were a l s o  used f o r  d i f f r ac tomet ry .  I n  t h e  case 

of (IV), a c r y s t a l  g r inder  was used t o  gr ind  a  c r y s t a l  of cubic- 

 size(^ .5mrn) very slowly t o  an approximate sphere of .17rnrn 

r a d i u s .  To examine t h e - q u a l i t y  and s e t t i n g  of t h i s  c r y s t a l  

before  it w a s  put  on t h e  d i f f r ac tomete r ,  a  precess ion  photo- 

graph w a s  t aken  which was l a t e r  i d e n t i f i e d  t o  be t h e  {hhlj  zone. 

A manually operated Picker  f o u r - c i r c l e  d i f  f rac tometer  

was used f o r  t h e  da ta  c o l l e c t i o n  of ( I )  and (11) but it was 

fully-automated f o r  (111) and (IV) . The software was t h e  

Picker  F A C S  I system f o r  (111) and t h e  Vanderbi l t  system ( a  

modified ve r s ion  of FACS I by D r .  G .  Lenhert ,  Vanderbi l t  

Un ive r s i ty )  f o r  ( IV) . Differences i n  experimental  procedures 

between ( I )  (11) and (111) ( I V )  t hus  mainly arose  from t h e  



manual and automatic opera t ions  of t h e  d i f f  ractometer  . 

Two r e f l e x i o n s  were c a r e f u l l y  i d e n t i f i e d  t o  determine 

t h e  s e t t i n g  of a c r y s t a l .  Both ( I )  and (11) had r e c i p r o c a l  

axes a t  ~=90' and X=~O. (111) was mounted about t h e  - a  

(monoclinic) a x i s  and both r e f l e x i o n s  were a l igned  a t  X=~O. 

The matr ix  f o r  t h e  general  o r i e n t a t i o n  of ( I V )  was ca lcu la ted  

f i r s t  from i t s  photographically-determined c e l l  dimensions 

and two c a r e f u l l y  cent red  r e f l e x i o n s  . Orien ta t ion  matr ices  

of (111) and (IV) were r e c a l c u l a t e d  a f t e r  a c c u r a t e  c e l l  
6 

dimensions had been determined on t h e  d i f f r a c t o m e t e r .  Since 

(111) and (IV) did  not  have r e c i p r o c a l  axes a t  y,=90•‹ t h e  

e f f e c t s  due t o  i n t r i n s i c  mul t ip le  r e f l e x i o n  were m i n i r n i ~ e d ' ~ .  

Accurate c e l l  dimensions were determined from a  l e a s t -  

squares  f i t  t o  a  number of r e f l e x i o n s  whose 28 values were 

accura te ly  measured on t h e  d i f  f ractometer  . Unf i l t e red  

r a d i a t i o n  and narrowed d e t e c t o r  s l i t  were used s o  t h a t  MoRa, , 

a2 and p p o s i t i o n s  could be d i s t i n c t l y  resolved .  MoKa, was 

used i n  ( I ) , ( I I I )  and ( I V )  but  a l l  t h r e e  r a d i a t i o n s  were used 

i n  (11) and a  good cons is tency was found among t h e  t h r e e  

r e s u l t s  obta ined .  Measurements of both + and - 28 were c a r r i e d  

out  i n  ( I )  and (11) and t h e i r  average value was taken.  

I n  genera l  t h e  take-off  angle  was small  t o  g ive  a  sharp- 

p a r a l l e l  i n c i d e n t  beam i n  order  t o  inc rease  t h e  accuracy of 

t h e  measurement of t h e  20 va lues .  

I n t e n s i t y  da ta  of t h e  unique s e t  of r e f l e x i o n s  were 



c o l l e c t e d  using t h e  8-20  scan method. MoKa r a d i a t i o n  
0 

( X = 0.7107A) was used with a niobium f i l t e r .  The scan 

widths were determined by pre l iminary  i n v e s t i g a t i o n  of 

t h e  mosaic i ty  of t h e  r e f l e x i o n s  on t h e  d i f f r ac tomete r  

p r i o r  t o  d a t a  c o l l e c t i o n .  Scan widths were a l s o  co r rec ted  

f o r  d i s p e r s i o n  e f f e c t s  i n  (111) and ( Iv) .  Since t h e  

d i f f r a c t i o n  spo t s  a s  seen from t h e  photographs of ( I )  

and (11) were reasonably i n t e n s e  and sharp,  a  f a s t e r  scan 

speedof  hO/min was used t o  a c c e l e r a t e  manual d a t a  c o l l e c t i o n .  

A scan r a t e  of 2O/min was used i n  (111) and (Iv).  Three 

s tandard  r e f l e x i o n s  were measured a t  l e a s t  every f o u r  

hours t o  check t h e  consis tency of t h e  process and t h e  

f l u c t u a t i o n s  were k1.54 ( I ) ,  &1.0$(11) , *2 .5$  (111) and 

& Z 3 $  (IW* 

I f  absorpt ion  e f f e c t s  a r e  no t  co r rec ted ,  they  can 

a f f e c t  t h e  accuracy of t h e  r e s u l t s ,  p a r t i c u l a r l y  t h a t  of 

t h e  thermal parameters.  Since t h e  l i n e a r  absorpt ion  coef- 

f i c i e n t s  p . f o r  ( I )  and ( I V )  were low g iv ing  only small  

v a r i a t i o n s  o f t h e  t ransmiss ion  f a c t o r s  with and i n  t h e i r  

extreme values of I ~ R  ( R=spherical  r ad ius  of t h e  c r y s t a l ) ,  

no absorpt ion  c o r r e c t i o n s  were app l i ed .  For (11) and 

(111) t h e  values of 11-were considerably h igher .  A 

semi-empirical method l 7  of absorpt ion  c o r r e c t i o n  



was used where t h e  v z r i a t i o n  of i n t e n s i t y  of a  r e f l e x i o n  
- 

a t  X=90•‹ was p l o t t e d  a g a i n s t  t h e  azimuthal  angle  2 . Rela- 

t i v e  t ransmiss ion  f a c t o r s  der ived from t h e  curve were 

app l i ed  t o  t h e  i n t e n s i t y  measured* according t o  the  8 angles 

of t h e  ref lexions.The extreme v a r i a t i o n s  of i n t e n s i t y  due t o  

absorp t ion  were about 3.0 i n  (11) and 2.0 i n  (111) and t h e s e  

r e f l e x i o n s  involv ing  extremely low t ransmiss ion  f a c t o r s  were 

few i n  number. T h i s  approximate absorpt ion  t reatment  was 

s u i t a b l e  f o r  (11) a s  it was a  t h i n  p l a t e  and mounted i n  a  

d i r e c t i o n  p a r a l l e l  t o  t h e  p l a t e , b u t  l e s s  i d e a l  f o r  (111) i n  

terms of t h e  c r y s t a l  habi t ,where end e f f e c t s  could in t roduce  

e r r o r s  and absorpt ion  c o r r e c t i o n  might not  be a func t ion  of 

6. a l o n e .  As t h e  mounting of (111) gave no r e f l e x i o n  a t  

X=90•‹ during d a t a  c o l l e c t i o n ,  each a r c  on t h e  goniometer 

head was moved by about 6' t o  g ive  t h e  r e f l e x i o n  3 3 -1 a t  

x=90•‹. 

* The reciprocals  o f  t h e  r e l a t i v e  t ransmiss ion  f a c t o r s  
a r e  m u l t i p l i e d  i n t o  t h e  measured i n t e n s i t y  
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CHAPTER 3 

COMPUTATIONS 

3.1 Data Reduction 

3.1.1. The Structure Factor F 

For a unit cell containing N atoms, the structure 

factor F is a function of the fractional coordinates 

(x, ,y, , z, ), the scattering factor f, and the temperature 

factor B, of the nth atom as well as the Miller Indices 

where f, in general can be written as the sum of the Rayleigh 
1 

scattering (f, ), and the real (Af ) and imaginary ( ~ f " )  terms 

due to anomalous scattering: 

f,, = f o  -t b f t +  hf" 12) 

Although f, is always the dominant factor, effects due 

anomalous scattering should not be neglected. This point 

becomes particularly important when the structure is non- 

centrosymmetric, as illustrated in the structure determina- 

tion of compound (IV) (section 3.6.4). The scattering factor 

curves used throughout this work, including anomalous scatter- 

ing , were taken from the International Tables for x-ray 

crystallography18 for the non-hydrogen atom,? and the paper 

by Stewart . - et al.19 for the hydrogen atoms. - - - - - . . - - -- 

*SCF values for light atoms and TFD model values for atoms 
with atomic numbers larger than 23 



3.1.2 The Intensity Equation 

To find the atomic positions, one must be able to relate 

the structure factor F to the measured intensity I,,. A 

single crystal of finite size will reflect over a certain 

angular range on either side of the Bragg angle 13 given by: 

where 1 is the wavelength and d is the interplanar spacing. 

If the crystal is turned through the reflecting position with 

angular velocity UI to give a total measured reflected energy 

E, the following equationz0 holds for a small crystal of 

ideal mosaicity: 

where I,= incident beam intensity (in energy/cm2/sec) 

N 1 =  number of unit cells per unit volume of the crystal 

m = mass of an electron 

e = charge of an electron 

c = velocity of light 

L = Lorentz correction term 

p = polarization correction term 

V = volume of the crystal 

A = absorption correction term 

and &/I, is called the integrated reflection. 

The Lorentz factor L is concerned with the time required 

for a reciprocal lattice point to pass through the sphere of 

reflection. It varies with the geometries of different 



experimentalmethods. For diffractometer data collected by the 

8 -28 scan technique, it is given by 

The term p arises from a reduction of the scattered 

intensity due to polarization effects of electromagnetic 

radiation upon reflection and depends on the angle 0 .  If the 

incident beam is unpolarized, it is given by 

The absorption term A is the most difficult to calculate 

exactly as it requires a precise description of the crytal 

shape. The treatment of this problem in this work has been 

described in section 2.2. 

Assuming the measured intensity* I,, to be proportional 

to Eu, one can write 

where K is the constant which reduces equation (4) to equa- 

tion (7), and is known as the scale factor. Since the exact 

value of Kisunimportant unless absolute magnitudes of the 

IF1 Is are required, it has been omitted from the data 

reduction calculations. The IF1 Is derived from the I,, are 

-. ---- --- - 
* Note the word "intensity" has been loosely used since it 
does not have the proper dimension for intensity, namely 
energy cm-2sec -1. 



then 1 'relative I s ( abbreviated a s  I Fre, 1 s  ) defined as  

A t h e o r e t i c a l  c a l c u l a t i o n  of k 1  ( = l / J K )  i s  poss ib le  by means 

of t h e  Wilson p lo t21a  . 
A r e f l e x i o n  was considered a s  observed i f  i t s  i n t e n s i t y  

was xo times above t h e  background ( x  was chosen a s  1.8,2.0,2.5, 

and 2.0; CJ=+,/N, where Nc i s  t h e  scan-t total  normalized background 

c o u n t s ) .  The "unobserved" r e f l e x i o n s  were n o t  included i n  t h e  

refinement.  The computer program used was t h e  NRCC Data 

Reduction program ( by Ahmed and Pippy ) with l o c a l  

modif ica t ions .  

3.2 So lu t ion  of the  Phase Problem 

3 .2 .1  The Phase Problem 
'4 

The s t r u c t u r e  f a c t o r  F defined by (1) has both amplitude 
(I 

and phase.  However, measurement of i n t e n s i t y  w i l l  only f u r n i s h  

d i r e c t  information of t h e  amplitude of F ( 7 )  while i t s  phase 

remains unknown. This i s  t h e  well-known Phase Problem i n  x-ray 

d i f f r a c t i o n .  To recover t h e  phases,  two approaches have been 

used: t h e  Di rec t  Methods and t h e  P a t t e r s o n  func t ion .  

3 .2.2 Di rec t  Methods 

I n  Di rec t  Methods, one t r i e s  t o  o b t a i n  an adequate s e t  of 

phases t o  s t a r t  with by considering t h e  i n t e n s i t i e s  t b ~ m s e l v e s .  

E a r l i e r  s t u d i e s ,  f o r  example those  by Sayre 2 1 b ,  had lead  

t o  some u s e f u l  r e l a t i o n s h i p s ,  which were l a t e r  exp lo i t ed  

by o t h e r  workers, notably  Hauptman and Karle .2* 



A number of relationshipshavebeen developed but the most 

powerful and widely used is the z2 principle: 

for centrosymmetric structures, and 

for noncentrosymmetric structures. E, is the normalized 

structure factor and cp, is the phase of the structure 

factor of the reflexion h. The symbol - means "is probably 
equal to"; kr implies that k ranges only over high I E ~  
reflexions. (10) is also written in the form known as the 

Tangent formula: 

The probability thatthe x2 relationship is true, according 

to Woolfson and ~ o c h r a n ~ ~ ,  is equal to 

2 where 03=FZi  and o2=ZZi , summation being o~ 
i 

and 2, being the atomic number of atom i. 

Jer the unit cell 

Both structures (I) and (111) were solved by Direct 

Methods, the former by the Symbolic Addition procedure2* 

(SAP) and the latter by the Tangent Refinement P~o~~&~(TRP). 

Both programs were obtained from NRCC (Ahrned&Hall;Hall&Huber). 

While these procedures are based on the C 2  principle, they 



d i f f e r  i n  t h e  opera t ions  which e x t r a c t  the  phases from t h e  

d a t a .  I n  t h e  centrosymmetric case ,  t h e  SAP gives  t e n t a t i v e  

s igns  t o  t h e  E 1 s  of t h e  z2 t r i p l e t s  when t h e  product sum 

accumulated i s  h igher  than a t e s t  l i m i t .  Reflexions with 

acceptable  t e n t a t i v e  s i g n s a r e t h e n  included i n  t h e  l i s t  of 

s igned r e f l e x i o n s  and a r e  used i n  t u r n .  The t e s t  l i m i t  values  

a r e  lowered success ive ly  ( t h i s  ensures  t h a t  only h ighly  

probable c o r r e c t  s igns  a r e  included i n  t h e  e a r l y  s t a g e s  of 

s i g n  development) t o  genera te  more t e n t a t i v e  s i g n s .  When t h e  
4 

minimum t e s t  l i m i t  i s  reached and t h e r e  a r e  s t i l l  r e f l e x i o n s  1 

with undetermined s i g n s ,  a symbol i s  assigned t o  t h e  r e f l e x i o n  

t h a t  has  the  most t r i p l e t s  among t h e  f i r s t  t e n  h ighes t  E ' s .  

The whole process  i s  repeated with t h e  f i r s t  t e s t  l i m i t  and 

so  on. More symbols can be assigned i f  necessary (maximum of 

f o u r ) .  The program then  seeks f o r  c o n s i s t e n t  i n d i c a t i o n  t o  

determine t h e  a c t u a l  s igns  of t h e  symbols and t h e i r  products .  

Symbolic a d d i t i o n  procedures a r e  s u i t a b l e  f o r  centro-  

symmetric space groups but u n s u i t a b l e  f o r  noncentro- 

symmetric ones due t o  t h e  u n r e s t r i c t e d  n a t u r e  of t h e  phases.  

The TRP i s  w r i t t e n  p a r t i c u l a r l y  f o r  t h e  noncentrosyrmetr ic  

space groups though it i s  a l s o  app l i cab le  t o t h e  centrosymme- 

t r i c  cases .  The TRP,in so lv ing  noncentrosymmetric s t r u c t u r e s ,  



has the advantage of refining the phases while the phase 

development continues. Ten cycles of phase extension and 

refinement are allowed, each ~ i t h  its o m  1 E I  threshold 
(the values decrease from cycles one to ten). 

The allowable triplets with E values above the current thres- 

hold are scanned five times for use in 

for reliability is given by the Rkarle 

(11). A principal test 

index defined as 

lEh  ob, is obtained from intensity data whereas \ ~ d ~ ~  is obtain- 

ed from the Tangent formula (11). A low Rkarle may indicate 

a basically correct set of phases. An acceptance limit is 

specified for each cycle so that any keflexion with IEl,, 

below the limit is considered unreliable and rejected from 

the subsequent iteration. 

The choice of origin reflexions, apart from satisfying 

the parity group requirements,should be exercised with care 

as they will initiate phase assignment and may therefore affect 

the phase development. If possible, these reflexions should 

interact among themselves, involve a relatively large number of 

triplets (especially with other large E values) and be among 

the largest E1s. When additional phases are assigned to initiate 

the process, specially with TRP, they should alsomeet the 

same requirements. 

While the TRP is definitely superior to symbolic 

addition procedures as far as noncentrosymmetric space 



groups are concerned (the SAP program mentioned is gene- 
20 

rally not applicable tononcentrosymmetric space groups),it 

is hardl-y so in the centrosymmetric cases. There, while the 

SAP will in most cases give the answers in one run,leaving 

the worker to ponder over the symbols, the TRP may require 

2n runs if n additional reflexions are included to initiate 

phase assignment. In other words, the multiple solution case 

of the SAP can be viewed as slightly more elegant and econ- 

omical than the single solution case of the TRF . 
Another relationship which is implied by the C 2  princi- 

ple is the C 1  relationship: 

(1'4) 

I 
1 

It should be noted that when the E1s are sufficiently large I I 
I 

E2h will probably be positive regardless of the sign of Eh . d 

This was used when part of the procedure was done manually 
I 
i 

in the solution of (I) as described in section 3.6.1. I 

Ill 

It has been pointed out by ~ e w a r * ~  that the <E2>ls of each 

parity group can be renormalized to lafter intensity statistics 

calculation. This point is immaterial in cases where the E 

distribution in various parity groups approaches uniformity, 

but becomes crucial where this is not so. In the solution of 

(I), four parity groups had generally weak E's which were 

consequently undetermined by the SAP . Twenty-nine among the 
strongest of these were signed manually, which were proved later 

to be correct,although the small values of the E's relative 

to those of the strong subgroup led to a low probability of 



c e r t a i n t y  ( 1 2 )  when t h e  E ' s  were n o t  normalized i n  t h e  r e s -  

pec t ive  p a r i t y  groups.  

3 .2 .3  The P a t t e r s o n  Function 

The P a t t e r s o n  func t ion  of an e l ec t ron-dens i ty  d i s t r i -  

but ion 

o r  represented  by t h e  Four ie r  S e r i e s  

The phys ica l  s i g n i f i c a n c e  of ( 1 6 )  i s  t h a t  P(u,v,w) i s  non- 

zero only f o r  values of (u,v,w) t h a t  r ep resen t  e l e c t r o n  d e n s i t y  

over lap .  For a  s e t  of N atoms, t h e  P a t t e r s o n  func t ion  con ta ins  

N~ peaks, N of these  coincide t o  form t h e  o r i g i n  peak. One 

h a l f  of t h e  remaining ( i  .e .  N(N-1)/2 ) peaks a r e  r e l a t e d  t o  

t h e  o t h e r  h a l f  by a  cen t re  of symmetry. The weight of a  P a t t e r -  

son peak i s  p ropor t iona l  t o  t h e  product of t h e  atomic numbers 

of t h e  two atoms involved.  Peaks generated by t h e  heavy atoms 

a r e  the re fo re  prominent i n  t h e  map. I n  genera l ,  a  s e t  of 

chemically reasonable ,atomic coordinates  can be worked out t o  

f i t  t h e  major f e a t u r e s  of t h e  P a t t e r s o n  map. Because of t h e  

na tu re  of convoluted funct ion ,  t h e  P a t t e r s o n  peaks a r e  

considerably broader than  t h e  atomic peaks.  I f  t h e  number of 



22 

heavy atoms is small(for example, it is four in structures 

(11) and (IV)) in the asymmetric unit, accidental coincidencz 

of the peaks should not be expected to be too serious. 

The symmetry of the crystal usually provides useful 

information concentrated in certain planes or lines of the 

three-dimensional Patterson function known as the Harker 

sections or lines. (~arker sections are more useful than Har- 

ker lines because of less overlap of peaks.) For instance 

a crystal belonging to a space group containing a two-fold 

b axis will give a Patterson peak with height proportional - 

to Z: at the' plans (2xi ,0,2zi ) corresponding to every vector 

between symmetry-related atoms at (xi ,yi , zi ) and (x, , -yi , z, ) . 
In the structure solution of (IV), the systematic absences 

were consistent with both Pna2, and Pnam space groups. The 

only Harker section derived from the former space group was 

at z=1/2 while the latter space group had additional Harker 

sections at y=1/2 and x=1/2. Since it was observed in the 

Patterson map that a concentration of peaks was found in 

the plane at z=1/2 only, the structure was assumed to belong 

to the space group Pna2,. 

3.3 Fourier Synthesis 

~quation(l5) gives the electron-density distribution 

in a Fouier series representation. The coefficients F t s  for 

the first Fourier electron density ma.p can be obtained by 

two methods. Direct Methods yield a set of phased E's 
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which gives the phases of a corresponding set of F1s whose 

* 
amplitudes can be obtained from (8). This set of F1s can 

then serve as coefficients in (15). Although the summation 

is not over the entire hkl values measured, the electron 

density map will give initial atomic positions since 

the input F's are always large in their respective ranges 

of  sine/^. On the other hand, solution of the Patterson 

function gives a set of atomic coordinates from which appro- 

ximate Falls can be computed(1) assuming some temperature 

factors. Usually the phases of the F,, Is and the amplitudes 

from the F,,; I S  are used as input to (15). If the heavy atoms 

represent a high percentage of the scattering material, they 

should be sufficiently good to constitute an initial phasing 

model even though the summation of 61) is not over the en- 

tire contents of the unit cell if some positions of the 

light atoms are not recovered from the Patterson map. 

the corresponding F,,, are used as coefficients in the 

Fourier series instead, an electron density difference map 

is obtained. As suggested by the definition of AF, the map 

will reveal the difference between the true structure and 

the model used. It is therefore useful in locating light 

atoms, correcting misplaced atoms and detecting anisotropic 

thermal motion. Since AF depends on F,, as well, a fairly 

good model should be obtained before the difference map can 
-- -0 - - - - - - - - - -. -. . -- . - . . - .- 
* Since the ~dies termination errors in an E map are more 
serious than those in a corresponding F map, it is expected 
to be more difficult in locating light atom positions in a 
heavy atom structure. However in a more equal-atom ty-pe 
structure, an E map will serve just as well. 
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be of s u b s t a n t i a l  he lp .  It should a l s o  be noted t h a t  when 

a  F,, i s  smal l ,  i t s  phase cannot be t r e a t e d  a s  r e l i a b l e .  

The Four ie r  syn thes i s  program used throughout t h i s  

work was FORDAP w r i t t e n  by Dr.A.Zalkin, Univers i ty  of 

C a l i f o r n i a .  It has opt ions  f o r  computing t h e  Pa t t e r son ,  

e l e c t r o n  d e n s i t y  and d i f f e r e n c e  maps. 

3.4 S t r u c t u r e  Refinement 

3 . 4 . 1  Least-Squares Method 

Af te r  a t r i a l  phasing model i s  obtained,  refinement of 

t h e  s c a l e  k'between t h e  observed and c a l c u l a t e d  s t r u c t u r e  

f a c t o r s ,  and p o s i t i o n a l  a s  wel l  a s  thermal parameters of 

t h e  atoms i s  by f u l l - m a t r i x  l eas t - squares  methodsz8. The 

q u a n t i t y  t o  be minimized i s  

L k L  

o r  a l t e r n a t i v e l y  

1 It has  been pointed out t h a t  i f  t h e  weights ,~ , ,  s, 

r e p r e s e n t  t h e  u n c e r t a i n t i e s  of t h e  terms of t h e  summation 

i n  each case ,  both forms should l ead  t o  t h e  same f i n a l  

r e s u l t s .  I n  t h i s  work, (18) was used throughout.  It should 

be noted  t h a t  while t h e  s c a l e  f a c t o r  k! i s  a v a r i a b l e  and 

ought t o  be app l i ed  t o  F,, i n  a  l eas t - squares  refinement,  

the  r e c i p r o c a l  of k' i s  app l i ed  t o  F,,, i n  t h e  p r i n t o u t  of 

t h e  s t r u c t u r e  f a c t o r  t a b l e s  s o  t h a t  t h e  r e s u l t s  a r e  i n  



e l e c t r o n s .  

The f u n c t i o n a l  form of t h e  s t r u c t u r e  f a c t o r  i s  non- 

l i n e a r ,  t h e r e f o r e  i t  has t o  be approximated by a t runca ted  

Taylor s e r i e s . .  The re f ined  values of  t h e  parameters from a 

cycle  of l e a s t  squares  procedure a r e  only b e t t e r  approximations 

t o  t h e i r  b e s t  values than  those before  refinement.  Calcula- 

t i o n  must t h e r e f o r e  be repeated u n t i l  t h e  i t e r a t i v e  process  

produces no s i g n i f i c a n t  change i n  t h e  parameters,  

3.4.2 The Weighting Scheme 

The choice of weights i n  t h e  l eas t - squares  refinement 

i s  very important a s  an improper choice can l ead  t o  e r r m -  

eous r e s u l t s .  I n  genera l  t h e r e  a r e  two approaches29. The 

f i r s t  i s  t o  s e t  w = l / a 2 ( ~ )  where 0 2 ( ~ )  i s  t h e  var iance  of F 

obtained from t h e  i n t e n s i t y  counting s t a t i s t i c s .  The second 

i s  t o  c o n s t r u c t  a weighting scheme empi r i ca l ly  which ( i)  

2 
e l imina tes  t r e n d s  of <wA > with r e s p e c t  t o  ranges of F,,, , 

1 
s i n 0 / ~  e t c . ,  and (ii) a d j u s t s  t h e  e r r o r  of f i t  [ g ~ ~ 2 / m - n ] z  t o  

u n i t y  (m-n=number of observations-number o f v a r i a b l e s )  so  

t h a t  t h e  weights obtained a r e  t h e  b e s t  i n  t h e  leas t -squares  

sense .  S tep  (ii) i s  important t o  y i e l d  t h e  ' c o r r e c t t  

values f o r  t h e  s tandard  e r r o r s .  The two approaches d i f f e r  

i n  t h e  sense t h a t  t h e  f i r s t  one i s  t r y i n g  t o  achieve abso lu te  

weights while t h e  second one searches f o r  the  bes t  r e l a t i v e  

weights .  I n  t h i s  work t h e  second approach was followed. 



The subrout ine  f o r  t h e  weighting scheme i n  t h e  l e a s t -  

squares  program BUCILS (based on UCILS, Northwestern Univer- 

s i t y  and Unive r s i ty  of Ca l i fo rn ia ,  I r v i n e ,  and modified a t  

Unive r s i ty  of Canterbury, N.Z. ) was changed s o  t h a t  with 

w=l/a, 

f-0~ B < Fobs 4 C 

3.4.3 .Agreement C r i t e r i o n  

The agreement between t h e  observed and ca lcu la ted  F t s  

i s  shown by t h e  R-factor  def ined a s  

R = (E I J ~ I ) /  C IFohrJ  (21 1 

and t h e  weighted R, - f a c t o r  

Hamilton 30 considered t h e  ques t ion  of meaningful 

changes i n  t h e  agreement when t h e  model was a l t e r e d .  The 

r a t i o  R, ( 1 ) / ~ ,  ( 2 )  ( o r  one may t ake  ~ ( 1 ) / ~ ( 2 )  a s  a c lose  

approximation) ,  where (1) and ( 2 )  denote before and a f t e r  

t h e  a l t e r a t i o n  of t h e  model, can be compared with t h e  appro- 

p r i a t e  va lue  f o r  those  dimensions of t e s t (  thenumber of new 

v a r i a b l e s  introduced and t h e  degrees of freedom) a t  a given 



l e v e l  of s i g n i f i c a n c e .  This t e s t  has  been appl ied  t o  j u s t i -  

f y  t h e  i n t r o d u c t i o n  of new v a r i a b l e s  e s p e c i a l l y  i n  t h e  l a t e r  

s t a g e s  of refinement of t h e  f o u r  c r y s t a l  s t r u c t u r e s .  

3 .4 .4  Secondary Ex t inc t ion  

I n  (11) and (111), e f f e c t s  of secondary ext inc t ion3 '  

were observed near  t h e  f i n a l  s t a g e s  of refinement.  Conpari- 

son of t h e  low angle  s t rong  r e f l e x i o n s  showed t h a t  t h e  

IF,, I I s  were c o n s i s t e n t l y  l a r g e r  than  t h e  IFrel 1 I s .  

3 2  An i s o t r o p i c  secondary e x t i n c t i o n  parameter E, was i n t r o -  

duced inBUCILS s o  t h a t t h e f o l l o w i n g  expression i s  minimized: 

3.5 Thermal Motion Correc t ion  f o r  Bond Lengths 
I 

It has  been pointed t h a t  t h e  thermal motion i n  

atoms has t h e  e f f e c t  of shor tening  t h e  mean separa t ions  

between t h e  atoms. I n  some cases  t h e  e r r o r  i n  us ing  uncor- 

r e c t e d  va lues  of bond l eng ths  i s  s o  l a r g e  t h a t  t h e  l e a s t -  

squares  es t imated  s tandard e r r o r s  can g ive  a  misleading 

impression of t h e  bond l e n g t h  p r e c i s i o n .  

If uA and 1~~ a r e  t h e  p ro jec ted  ins tantaneous  d i sp lace -  

ments of t h e  two atoms A and B on t h e  plane normal t o  
- 

t h e i r  l i n e  of mean p o s i t i o n s ,  then  t h e  value of w:, where 

y,=w -w = r e l a t i v e  displacement vec to r  of A and B, can -A -B 

be expressed i n  terms of t h e  mean components of d i sp lace -  

ments of each atom which a r e  experimental ly  a c c e s s i b l e .  

It can be shown tha t34  



- 1, - 1 
2 2 2 

where wL= [ ( W E )  - (3) l2 

and t h e r e f  ore  

where So = uncorrected d i s t ance  

S = t r u e  mean i n t e r a t o x i c  d i s t a n c e  

Hence t h e  upper and lower baunds can be placed on t h e  mean 

s e p a r a t i o n o f  two atoms wi thoutanyasswnpt ion  a s  t o t h e  corre-  

l a t i o n o f t h e i r m o t i o n .  The lower bound corresponds t o  h igh ly  

c o r r e l a t e d  p a r a l l e l  displacements of t h e  two atoms and t h e  

upper bomd t o  h igh ly  c o r r e l a t e d  a n t i p a r a l l e l  displacements . 34 

Two models f o r  t h e  eva lua t ion  of Shavebeen proposed: 

I I 
( j )  t h e  r i d i n g "  atom - when B i s  r i d i n g  on A, - - a - 

WL 3 
2. 

WB - W q  ( 2 6 )  

- - 
S = S , + ( T -  w; ~ L S ,  I (27 ) 

t h i s  proves t o  be a u s e f u l  approximation when B i s  s t r o n g l y  

bonded t o  A and t o  few o t h e r  atoms ; 

(ii) t h e  independent atom model - when A and B a r e  complete- 

l y  non- in te rac t ing ,  
- - - 

J S = S O  -+ ( ycli t ,Y1 ? / z  S O  , / 2 E  j 

t h i s  provides an approximation f o r  non-bonded atoms i n  a 

molecular c r y s t a l .  

- 



Bond lengths  and angles  with s tandard  e r r o r s  e s t i -  

mated from t h e  leas t -squares  refinement and from the  

e r r o r s  i n  cell-dimension measurements were c a l c u l a t e d  

us ing  t h e  program ORFFE( Busing and ~ e v y )  . Functions 

t o  c a l c u l a t e  the  var ious  r .m.s.  displacements of t h e  atoms, 

and c o r r e c t i o n  of bond lengths  from t h e  r i d i n g  and inde- 

pendent models were available. 

Another program t o  c o r r e c t  thermal motion e f f e c t s  on 

bond l eng ths  was t h e  Rigid Body Program (Schomaker and 

  rue blood^^). The f o u r  heavy atoms i n  ( I V )  had been 

considered f o r  such c o r r e c t i o n  but  t h e  thermal e l l i p s o i d s  

suggested t h e  model was n o t  appropr ia t e  i n  t h i s  case .  

Furthermore, a program was w r i t t e n  during t h e  course 

of t h i s  work t o  compute t h e  U i j t s  from t h e  B ' s  o f t h e  
i j 

atoms and t h e  lower and upper bound l i m i t s  of bond l eng ths  

according t o  ( 2 5 ) .  This i s  descr ibed i n  t h e  Appendix. 



3.6 So lu t lon  and Refinement of Each S t r u c t u r e  

3.6.1 S t r u c t u r e  Analysis of ( C ~ H ~ ) ~ C ~ ~ ( N O ) ~ ( N H ~ )  

Among t h e  903 independent r e f l e x i o n s  measured, 511 were 

above 1.80 and were considered a s  observed. An examination 

of t h e  i n t e n s i t y  da ta  revealed t h a t  they  could be divided 

i n t o  two p a r t s :  t h e  h+k - - even r e f l e x i o n s  were i n  genera l  

much more i n t e n s e  than  t h e  _h+k odd. 

Applying t h e  SAP program t o  t h e  d a t a  wi th  o r i g i n  

determining r e f l e x i o n s  1 1 1 ( ~ = 2 . 8 1 ) ,  6 1 5 ( ~ = 2 . 7 1 )  and 

6 2 3 (E*. 64 ) ( E ~ ~  3 . 9 0 ,  Edn -1.2) y ie lded  236 signed 

r e f l e x i o n s  which a l l  belonged t o  t h e  - h+k=2n - c l a s s .  A 

Four ie r  map der ived  gave an approximate s t r u c t u r e .  However, 

i n  s p i t e  of t h e  good agreement (~=0 .21)  and chemical 

reasonzbleness , the  pseudo C-centred - symmetry could not  be 

destroyed.  It was a l s o  noted t h a t  amongst t h e  hk3 -- zone 

only 6  r e f l e x i o n s  were observed f o r  h+k=2n+l - - and were weak i n  

i n t e n s i t y .  This  s t rong ly  ind ica ted  an approximate n-g l ide  - 
plane normal t o  c  - i n  a d d i t i o n  t o  t h e  genera l  C-centring. - 

The phases of t h e  da ta  based on t h e  s i g n i f i c a n t  

chromium atom con t r ibu t ions  could be taken wi th  confidence 

and t h e  Sayre r e l a t i o n s h i p  was app l i ed  t o  t h e  remaining 

unknown phases.  The normalizat ion of t h e  E 1 s  i n  each p a r i t y  

group ( s e e  Sect ion  3 .2 . l )would  give an equiva lent  r e s u l t .  

Among t h e  h+k - - odd d a t a ,  39 r e l a t i v e l y  s t ronger  r e f l e x i o n s  



were s e l e c t e d .  As many a s  128 t r i p l e t s  were found amongst 

themselves and t h e  signed r e f l e x i o n s  of high E 1 s .  Sayre 

r e l a t i o n s h i p s  were f irst  cons t ruc ted  wi th in  each p a r i t y  

group and l a t e r  extended t o  in ter -par i ty-groups .  It 

was found t h a t  two f u r t h e r  subgroups e x i s t e d  (eoe and oeo; 

oee and eoo) wi th  a  small  number of r e l a t i o n s h i p s  between 

them. It can be seen from Table I1 t h a t  twice as many 

t r i p l e t s  were found f o r  t h e  f i r s t  subgroup a s  t h e  second. 

Among t h e  s i x  symbols employed, four  could be signed wi th  

confidence and y ie lded  29 phases a l l  of which proved sub- 

sequent ly  t o  be c o r r e c t .  An e l e c t r o n  d e n s i t y  Four ier  map 

of t h e  t o t a l  256 signed Fr,, s u c c e s s f u l l y  ind ica ted  t h e  

d i s t o r t i o n  of t h e  s t r u c t u r e  from t h e  C-centred l a t t i c e .  - 

The two independent chromium atoms occupied s p e c i a l  

p o s i t i o n s a t y = 0 . 2 5  but had very s i m i l a r  x coordina tes  ( they  

were found t o  be on e i t h e r  s i d e  of x=-0.25 and t h i s  was 

re spons ib le  f o r  t h e  pseudo-C-centr ing) .  The te rminal  - 
n i t r o s y l  groups were a l s o  loca ted  a t  s p e c i a l  pos i t ions  a t  

y=0.25. The br idging  NO group wasobserved a s  a broad peak, 

being d isordered  with t h e  NH2 group with r e s p e c t  t o  t h e  

c r y s t a l l o g r a p h i c  symmetry plane a t  y=0.25. Areas of t h e  

cyclopentadiene r i n g s  cons i s t ed  of broad and non-spherical  

peaks, t h e  b e s t  d e s c r i p t i o n  being two d isordered  o r i e n t a t i o n s  

of equal  occupancy f o r  each r i n g .  

Refinement by f 'ull-matrix l eas t - squares  ( u n i t  weights )  



TABLE 11. h t k  - - odd Ref lexions  
subgroup 1 
eoe oeo 

subgroup 2 
oee eoo 

range of F,,, 7-14 7-26 

range of E 0.177-0.740 0.229- 0.850 

no. of 22 
r e f  lex ions  
s e l e c t e d  

no. of r e f l e x i o n s  17 
s igne d 

no. of t r i p l e t s  82 39 

no. of t r i p l e t s  
between subgroups 



converged slowly because of  a  l a r g e  number 

i n t e r a c t i o n s  ( r e f e r  t o  Table I11 ) amongst 

of severe 

t h e  coordina te  

parameters  s i n c e  t h e  coordina tes  of one ' h a l f 1  of t h e  

molecule were approximately r e l a t e d  t o  those of t h e  o t h e r  

h a l f  by a twofold a x i s  ( p o s i t i o n s  x,y,z  and -+-x,y,-z 

were i n  genera l  n e a r l y  equiva lent  ) . The pseudo- C - c e n t r i n g  

found a t  t h e  t ime of s t r u c t u r e  s o l u t i o n  a l s o  provided a  

warning of t h e s e  i n t e r a c t i o n s ,  i n  an equiva lent  manner t o  

t h e  coincidences i n  t h e  Pa t t e r son  f 'unction mentioned by 

~ e l l e r ~ ~ .  

A three-dimensional  e l e c t r o n  d e n s i t y  d i f f e r e n c e  map a t  

R=0.12 revealed  t h a t  t h e  l a r g e s t  f e a t u r e s  were a s soc ia ted  with 

t h e  two chromium and te rminal  n i t r o s y l  oxygen atoms. While 

t h e  l e a s t - s q u a r e s  refinement gave t h e  x-coordinates  f o r  

t h e  chromium atoms a s  -0 -264and -0.220, t h e  e l e c t r o n  d e n s i t y  

map suggested va lues  of  -0.27 and -0.24 i n s t e a d  ( f i n a l  

r e f i n e d  va lues  be ing  -0.2775and -0.2334).  Apparently t h e  l e a s t -  

squares  method had r e f i n e d  t o  a  pseudo-minimum s i t u a t i o n  

because t h e  i n i t i a l  parameter chosen requ i red  t h e  pa th  

of ref inement  t o  c r o s s  from one s i d e  of t h e  pseudo-equivalent 

p o s i t i o n  (x ,y ,z ;  -6-x,y,-z) t o  t h e  o t h e r .  The new p o s i t i o n s  

improved cons iderably  t h e  cons is tency of t h e  d i s t a n c e s  

between t h e  chromium and l i g h t  atoms. 

A f t e r  c o r r e c t i o n  of t h e  chromium atomic coordinates  the  

t e r m i n a l  n i t r o s y l  oxygen atoms were allowed a n i s o t r o p i c  



TABLE I11 

Correlation Coefficients (> .4) for Interacting Pairs - --.f--- 

of Coordinate Parameters of (I) 

Cr 1 x - Cr 2 - x 



motion. Refinement proceeded and a final R factorof0.069 

was obtained. It was found useful, because of the large 

interactions, to refine non-interacting parameters in 

various combinations to eliminate oscillations before the 

final two cycles of full-matrix least-squares refinement 

(partial shifts would probably have accomplished the same 

result). A final electron density difference map showed no 
0 

feature greater than O.5e A ' ~ .  

In this centrosymmetric model of the structure, the 

NO and NH2 bridges were disordered and could not be distin- 

guished. The noncentrosymetric model had not been 

pursued because in such a case the number of severe inter- 

actions would be expected to increase correspondingly. 

Furthermore it is possible that the cyclopentadiene rings 

are disordered even in the noncentrosymmetric case. The 

ratio of observations to variables will decrease to a rather 

low value (see N/V in abstract). Information of chemical 

interest thus obtained will not be expected to differ signi- 

ficantly from what is already kno~n about the structure from 

the centrosymmetric model. 
. . 

The final coordinates and temperature parameters are 

listed in Table IV,interatomic distances and angles in Table 

V, least-squares planes in Table VI and the structure factors 

in Table VII, the molecular diagram and the packing of the 

molecules in the unit cell are shown in Figures 1 and 2. 
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TABLE IV 

Atomic Coordinates and Thermal Parameters of ( I )  

*Anisotropic  thermal  parameters f o r  0 1 and 0 2 .  

?These values were obtained from pi j  = 2n2bibjUij where p i j  
appear a s  a  temperature e f f e c t  through exp [ - ( p, , h2 + 
2fl12hk + . . . ) ]  i n  t h e  s t r u c t u r e  f a c t o r  expression and b i t s  

a r e  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 s .  The U i j t s  are i n  



TABLE V. Interatomic Distances and Angles for ( I) 
0 

(a) Bonded 

Average Cr-C 2.24 (5)  

Average C-C 

04 Angles ( O )  

(c) Intermolecular contacts (<3.25 A) 

* key for symmetry relationship: 
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T A B U  VII 

Measured and Calculated S t r u c t u r e  Fac to r s  of ( I )  

s c a l e  = l o x  F abso lu te  







Figure  2 

Packing Diagrams of ( ~ 5 ~ 5  ) 2cr2 ( N O )  (NH* ) 

of  The Uni t  C e l l  

( a ) p r o j e c t e d  down a - 
( b ) p r o j e c t e d  down b . - 
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3.6.2 S t r u c t u r e  a n a l y s i s  of K I O 3 . H I o 3  

O f  t h e  1644 independent i n t e n s i t i e s  measured f o r  

KI03.HI03, 1392 were above 20 and were considered a s  

observed r e f l e x i o n s .  Density and space group requirements 

suggested t h a t  t h e r e  were e i g h t  formula u n i t s  per  u n i t  

c e l l .  The phase problem was solved by Pa t t e r son  Synthes is  

which gave t h e  p o s i t i o n s  of t h e  four  iod ine  atoms. A 

t h r e e  dimensional e l ec t ron-dens i ty  map(at ~ = 0 . 3 0 )  showed two 

potassium atomic p o s i t i o n s .  Two c y c l e s  of l eas t - squares  

refinement on t h e s e  s i x  atoms gave an R of 0.20. A n  

d e c t r o n d e n s i t y  d i f f e r e n c e  map revealed  a l l  twelve oxygen 

atoms around t h e  iod ine  atoms. One cyc le  of l eas t - square  

refinement of a l l  t h e  non-hydrogen atoms with i s o t r o p i c  

temperature f a c t o r s  improved the  agreement t o  0.132. 

Examination of t h e  1 Fre, 1 and 1 F,, 1 a t  t h i s  s t a g e  

showed t h a t  t h e  experimental  absorpt ion  curve was t o o  

severe and i t  was modified t o  be l e s s  so.  The R f a c t o r  

improved s p e c t a c u l a r l y  t o  0.071. Two cyc les  of refinement 

on i s o t r o p i c  thermal and coordina te  parameters l e d  t o  an 

R of 0.058. A t  t h i s  p o i n t , e f f e c t s  d u e t o s e c o n d a r y e x t i n c t i o n  

hereobserved ( s e c t i o n  - 3 . 4 . 4 )  and t h e  appropr ia t e  parameter 

Ec was introduced ( t h e  f i n a l  value f o r  Ec being 8.4(5) x 

l o e 7 ) .  The R f a c t o r  dropped t o  0.054 with a l l  i s o t r o p i c  

temperature f a c t o r s .  An e l e c t r o n  dens i ty  d i f f e r e n c e  map 



showed a n i s o t r o p i c  thermal motion about t h e  iod ine  atoms 

al lowing f o r  which brought t h e  R t o  0.050 with 

n e g l i g i b l e  f 'ur ther  s h i f t .  U n t i l  completion of refinement 

w = l  had been used throughout; < wn2> w a s  t r e n d l e s s  a s  

a  f 'unction of s i n  0 / 1 ,  Frel and o t h e r  f a c t o r s .  For t h e  

f i n a l  cyc le ,  w was given a  cons tant  va lue  ( .1307)  such 

t h a t  t h e  e r r o r  of f i t  was 1 .0  t o  g ive  t h e  b e s t  p o s s i b l e  

s tandard  e r r o r s  i n  t h e  atomic parameters.  An e l e c t r o n  

d e n s i t y  d i f f e r e n c e  map computed a f t e r  t h e  refinement was 

complete showed no p o s i t i v e  peaks g r e a t e r  than  0.7e/I3 

(the l a r g e s t  peak being a t  0.81 from 0 ( 1 2 ) )  , al though a  

nega t ive  t rough of -1.2 e/H3 was found a t  1.4H from 1(3).  

The molecular packing diagram i's shown i n  F igure  3. 

The f i n a l  coordina tes  and temperature parameters a r e  

l i s t e d  i n  Table ( m ) , t h e  in te ra tomic  d i s t ances  and angles  i n  

Table ( I X )  and t h e  s t r u c t u r e  f a c t o r s  i n  Table ( x ) .  





Atom 

TABLE VIII 

Atomic Parameters f o r  K103.HI03 

Coordinates 

* Anisotropic  thermal parameter used f o r  Iodine  atoms (&)'x1o4 

Stagidard e r r o r  of t h e  B1 s of t h e  oxygen atoms a r e  l e s s  t h a n  
0. 3 A 2  
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TABLE 1X.Interatomic Distances and Angles of KI03.HI03 

(A) 1-0 bonded distances 

I Observed 

Predicted Formal bond length Average * 
Bond Order Contacts i length 1 

3 t  
The standard errors in the average values are estimated 

I 

from the internal consistency and show no significant 

difference between bonds of predicted orders 1$ and 2. 



Table (IX) continued 

(B) Interionic Contacts (1-0 and K-0 < 3.51) Average 
* 

Type of Contact Distance Symmetry ~elationshi~~ Distance 

* Standard errors in these distances are all less than + - 0.021 

t Key for symmetry relationship 

ld) x-1, y, z 
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Table IX continued 
(D)o-0 Interionic distances(( 3. oak)  and selected angles ( O  ) 

Distance [kl  
or angle 

Symmetry f 
relationship 

* standard deviation in these distances all less 
than -f 0.031 

t hydrogen bonded 0. . . HO distances 
as in table B 



Table X 

Measured and Calculated S t r u c t u r e  Fac to r s  of (11) 

s c a l e  = 1 x F absolu te  

-F i n d i c a t e s  unobserved r e f l e x i o n  obs 
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2 I. 6 2  .. 
2 1 1  1% 6. 
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3.6.3 S t r u c t u r a l  Analysis of a - ( ~ ~ 3 ) z ~ e ~ 2  

O f  t h e  3157 i n t e n s i t i e s  measured f o r  a - ~ e  ( c H ~ ) ~ I , ,  

2191 were above 2.5a and were considered a s  observed. 

The Tangent Refinement Programs were app l i ed  t o  r e f l e x i o n s  

wi th  E va lues  above 1.80 (E, =3.65).  The o r i g i n -  

determining r e f l e x i o n s  were 5 5 -11 (E=3.65) 7 0  -4 (E=3.42) 

and 7 12 -1 (E+.90).  Two a d d i t i o n a l  r e f l e x i o n s  5 11 7 

(~=3 .57 )  and 3 11 -1 ( E = 3 . 1 4 )  were used t o  h e l p  i n i t i a t e  

phase assignments. Of t h e  f o u r  combinations of s igns ,  

(+) 5 11 -7 and ( -  3 1 -1 had t h e  lowest Rkarle ( s e c t i o n  

3 .2 .2)  va lues  of 0.12 a f t e r  10 cyc les  of phase refinement 

( o t h e r s  being 0.20, 0.24 and 0.39)-  

A Four ie r  map us ing  t h e  238 signed E 1  s as c o e f f i c i e n t s  

revealed  c l e a r l y  a l l  t h e  n ine  heavy atoms i n  t h e  asymmetric 

u n i t  . From t h e  geometry of t h e  atomic arrangement s i x  

i o d i n e  and t h r e e  t e l l u r i u m  atoms were assigned.  I n i t i a l  

ref inement  commenced a t  a  convent ional  R value of 0.223 and 

d r o p p e d t o  0.119 a f t e r  four  cyc les  of fWl matr ix  l e a s t -  

squares  refinement.  An e l e c t r o n  d e n s i t y  d i f f e r e n c e  map re -  

vea led  t h e  s i x  carbon atomic p o s i t i o n s .  Two f u r t h e r  

c y c l e s  of refinement brought t h e  R downto0.105 with i s o -  

t r o p i c  thermal  parameters f o r  a l l  t h e  atoms. Another 

e l e c t r o n  d e n s i t y  d i f f e rence  map showed a n i s o t r o p i c  thermal 

motion about t h e  s i x  iodine  atoms t o  be s u b s t a n t i a l  and 



i n t r o d u c t i o n  of t h e  appropr ia t e  v a r i a b l e s  l e d  R t o 0 . 0 7 2 .  

Secondary e x t i n c t i o n  e f f e c t s  were observed and t h e  para-  

meter Ec was introduced ( s e c t i o n  3 .4 .4 ,  f i n a l  E, va lue  

being 2 .2  (2  ) x  ) with R subsequently dropping t o  0.068. 

Another e l e c t r o n  dens i ty  d i f f e r e n c e  map suggested i n c l u s i o n  

of a n i s o t r o p i c  thermal parameters of t h e  t h r e e  t e l l u r i u m  

atoms, l ead ing  t o  an R= 0.063. Unit  weighthadbeenused up t o  

t h i s  p o i n t .  Analysis showed t h a t  t h e  lower and h igher  F 1 s  

were overweighted. A weighting scheme such a s  descr ibed 

i n  (20)  was cons t ruc ted .  The f i n a l  numerical va lues  

were = 440/~,, f o r  Fob, s80, =0.502 JFob,, f o r  Fob>150 

and =5.5 f o r  80 < .FOb8g150. Refinement of the  model by two 

more cyc les  us ing  t h i s  weighting scheme was considered 

complete a t  R=O .O54 and RW=0 .O59. An e l e c t r o n  dens i ty  

map computed a t  t h i s  p o i n t  showed peaks and troughs 

no l a r g e r  than  k0.70 e/I3,  t h e  l a r g e s t  peak and t rough 

occurr ing  a t  1 .5  from ~ e ( 1 )  and 1.8 X from 1(2) 

r e s p e c t i v e l y .  

A c a l c u l a t i o n  of t h e  lower and upper bound l i m i t s  

( s e e  s e c t i o n  3.5) of the  Te-I d i s t ances  showed t h a t  

while t h e  uncorrected values were no t  s i g n i f i c a n t l y  

d i f f e r e n t  from t h e  lower bound l i m i t s  t h e  upper l i m i t s  

were some 240 above t h e  uncorrected va lues .  Though 

t h e  a n i s o t r o p i c  thermal parameters might conta in  e r r o r s  



due t o  t h e  approximate absorpt ion  c o r r e c t i o n ,  t h e  va lues  

obtained a r e  phys ica l ly  reasonable i n d i c a t i n g  t h a t  t h e  

motion of t h e  iodine  and t e l l u r i u m  atoms i s  mainly 

perpendicular  t o  t h e  Te-I bonds. Two types  of c o r r e c t i o n  

f o r  thermal  motion, t h e  r i d i n g  and t h e  independent model 

( s e c t i o n  3 .5) ,were  considered. Resu l t s  of computation 

a r e  summarized i n  Table ( X I ) .  The c o r r e c t i o n  obtained 

by rega rd ing  t h e  motion a s  t h e  i o d i n e  atoms r i d i n g  on 

t h e  t e l l u r i u m  atoms i s  small ,  about 30 d i f f e r e n t  from 

t h e  uncorrec ted  value.  This  model i s  a l s o  p h y s i c a l l y  

c l o s e  t o  t h e  lower bound l i m i t  s i tua t ion3* where t h e  

t e l l u r i u m  and iod ine  atoms possess  h igh ly  c o r r e l a t e d  

p a r a l l e l  displacements,  which, i n  k e w  of t h e  l i n e a r i t y  

of t h e  I-Te-I fragments,  merely corresponds t o  r i g i d  

body motion ( and exclude probable bending modes). 

Because of t h i s  t h e  r i d i n g  model probably underes t imates  

t h e  c o r r e c t i o n .  One might expect t h a t  f o r  l i n e a r  I-Te-I 

groups t h e  t r u e  bond l eng ths  a r e  in termedia te  between 

t h e  upper and lower bound l i m i t -  a va lue  s i m i l a r  t o  

t h a t  obta ined  from t h e  independent model. This  model 

has  been r e $ e c t e d ,  however, because i t  assumes t h e  two 

bonded atoms t o  be completely uncor re la t ed .  Hence 

va lues  from t h e  r i d i n g  model a r e  used throughout t h e  

d i scuss ion .  

The packing of molecules i n  t h e  u n i t  c e l l  i s  shown 
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in Figure 4. Table (XII) lists the final atomic parameters, 

Table (XIII) the interatomic distances and angles and 

~able(x1~) the observed and calculated structure factors. 



Figure 4. Stereomolecular packing diagrams viewed down 

an ax i s  ro ta ted  by 8"  from a* towards a. Short - - 
intermolecu&r Te.. . I contacts  within the  u n i t  c e l l  

c e l l  a r e  shown a s  dotted l i ne s .  Thermal e l l i p -  

soids contain 50% e lec t ron  densi ty of the  atoms. 



TABLE XII. Final ~dsitional and Thermal Parameters for 
a-(CH3 ) z ~ e L  

A t o m  x Y 2 B+ j 

* Anisotropic thermal parameters used for iodine and 

tellurium atoms. 
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TABLE XIV. Measured and Calculated Structure 
Factors of ~ - ( c H ~ ) ~ T ~ I Z  

scale = 1 x Fabsolute 

The origin for the F's in this table 
is different from that described in 
the text (section 3.6.3, first paragraph) 

-Fobs indicates unobserved reflexion 
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3.6.4 S t r u c t u r e  Analysis of f 4farsMn2 ( C O )  8 

O f  t h e  1540 independent i n t e n s i t i e s  measured, 1349 

were above 20 and were considered a s  observed. The systema- 

t i c  absences were cons i s t en t  with both t h e  cen t rosy-met r i c  

Pnam and t h e  noncent rosyrnmetric Pna2 space groups. 

The anomalous s c a t t e r i n g  of t h e  a r s e n i c  and manganese 

atoms w i l l  cause break-down of F r i e d e l ' s  l a ~ ~ ~ i f  t h e  

c r y s t a l  belongs t o  a  noncentrosymmetric space group. 

theory,  t h i s  phenomenon can then  be used t o  i d e n t i f y  

unambigously t h e  

t i c e ,  t h i s  would 

most a f f e c t e d  by 

both t h e  h k l  and 

t r u e  po in t  group of t h e  c r y s t a l .  I n  prac-  

mean p r e c i s e  measurement of t h e  r e f l e x i o n s  

anomalous s c a t t e r i n g 3 7 ,  although i d e a l l y  
--- 
h k l  r e f l e x i o n  i n t e n s i t i e s  should be ob- 

t a i n e d .  I n  t h i s  s t r u c t u r e ,  t h e  d i s t i n c t i o n  between t h e  

Pnam and Pna21 space groups was made through t h e  P a t t e r -  

son map( a s  descr ibed i n  3.2.3 ). The two a r s e n i c  and two 

manganese atomic p o s i t i o n s  obtained from t h e  Pa t t e r son  

map were used 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  (R=O .202). 

A Four ie r  e l e c t r o n  dens i ty  map revealed  a l l  t h e  remaining 

non-hydrogen atoms and R d e c r e a s e d t o  0.157. Two cycles  of 

l eas t - squares  ref inement(with u n i t  weights )  us ing  

i s o t r o p i c  temp3ratur-e f a c t o r s  f o r  a l l  atoms brought R 

downto 0.082. A t  t h i s  po in t ,  t h e  temperature f a c t o r s  of 

a  carbonyl group h a d . r e f i n e d  t o  r i d i c u l o u s  va lues  

showing t h a t  it was misplaced. Correc t ion  of t h e s e  atom- 

i c  p o s i t i o n s  l e d  t o  an R of 0.063. An e l e c t r o n  dens i ty  

d i f f e rence  map revealed t h e  p o s i t i o n s  of t h e  twelve 

hydrogen atoms a s  wel l  a s  evidence f o r  a n i s o t r o p i c  thermal 



motion about a l l  t h e  manganese, f l u o r i n e  and oxygen atoms. 

In t roducing  t h e  appropr ia te  v a r i a b l e s  ( p o s i t i o n a l  and thermal 

parameters of t h e  hydrogen a t o m  were not  r e f i n e d )  brought 

R down t o  0 . 0 3  and refinement s topped.  

A t  t h i s  s t age ,  t h e  enantiomorph (wi th  z changed t o  

- z )  was considered.  The R f a c t o r  improved t o  0;35 with an 

o v e r a l l  i n c r e a s e  i n  consis tency among t h e  A s - C  bond 
)C 

l eng ths  . The improvement w a s  s i g n i f i c a n t  showing t h a t  

t h i s  was t h e  c o r r e c t  s t r u c t u r e .  The weighting scheme used 

during t h e  f i n a l  s t a g e s  of refinement followed (20)  with 

f i n a l  numerical  values of A=JI .93, B=27.30 and ~=86 .30 .  

A f i n a l  e l e c t r o n  dens i ty  d i f f e r e n c e  map showed no v a r i a -  
0 3  

t i o n s  l a r g e r  than  - + 0.39e/X3 ( o = 0 . 2 0 e / ~  ) t h e  l a r g e s t  

peak being 1.38 and 1.56x away from 0(8)  and ~ ( 3 2 ) ,  t h e  

l a r g e s t  t rough being 0.993 and 0.7248 from t h e  ~ ( 4 )  and 

~ ( 1 6 )  atoms. 

The molecular and u n i t  c e l l  packing diagrams a r e  

shown i n  Figures  ( 5 )  and ( 6 ) .  Table (XV) l i s t s  t h e  f i n a l  

atomic coordina tes ,  Table (XVI)  t h e  in te ra tomic  d is tances  

and angles ,  Table  (XVII) the  mean plane equat ions,  and 

~ a b l e ( ~ ~ 1 1 1 )  t h e  s t r u c t u r e  f a c t o r  moduli and phases.  

* The R f a c t o r  r a t i o  was 1.086(1,1439, 0.01) a s  compared 
t o  t h e  l i s t e d  value of 1.007(1,480,0.01).  



Figure 5. Stereo Diagram of f 4farsMn2(~0) 
The thermal ellipsoids (except those of 

As and Mn atoms which are not to scale) 
contain 8% electron density of the atoms. 





TABLE XV 

Positional and Thermal Parameters for 
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( t a b l e  XV continued ) 

* Anis t ropic  temperature parameters f o r  AS 1  to,^ 8 i n c l u s i v e .  
t Temperature f a c t o r s  f o r  t h e  hydrogen a r e  7.25A2. 

Standard e r r o r s  f o r  t h e  &so t rop ic  thermal parameters 
of t h e  C atoms a r e  o.O~(A)~. 
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TABLE XVI Interatomic Distances and Angles for f4farsMn2(~~)B 

( A )  Bonded Distances (8) 

Standard errors in bond lengthbeing 0.0028 for the Mn-Mn 

and Mn-As bonds and 0.021 for the Mn-C, As-C, C-C, C-F and 

C-0 bonds. 

* 
These are corrected for thermal riding motion of the As 

on the Mn atoms. The uncorrected values are 2.403 and 

2.389h respectively. 
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Table XVI continued 

  elected intramolecular non-bond contacts (1) 

(~)~ntermolecular non-hydrogen contacts ( g3.3a) 

Atoms Distance Symmetry Relationship 
F 3  C10) 3.29 1-x, 1-y, 1/2+z 

3.04 x-1/2, 1/2-y, z 
o 'I1/; 2 3-08 1/2-X, 1/2+y, Z-1/2 
0 6  CIO) 3.27 1/2-x, 1/2+y, z-1/2 





TABLE: XVIII. Measured and Calcula ted  S t r u c t u r e  

Factors  f o r  f4farsMn2(CO), 

s c a l e  = XFabsolute 

-F obs i n d i c a t e s  unobserved r e f l e x i o n  
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CHAPTER 4 

RESULTS AND D I S C U S S I O N  

This  s e c t i o n  i s  divided i n t o  four  p a r t s ,  each of which 

i s  devoted t o  a d iscuss ion  of t h e  s t r u c t u r a l  and chemical 

i n t e r e s t  of each compound. The compounds conta in ing  t r a n -  

s i t i o n  meta ls ,  ( I )  and (IV), w i l l  be discussed before t h e  

main group compounds (11) and (111). 

4 . 1  ( C 5 H 5 ) 2 ~ r 2 ( ~ 0 ) 3 ( ~ ~ 2 )  

The molecule has  an o v e r a l l  c r p t a l l o g r a p h i c  mir ror  sym- 

metry wi th  t h e  d i so rde r ing  of t h e  two b r idg ing  NH2 and NO 

groups.Because of t h e  c r y s t a l l o g r a p h i c  problems descr ibed i n  

s e c t i o n  3 .6 .1 ,  one cannot d i s t i n g u i s h  whether t h e  s t r u c t u r e  

i s  i n  f a c t  non-centrosymrnetric wi th  no c r y s t a l l o g r a p h i c  

mir ror  p lane  of symmetry o r  a l t e r n a t i v e l y  i s  d isordered  a s  

descr ibed.  I n  a d d i t i o n ,  t h e r e  i s  an approximate (non-crys- 

t a l l o g r a p h i c )  twofold symmetry a x i s  normal t o  t h e  mir ror  plane 

and pass ing  through t h e  mid-point of t h e  C r - C r  vec to r .  

The answer a s  t o  whether a  d i r e c t  metal-metal bond 

e x i s t s  i s  n o t  a l t o g e t h e r  c l e a r - c u t  from cons ide ra t ion  of t h e  

bond l eng th  and angles .  The s h o r t  C r - C r  distance,2.650% , 
can be i n t e r p r e t e d  a s  evidence f o r  a  bond,but may a l s o  

r e s u l t  from t h e  imposed geometry.The values of the  , 

mgles ~ r ( l ) - l Y ( 3 ) - ~ r ( 2 )  and ~ ( 3 ) - c r - N ( 3 )  (86.4 and 93.1") 

do n o t  i n d i c a t e  d e c i s i v e l y  a  n e t  a t t r a c t i v e  f o r c e  



between t h e  metal  atoms. E l e c t r o n i c a l l y  however, 

t h e  molecule may be formally considered a s  der ived from 
+ - 

two ~ s ~ ~ - m o i e t i e s ,  two NO ( t e r m i n a l )  groups, an NO 

- 
(b r idg ing)  group, an NH2 ion  and two chromium(1) 

atoms; t h e  formation of a  metal-metal bond would 

t h e r e f o r e  s a t i s f y  t h e  EAN r u l e .  It has a l s o  been recognized38 

t h a t  both t h e  low oxida t ion  s t a t e s  of t h e  metal  and high f i e l d  

l igands  such a s  carbonyl and n i t r o s y l  groups would he lp  confer  

s t a b i l i t y  on metal-metal bonds. It has been proposed38 

t h a t  t h e  in f luence  of these  high f i e l d  l igands  i s  mainly 

due t o  a  n - e f f e c t .  For ins t ance  , i n  an oc tahedra l  f i e l d  t h e  

nonbonding t z g  o r b i t a l s  i n  t h e  meta ls  have a  decreased repul -  

s i o n  from each o t h e r  i f  carbonyl o r  n i t r o s y l  groups a r e  

p resen t  t o  withdraw e l e c t r o n s  t o  t h e i r  vacant n* o r b i t a l s .  

The bonding scheme of ( c ~ H ~ ) ~ c ~ ~ ( N o ) ~ ( N H ~ )  can be des- 

c r ibed  i n  valence bond terms. To a f i r s t  approximation l e t  

t h e  ~ r ( l ) - N ( 3 ) - ~ ~ ( 3 ) - ~ ( 3 )  fragment be p lana r .  With say, 

c r ( l ) ,  as o r i g i n ,  t h e  z-axis  i s  chosen a long t h e  te rminal  

n i t r o s y l  group and t h e  two br idging  n i t rogen  atoms de f ine  

t h e  X and Y d i r e c t i o n s  ( t h e  ~ ( 3 ) - c r - N ( 3 )  angle  being 93.1' 

i s  c l o s e  t o  90' ) To bond wi th  t h e  cyclopentadiene carbon 

( C 5 H 5  i s  t r e a t e d  a s  t r i d e n t a t e  ), t e rmina l  and br idging  

nitr0ge.n atoms,each chromium atom u t i l i z e s  t h e  oc tahedra l  

b r i d i z a t i o n  of s ,  p,, py, p,, dX2-y2, d,2 o r b i t a l s ;  t h e  two 

octahedra sha r ing  an edge occupied by t h e  two bridging 



81 
n i t r o g e n  atoms. A 0 C r - C r  bond i s  then  formed by 

t h e  unpaired e l e c t r o n s  occupying t h e  twod XY x b i t a l s .  The 

f a c t  t h a t  t h e  two C P - ~ ( b r i d g i n g ) - C r  p lanes  a r e  folded about 

t h e  C r - C r  bond having a  d ihedra l  angle  of 10.30' may be a 

r e s u l t  of t h e  r epu l s ion  between t h e  C r - ~ ( b r i d g i n g )  and C r - C r  

bonds. 

Bush and h i s  co -wor~ers  have s t u d i e d  compounds 40 

with s u b s t i t u t e d  amido br idging  groups, - c i s -  and t r a n s -  

di-~-dimethylamido-bis(cyclopentadienylnitrosylchromium(~), 

[ ( c ~ H ~ ) c ~ ( N o ) N M ~ ~ ] ~ .  S imi la r  molecular geometry i s  found a s  

i n  t h e  p resen t  compound. From those  isomers, they  obtained 

s i n g l e  bond l eng ths  of ~ 2 . 0 0 1  f o r  t h e  ~ r - I ? ~ e z ( b r i d g i n g )  bonds 

I (a c h a r a c t e r  on ly ) .  In t h e  p r e s e n t  compound, the  C r - N  
I 

( b r i d g i n g )  bond determined i s  an average value of t h e  

C r - N O  and C r - N H 2  bonds. The C r - N O  bond would be expected 

t o  be s l i g h t l y  s h o r t e r  than  a  Cr-NH2 o r  CS--me2 bond 

f o r  two reasons.  (i) The n i t r o g e n  atom i s  i n  a n  

sp2 hybr id ized  s t a t e  i n  t h e  br idging  NO group i n s t e a d  of sp3, 

and thus  it has a correspondingly smal l e r  covalent  rad ius .  

( ii) The more e l ec t ronega t ive  s u b s t i t u e n t ,  an  oxygen atom, 

on t h e  n i t r o g e n  atom w i l l  shor t en  t h e  C r - N O  bond61. 

This i s  c o n s i s t e n t  with t h e  C r - ~ ( b r i d g i n g )  bond 

l eng ths  observed i n  ( C 5 H 5  ) Z C ~ ~ ( N O ) ~ ( N H ~ ) ,  l.94( 1)8, which a r e  

t h e r e f o r e  s i n g l e  bonds. The p o s t u l a t i o n  of t h e  br idging 

n i t r o s y l  group as N=O- i s  a l s o  supported by t h e  N = O  ( b r i d g i n g )  

bond l e n g t h  of 1 .12 ( 2  . Unfortunately,  s t r u c t u r a l  da ta  on 



br idging  n i t r o s y l  compounds a r e  r a r e ( n o  o t h e r  b inuc lea r  

compound with br idging  n i t r o s y l  groups has  been repor ted  

although a  t r i n u c l e a r  manganese compound i s  knowne2), and 

few comparison can be made. 

I n  c o n t r a s t  t o  t h e  br idging  bonds, t h e  te rminal  C r - N  
0 0 

and N-0 d i s t a n c e s  a r e  1 . 6 5 ( 2 ) ~  and 1 . 2 0 ( 2 ) ~  r e s p e c t i v e l y  

i n d i c a t i n g  s u b s t a n t i a l  mul t ip le  bond c h a r a c t e r .  S imi lar  

values have been obtained i n  [ ( c ~ H ~ ) c ~ ( N o ) N ( M ~ ) ~ ] ~ .  This 

i s  achieved presumably through t h e  f i l l e d  dy, and d,, 
-% 

o r b i t a l s  of t h e  C r  atoms donating t o  t h e  l-r o r b i t a l s  of t h e  

n i t  rosy1 groups.  

The Cr-N- terminal) angles  of 171.7(2.4) and 172.6(2.5) 

show t h a t  t h e  n i t r o s y l  groups a r e  b a r e l y  s i g n i f i c a n t l y  bent .  

This  may be due t o  (i) c r y s t a l  packing f o r c e s  and non- 

bonding c o n t a c t s  of t h e  t e rmina l  and b r idg ing  oxygen 

atoms ( i f )  unequal p a r t i c i p a t i o n  of t h e  n* o r b i t a l s  of 

t h e  NO groups i n  bonding wi th  each meta l  atom a s  shown 

by K e t t l e  4!. The l a t t e r  e f f e c t  may be increased  s p e c i a l l y  

i n  t h e  case when a d i s t o r t e d  oc tahedra l  environment i s  

found around t h e  metal  atom. 

The mean chromium-carbon and carbon-carbon d i s -  

t ances  a r e  2 . 2 4 ( 5 ) 1  (range 2.16-2.31i)  and 1.43(11)1 

( range 1.30 t o  1.50;) r e s p e c t i v e l y .  The accuracy i s  

r a t h e r  low but they  a r e  i n  t h e  range found i n  chromium- 

conta in ing  s t r u c t u r e s  of a  s i m i l a r  type4*.  ( Moreover 



l eas t - squares  p lanes  i n  Table (v)  show t h e  r i n g s  dev ia te  

from p l a n a r i t y .  ) It has been suggested4* t h a t  when t h e  

c y l i n d r i c a l  symmetry around t h e  metal  atom i s  destroyed,  

a s  i n  t h e  p resen t  compound, t h e  C-C d i s t a n c e s  may n o t  be 

a l l  p r e c i s e l y  equal and d i s t o r t i o n s  from a p e r f e c t l y  

n-bonded cyclopentadiene r i n g  can occur.  The two d isordered  

o r i e n t a t i o n s  make an angle  of l e s s  than  3' between them- 

s e l v e s .  The r i n g s  a r e  non-para l l e l  and subtend an angle  of 

a t  l e a s t  5' ( t a k i n g  p lanes  n e a r e s t  p a r a l l e l  i n  p a i r s ) .  This  

non-para l le l i sm can be explained by one o r  a  combination of 

t h e  fo l lowing f a c t o r s  : (i) t h e  s l i g h t  f o l d i n g  of t h e  C r -  

N (b r idg ing)  -CP planes h a s  caused t h e  two octahedra around 

t h e  chromium atoms t o  have non-para l l e l  f a c e s  (ii) i n  t h e  

parent  molecule i t  i s  poss ib le  t h a t  t h e  NO and NH2 groups 

w i l l  no t  allow mi r ro r  symmetry and thus  provide an asymmet- 

r i c  e l e c t r o n i c  d i s t r i b u t i o n  about t h e  chromium atoms and 

cause a d i f f e r e n t  tilt f o r  each of t h e  C5H5 r i n g s ,  



fold axis which passes through the mid-points 

In the (f4far~)Mn~(C0)~ molecule, each manganese atom 

is bonded to four carbonyl groups and an arsenic atom of 

the f4fars ligand. The EAN rule is satisfied by consider- 

ing each CO group and arsenic atom as two electron-donors, 

and the unpaired electron of the formally zero-valent 

manganese atom pairing up in a metal-met.al bond. The pre- 

sent compound can be well described as a derivative of the 

parent compound with one CO group displaced on 

each manganese atom by an arsenic atom of the f4fars ligand. 

The ligands about the Mn-Mn bond are staggered, forming a 

distorted octahedral environment about each manganese atom. 

The molecule has an approximate noncrystallographic two- 

of the Mn-Mn and As...As vectors, as shown in Figure 7. 

The Mn-Mn bond in Mn2(~~)lo15 has been determined to 
0 

be 2.923(3)~, a value much longer than would be pre- 

dicted from Paulingls value of the covalent radius for 
0 

themanganeseatom, 1.2A48. Since there is no bridging group 

present in M ~ ~ ( C O ) ~ ~ ,  the molecule can be expected to have 

direct metal-metal interaction , which is also supported by 

the thermodynamic studies indicating an interaction of 

considerable strength44. The Mn-Mn bond is thus unlikely 
0 

to have been stretched by 0.5A. Clearly the first 

order approximation of Paulingls covalent radius is not 



Figure 7. Projection of f4farsMn2(~0)8 down the 
approximate Two-fold symmetry axis. 
Thermal ellipsoids contain 89 of the 
electron density of the atoms. 



appropriate for the manganese atom in this compound 

and attempts have been made to assign a satisfactory 

covalent radius for Mn(0) 45,39 , the best values being 1.39- 
0 

1.43A , not too different from the experimental result. 

Furthermore, a molecular orbital scheme set up by 

Bennett and   as on^^ is able to explain the lengthening of 
0 

the Mn-Mn bond up to 0.1A, taking into account thatthehybrid 

orbitals used in metal-metal bond formatiorA have greater "p" 

and "dl' character. Hence the Mn-Mn bond may be regarded as 
I 

quite "normal" under the circumstances. The Mn-Mn bond 

found in f4farsMn2(~~)B is longer by about 0.05g and there 

can be two reasons for this. (i) Compared to a CO group, 

the arsenic atom in the f4fars ligand is a good a donor 

but is a poor IT acceptor. This is consistent with the 

observation that while high rr-interacting ligands tend 

to stabilize a metal-metal bond, substitution with low 

n-interacting ligands tend to destabilize it (Section 4.1). 

(ii) The f4fars ligand is relatively "bulky1'. It has been 

observed that a bridging ligand containing higher row ele- 

ment or more than one bridging element tend to be associated 

with a longer metal-metal bond ( for instance, the Fe-Fe 

bond in F~*IZ(NO)~ where the Fe atoms are bridged by iodine 

atoms have a Fe-Fe bond of 3.051~~ ) . In other words, both 
the electronic and geometric factors of the f4fars ligand 

work towards a longer Mn-Mn bond. 



The two s e t s  of non-terminal carbon atoms ~ ( 2 ) ~  ~ ( 3 ) ,  

~ ( 4 )  and ~ ( 6 ) , ~ ( 7 ) , ~ ( 8 )  a r e  bent inwards towards each o t h e r  

a s  seen from t h e  acute  angles  they make with t h e  Mn-Ym 

bond v e c t o r .  S i m i l a r  bending was observed i n  M n 2 ( ~ ~ ) l o  

which was a t t r i b u t e d  t o  t h e  non-bonding repuls ion  between 

t h e s e  non-terminal  and the  t e rmina l  carbon atoms a s  suggest-  

ed by t h e i r  non-bond con tac t s15 .   h he molecular o r b i t a l  

scheme of Bennett  &   as on^^ t i e d  t h e  bending-in of t h e  CO 

groups wi th  t h e  lengthening of t h e  Mn-Mn bond e l e g a n t l y .  ) 

The a r s e n i c  atoms i n  f4farsMn2 ( c o ) ~ ,  however, a r e  s i t u a t e d  

away from t h e  Mn-Mn bond, having a  mean Mn-Mn-As angle  
0 

of 97.75(preswnably with a  mean Mn-As bond length  of 2.393A 

t h e  non-bond repu l s ion  between t h e  tkrminal  carbon and t h e  

a r s e n i c  atoms a r e  n e g l i g i b l e ) .  The b i t e  of t h e  As...As atoms 

has been found t o  depend l a r g e l y  on t h e  mode of l i g a t i o n .  

For i n s t a n c e ,  i t  i s  3.2238 i n  f a f a r s ~ e 2 ( ~ ~ ) s 4 8  where t h e  As 

atoms a r e  both  bonded t o  t h e  same Fe atom(whi1e t h e  C=C 

bond i s  n-bonded t o  t h e  o t h e r  Fe atom), 4.318 i n  

f 4 f a r s M n 2 ( C 0 ) ~ 1 ~ ' ~  where t h e r e  i s  no Mn-Mn bond and a  

br idging  f 4 f a r s  l igand  i s  repons ib le  only f o r  holding t h e  

two Mn(C0)41 moie t i e s  toge the r ,  4.108 i n  ( f a f a r s ) 2 ~ u 3 ( C O ) s  a 9  

0 
and 4 . 0 1 8 ( 3 ) ~  i n  t h e  p resen t  compound where each f 4 f a r s  

l igand  l i n k s  two metal  atoms that formametal-metal bond. 

The a r s e n i c  atoms and t h e  cyclobutene r i n g  a r e  coplanar 

 a able XVI). A l l  t h e  A s - C  bonds a r e  equ iva len t  wi th in  s tand-  



ard errors. Frox the C-As-C and C-As-Mn angles it can 

be seen that the lone pair positions are in the 

As-Mn bond directions. The double-bond in the cyclobutene 
0 

ring ~(13)=~(14) has an expected value of 1.34 ( 2 ) ~  and 

the remaining C-C bonds lie within the range of 1.50-1.54 ( 2 ) 8  

as expected for single C-C bonds. The C-C-C angles in the 
0 

ring deviate from 90 as expected from the different 

geometry ofsp2 and sp3 hydridizations. The C-F bonds 
0 

(meam value 1.35~) also compare well with those found in 

other f4fars ligand containing compounds. 

The Mn-C and C-0 hands range from 1.78 to 1.83 and 1 .l4 

to 1.16; respectively. No significant variations are found 

amongst these distances. All the Mn-C-0 atonis are colinear. 



Each iodine  atom i s  covalent ly  bonded t o  t h r e e  oxygen 

atoms a t  d i s t a n c e s  ranging from 1.753 t o  1.9528 a p a r t ,  

forming a  d i s t o r t e d  t r i g o n a l  pyramidal arrangement. I n  

a d d i t i o n  extens ive  oxygen-iodine con tac t s  ranging from 2.4 

t o  3.48(sum of van de r  Waals r a d i i  f o r  iodine  and oxygen 

atoms being 3.58) e x i s t  between neighbouring ioda te  i o n s .  

A s  a  r e s u l t ,  t h e  iodine  atoms have two types of environ- 

ments. 1(1),1( 3)) and 1 ( 4 )  a r e  each surrounded by oxygen atoms 

forming a  d is tor tedoctaheAron.  S i m i l a r  s i t u a t i o n s  have been found 

i n  a  number of i o d a t e  compounds: I - (2) ,  however, has a  

h ighly  d i s t o r t e d  capped-octahedral environment wlth f o u r  

d i s t a n t  I . . . O  c o n t a c t s .  Two of t h e s e  i n t e r a c t i o n s  a r i s e  

from a c r y s t a l l o g r a p h i c a l l y  equiva lent  (centro-symmetrically 

r e l a t e d ,  1 ( 2 ) )  ioda te  ion; and t h e  remaining two from o t h e r  

independent ioda te  i o n s .  

Among t h e  twelve independent 1-0 bonds  a able I X A ) ,  

two s tand out  t o  be s i g n i f i c a n t l y  longer  than t h e  r e s t ,  

namely 1(4)-0(42)=1.952 and 1(3)-0(32)=1.9118. These a r e  

expectedtobethehydroxylic oxygen atoms (peaks a t  s u i t a b l e  

p o s i t i o n s  f o r  hydrogen atoms were found i n  the  f i n a l  e l e c t r o n  

dens i ty  d i f f e r e n c e  map but they were no h igher  than spurious 

non-atomic p e a k s ) .  Fur ther  support  f o r t h i s  i n t e r p r e t a t i o n  
0 

a r e  t h e  d i s t a n c e s  0(42)-0(32)=2.708 and 0 ( 4 2 ) - 0 ( 1 1 ) = 2 . 7 3 1 ~  
0 

which a r e  t h e  only 0-0 d i s t ances  l e s s  than  2 . 8 0 ~  between 



different iodate groups. Also this is fully consistent 

with the 0 - H  stretching frequency in the reported infra- 

red spectrum6 which would predict an OH-0 length of 2.71 

on the basis of existing empirical  correlation^^^. From 
these 1-0 and 0-0 distances, one may conclude that 0(43) 

acts both as a hydrogen bond donor and acceptor whereas 

0(32) acts only as a hydrogen bond donor. The interatomic 

angles computed for this hydrogen bonding scheme (Table 

IXD) show reasonable agreement. 

Formal bond orders can be assigned to the different 

1-0 bonds, for instance, a value of 1 to 021-OH, 1% in 
- 

IO3 ions and 2 to HOI-02. Results in Table IXB show that 

while bonds of order 1 are significantly different from 

those of order I$, there is no substantial difference 

between those of the latter and those of bond order of 2. 

Bond length variations between bond orders of 1% and 2 are 

expected to be small in any event,especially when variations 

in the extensive weak I...O interactions may further mask 

these fractional differences. 

To account for the interionic interactions, the 

electronegative environment of the iodine atom is probably 

responsible for contraction of the empty 5d orbitals allowing 

them to provide suitable overlap with the oxygen filled p 

orbitals, as pointed out by  itche ell^'. Furthermore, for the 
- 

XOs species, one would expect the acceptor strength to 



i nc rease  i n  t h e  order  of X = C l , B r , I ,  a s  I i s  t h e  most p o l a r i -  

zable  and thus  has t h e  h ighes t  e f f e c t i v e  p o s i t i v e  charge.  

The l eng ths  of t h e  weak I . . . O  con tac t s  a r e  s t r i k i n g l y  
- 

d i f f e r e n t  f o r  t h e  103 and HI03 moie t i e s .  The average I . . . O  
- 

d i s t ances  a r e  i n v a r i a b l y  longer  f o r  t h e  103 ions  ( involv ing  

1(1) and I ( 2 ) )  than  t h e  HI03 spec ies  ( invo lv ing  1 (3 )  and 

1(4 ) ) . (See Table IXB. ) An explanat ion  may be found i n  

terms of a more e l e c t r o p h i l i c  iod ine  atom i n  HI03 t o  

accept  e l e c t r o n s .  

The lone-pai r  on t h e  iodine  atom may be proposed t o  

be s i t u a t e d  i n  between t h e  longer  I . . . O  con tac t s  i n  t h e  

case of t h e  d i s t o r t e d  oc tahedra l  environment. However, a 

head-on approach of an oxygen atom d i r e c t l y  towards a lone 

p a i r  p o s i t i o n  a s  i s  found i n  a  r e g u l a r  capped-octahedron 

w i l l  n o t  be expected.  I n  f a c t ,  t h e  l i n e  of  approach of 

t h e  d i s t o r t e d  capped oxygen atom 0 ( 3 1 )  t o  1 ( 2 )  i s  consider-  

ab ly  d isp laced  towards one s i d e  of t h e  t r i a n g l e  formed by 

0 ( 2 1 ) ' ,  0 ( 2 2 ) 1  and 0 ( 1 3 ) .  It can thus  be i n f e r r e d  t h a t  t h e  

lone p a i r  of e l e c t r o n s  in1(2 )mayhave  a  h igher  s c h a r a c t e r .  

Each potassium ion  has e i g h t  near-neighbouring oxygen 

atoms with K-0 d i s t ances  ranging from 2.67 t o  3.048 and 

has an environment b e s t  descr ibed a s  a  d i s t o r t e d  square 

an t ip r i sm.  The squares around ~ ( 1 )  c o n s i s t  of 0 ( 2 1 ) ,  0 ( 2 2 ) ,  

0 ( 2 3 ) ,  O ( 4 1 )  and 0 ( 1 3 ) ,  0 ( 4 3 )  0 ( 2 3 ) ' ,  0 ( 1 3 ) '  while those 

around K(2) c o n s i s t  of 0 ( 3 1 ) ,  0 ( 4 1 ) ,  0 ( 3 2 ) ,  0 ( 4 2 )  and 

0 (21) ,  0(12) ,  0 (33) ,  and 0(11). 
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Earlier works2 by Rogersand Helmholz on a-H103 led them 

to believe the structure to consist of bifurcated hydrogen 

bonds. wells8 however,re-examined the structure and concluded 

that it should be described as infinite HI0 3...HI03... 

chains; this model was confirmed by ~arrett's~ neutron 

diffraction work. The overall structure of KI03.HI03 may 
- 

be considered to consist of (Io3.. .HI03.. .HIO~)-, (10~. . .I03)- 
+ 

and K ions packed together electrostatically. However the 

geometry of the (103.. .HI03.. .HI03)- moiety differs substan- 

tially from a fragment of the infinite HI0 3...HI03... chain 

proposed by Wells as it involves the same oxygen atom 0(42) 

twice. 

Considerable interest has been found in the structures 
- 

of HX2 anions63 (e.g. X= N03,C03,RC00 ) .  Writing the formu- 
- 

la of KI03. HI03 in the form ~'~(10~) , one might expect 
- 

the compound to provide a similar HX2 system. However, 

the crystal structure of KI03.HI03 clearly shows that it 

has a hydrogen bonding scheme which is quite distinctly 

different from that which was found'in H(No~)~- 63J64 $ 

- - - 
~ ( ~ 0 3 )  2 63, and H(RCOO)~ 63. There is no discrete H(Io~)~ 

anion present. It is also noted that  relationship^^^ between 

0-H...O and 0-H distances suggest an asymmetric hydrogen 

atom from the two oxygen atomic positions. This prediction 

is consistent with the proposed hydrogen bonding scheme. 

Thermal motion for the different atoms in KI03.HI03 is 

generally low (although they may contain errors due to 

approximate absorption corrections, the values obtained 

are reasonable), a fact which may be attributed to the 
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ionic nature and the hydrogen bonding present giving a 

stable 3-dimensional structure. It is also consistent with 

the high density, the hardness and difficulty in cleaving 

the crystals. The packing density of oxygen atoms in 

KI03.HI03 is less than that found for other structures 

containing the iodate ion53. The volume per oxygen atom 

is 26i3 compared to about 16 in a closest-packed structure. 

It has been found that a sample of KI03.HI03 exhibits 

a strong second harmonic effect54 indicating that, as in 

the parent compounds KI03 and HIO3, a crystallographic 

centre of symmetry is lacking. This agrees also with a 

recent report on the piezoelectric effect5' of the same 

crystals. .In this work, refinement in the possible non- 

centrosymmetric space group was not carried out because of two 

reasons. (i) From a chemical interest view point, the positions 

of the hydrogen atoms are not found in the present case , and 
probably will not be readily located either in the non-centro- 

symmetric case. (ii) Since the x-ray diffraction patterns con- 

form so closely to those of the space group P21/c, the heavy 

atoms must be in almost perfectly centrosymnlztric arrangement 

(this is also supported by the small anisotropy in their ther- 

mal motion). It is possible that the deviation from centrosym- 

metry arises mainly thraugh the hydrogen bonding of the struc- 

ture. Refinement in the noncentrosymmetric case will probably 

be complicated by a large number of interactions between para- 

meters due to the pseudo-centrosymmetry. The present good 

agreement obtained really shows that P2l/c - is a very close 

approximation to the true space group of the structure. 



5 6 
In the gaseous state, modern structural theory 

might predict a trigonal bipyramidal geometry for 

(cH,),T~I, with the lone pair of electrons and the methyl 

groups in a distorted trigonal plane, and the iodine atoms 

at the axial positions. In the solid state,however, an 

octahedral environment of varying regularity is found for 

each of the three crystallographically independent tellurium 

atoms, formed by two trans- Te-I bonds,two - cis- Te-C bonds 

and two weak intermolecular Te...I contacts,as a result 

of which,the molecules are linked together in corrugated 

sheets approximately parallel to (010). 

These weaker intermolecular interactions may be re- 

garded as involving the partial donation and acceptance 

of electrons of the tellurium atoms with neighbouring 

iodine atoms. Such interactions have always been observed 

in a number of organo-tellurium halides,and the donor- 

acceptor role played by a tellurium atom is often critical- 

ly determined by its environment. For instance, in the 8 -  

f 0rm of dimethyltellurium di-iodide, [ (cH.),T~+ ][cH~I,T~-1, 

the tellurium atom acts as a donor in the anion and an 

acceptor in the cationn . In the present compound, the 
same tellurium atom can be considered to be acting both 

as donor and acceptor,indicating that the factors governing 

these weak interactions are delicately balanced. 



A comparison between the structures of a-(CH3)2~e1~ 

and ~ - ( c H ~ ) ~ T ~ c ~ ~ ~ ~  shows that the two structures are 

somewhat similar, However, the iodide definitely assumes a 

more regular octahedral geometry in each of the three 

independent molecules. This can be explained by the electro- 

negativity difference between the iodine and chlorine atoms, 

which have two main consequences. Firstly, the chlorine atom 

does not donate a lone pair of electrons readily and 

secondly, the ~e'+-Cl'- 0 bond polarity decreases the donor 

power of the tellurium atom. Also it is worth noting 

that when the methyl groups are replaced by more electron- 

withdrawing aromatic systems (for example, in ( ~ , ~ 5 ) 2 ~ e ~ r ~ ' ~  

and ( ~ - c ~ c ~ H ~ ) ~ T ~ I ~ ~ ~ ) ,  the lone pair donor power of the 

tellurium atom is correspondingly reduced and fewer short 

intermolecular Te...X (X=I or Br) contacts result. For exam- 

ple, all Te. . .I contacts in reference 59 are >4.11. 

The Te-I covalent bonds are found to be significantly 

longer than the sum of covalent radii 2.701 43 for the 

tellurium and iodine atoms and they also differ signifi- 

cantly amongst themselves ( see the range of the Te-I bonds 

in Table XIII). The bond lengthening may be attributed to 

the polymeric Te.. .I linkages in the structure as well 

as a high participation of the Te dZ2 orbital in the 

Te-I bond formation; or alternatively, the Te-I bonds can 

be regarded as having a covalent bond order of less than one. 
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The v a r i a t i o n s  of t h e  Te-I bonds a r e  a l s o  c o n s i s t e n t  with 

t h e  d i f f e r e n t  degrees of t h e  in te rmolecu la r  i n t e r a c t i o n s .  

Thus 1 ( 6 ) ,  whose T e ( 3 ) - I ( 6 )  bond i s  s u b s t a n t i a l l y  longer  

than a l l  t h e  o t h e r  Te-I bonds, i s  t h e  only iod ine  atom 

t h a t  forms more than  one in te ra tomic  con tac t  , both t o  T e ( 1 )  

and T e ( 3 ) ,  and t h e  ~ e ( 1 )  ... 1(6) value  of 3 .659(3)1  i s  t h e  

s h o r t e s t  of a l l .  A s  a  r e s u l t  of t h e  long ~ e ( 3 ) - 1 ( 6 )  bond, t h e  

t r a n s -  l igand,I(5) ,mayhave an increased  o r b i t a l  over lap  wi th  

Te(3)  t o  give t h e  s h o r t e s t  Te-I bond, 2.854 ( 3 ) i .  F'urther- 

more it i s  noted t h a t  t h e  cons iderable  lengthening of ~ e ( 1 ) -  

~ ( l )  (2.965(3)1) ,over  ~ e ( l ) l 1 ( 2 )  ( 2 . 8 8 5 ( ) )  i s  c o n s i s t e n t  

wi th  t h e  f a c t  t h a t  I ( 2 )  does no t  form any in termolecular  

T e . . . I  con tac t .  

The v a r i a t i o n s  i n  lengths  of t h e  Te ... I con tac t s  a l s o  

l I a f f e c t  t h e  r e g u l a r i t y  of t h e  square" p lane  formed 

by t h e  methyl carbon and t h e  weakly bonded iod ine  atoms,and 

they  fol low t h e  order  ~ e ( 3 ) 1 T e ( 2 ) < ~ e ( l ) .  A n e a r l y  r e g u l a r  

oc tahedra l  arrangement of bond angles  i s  formed i n  t h e  case  

of ~ e ( 1 ) .  The wide range of t h e  I . . . T e . . . I  ang les  (Table X I I I )  

a s  opposed t o  t h e  r e l a t i v e l y  cons tant  near-90" C-Te-C angles  

i s  c o n s i s t e n t  wi th  t h e  idea  t h a t  more p  c h a r a c t e r  i s  asso-  

c i a t e d  with t h e  Te-C bonds and more s  c h a r a c t e r  with t h e  Te 

lone p a i r  of e l e c t r o n s .  Fur the r  support  f o r  t h i s  i s  found 

i n  t h e  observat ion  t h a t  only with t h e  methyl groups i n  a  - c i s -  

arrangement can each Te-C bond ob ta in  t h e  maximum poss ib le  p- 
60 

c h a r a c t e r .  A small  p o s i t i v e  1 2 5 ~ e  ~ o s s b a u e r  isomer s h i f t  of 

+0.55(20)rnrn/sec (wi th  r e spec t  t o  c u l Z 5 1 )  i s  c o n s i s t e n t  wi th  a  



bonding scheme involv ing  p r i n c i p a l l y  5p and 5d o r b i t a l s  of 

t h e  Te atom. 

The Te-C d i s t ances  a r e  i n  t h e  range from 2.10 t o  2 . 1 6 ( 3 ) i  

with a  mean va lue  of 2.141 which i s  i d e n t i c a l  t o  t h e  sum of 

covalent  r a d i i  of 2 .141 f o r  Te and C atoms. It may be noted 

t h a t  i n  a- ( c H ~ ) ~ T ~ c ~ ,  t h e  mean Te-C bond obtained i s  2 .09(3)1 .  

Although t h e  d i f f e r e n c e  i s  no t  s i g n i f i c a n t  it i s  i n  t h e  

d i r e c t i o n  expected from a  bond shor tening  e f f e c t  due t o  t h e  

more e l e c t r o n e g a t i v e  t e l l u r i u m  s u b s t i t u e n t s 6 ' .  
I 



APPENDIX 

The fol lowing page l i s t s  a program t o  compute t h e  

'i j 
l s  from t h e  B i j l s  of the  atoms, and t h e  lower and 

upper bound l i m i t s  of t h e  bond l eng ths  as given i n  

equat ion ( 2 5 ) .  

The inpu t  cards requi red  a r e  as fol lows:  
0 

1. u n i t  c e l l  dimension , a ,b ,c , (A) ;a ,P ,y  ( "  ), ( 6 ~ 1 0 . 6 )  

2. atom name ( ~ 6 )  

4. IEND,  a of B I s  i n  t h e  same o rde r  as 3. (Il ,F9.6,5F10.6) 
J i j  

Ckrds 2 ,3 , and4repea t  f o r  each atom, t h e  l a s t  s e t  should 

R1 and R 3  a r e  t h e  r . m . s .  r a d i a l  thermal displacements f o r  

atoms A and B when t h e  lower and upper bound l i m i t s  of 

bond A-B a r e  t o  be determined. R2 and R, a r e  t h e  r . m . s .  

components of thermal displacement of A and B i n  t h e  

d i r e c t i o n  A-B. SO i s  the  uncorrec ted  bond l eng th  of A-B. 

These f i v e  values a r e  a v a i l a b l e  through ORFFE. One card  i s  

f o r  one bond. More cards can be added : i f r equ i red .  

6 .  One blank ca rd .  
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