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The c r y s t a l  s t r u c t u r e  of  2-[  t e t r a (  t r i m e t h y l s i l y l ) c y c l o -  

hexene-1-yllheptamethyltrisilane has been determined from 

three-d imens iona l  s i n g l e - c r y s t a l  x-ray d i f f r a c t i o n  d a t a  

c o l l e c t e d  by c o u n t e r  methods. The , c r y s t a l s  a r e  orthorhombic, 

space group P n a a l  w i t h  u n i t  c e l l *  parameters  - a = 24.081 f 

3 
Oc = 0.984 g/cm f o r  Z = 4. Block-diagonal  a n i s o t r o p i c  

l e a s t - s q u a r e s  ref inement  *led t o  a convent iona l  - R of  0.07 f o r  

1225 observed r e f l e c t i o n s .  The molecular  s t r u c t u r e  i s  com- 

posed of a t e t r a s u b s t i t u t e d  cyclohexene r i n g  w i t h  t h e  carbon- 

carbon double  bond v i p y l i c  t o  the  t r i s i l a n e  moiety. The 
0 

average  S i - S i  bond d i s t a n c e  i s  2.35 + 0.01 A ,  and t h e  average 
0 

S I - C ( S ~ ~ )  bond dis tamce i s  1.08 + 0.04 A. 

The c r y s t a l  and molecular  s t r u c t u r e  o f  - c i s - d i c h l o r o b i s  

( dimethylphenylphosphine)palladi~m( 11) h a s  been determined 

from 2027 independent ,  non-zero r e f l e c t i o n s  u s ing  conven- 

t i o n a l  three-dimensional  s i n g l e  c r y s t a l  t echniques .  The 



compound crystallizes in the space group pQ2/n with four 

molecules in a unit cell of dimensions a - = - b = 9.324 2 0.004 
0 

and - c = 21.485 + 0.004 A ( pcalc = 1.62 g/cc and pobs = 1.61 

03 g/cc) . The calculated volume is 1868 A . The structure is ,. 

approximately - cis, square-planar with a slight tetragonal 

'distortion of 4.3'. The Pd-P and the Pd-C1 distances are 
0 0 

2.259 f 0.002 A and 2.362 f 0.002 A, respectively. The 
0 

shortest Pd-Pd distance is 6.6 A. 

The crystal and molecular structure of nitrilotriaceto- 

diaquopraseodyrnium(111)-monohydrate has' been determined from 

1111 independent, non-zero intensities using conventional 

heavy atom techniques. The compound crystallizes in the 

space group Pbca with eight molecules in a unit cell of 
0 0 

dimensions - a = 13.21 f 0.01 A, - b = 20.98 f 0.01 A, - c = 

8.132 f 0.006 2 and V = 2254 g3. The praseodymium is nona- 

coordinate with six carboxylate oxygen atoms, two waters and 

one nitrogen atom in the coordination sphere. The spatial 

arrangement of the coordinating atoms can be described as 

either a distorted tri-capped tirgonal prism or a distorted, 

capped, square anti-prism. Each nitrilotriacetate (NTA) is 

hept*dentate with one oarboxylate oxygen coordinating to two 

adjacent metal atoms. One carboxylate oxygen is uncoordinated 

and there is one water of crystallization. 

The crystal and molecular structure of nitrilotriaceto- 

diaquodysprosiurn(111)-dihydrate has been determined from 3067 



independent, non-zero i n t e n s i t i e s  us ing  a combination of heavy 

atom and superpos i t ion  techniques.  The compound c r y s t a l l i z e s  

i n  t h e  space group .PcaPl w i t h  e i g h t  molecules i n  a u n i t  c e l l  

of dimensions a = 21.535 2 0.013, 2 = 9.028 f 0.004, c = - - 
0 

12.186 f 0.007 A and Vc = 2369 x3. The two independent 

dysprosium atoms a r e  octa-coordinate  with f i v e  acetate-oxygen 

atoms, two water molecules and one n i t rogen atom i n  the  co- 

o rd ina t ion  sphere.  The e i g h t  atoms r e s i d e  a t  t h e  corners  of 

a d i s t o r t e d  dodecahedron with,  t r i a n g u l a r  f a c e s .  Each 

n i t r i l o t r i a c e t a t e  l igand i s  hexadentate w i t h  one a c e t a t e -  

oxygen atom not coordinated t o  any metal  atom. Also, t h e r e  

a r e  two waters of c r y s t a l l i z a t i o n .  

A new method f o r  r e l a t i n g  the  phases of r e f l e c t i o n s  i n  

a c e n t r i c  s t r u c t u r e  i s  descr ibed.  The d e r i v a t i o n  of the 

b a s i c  equat ions,  a d e s c r i p t i o n  of t h e  procedure, ) and the 

a p p l i c a t i o n  of the  procedure t o  a s t r u c t u r e  s o l u t i o n  a r e  
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INTRODUCTION 

The term "organometallic" is used to describe a wide 

range of compounds in which the organo-group is bonded 

directly to a metal atom. In addition, this term is often 

used to indicate compounds inwhich the organo-group is 

bonded to such atoms as silicon, boron, or phosphorus. The 

four compounds, Si7C26H55, P ~ ( P ( c H ~ ) ~ c ~ H ~ ) ~ c ~ ~ ,  

P ~ ( N ( c ~ H ~ o ~ ) ~ ) ~ H ~ o ,  D~'(N(C~H~O~)~')&H~O all fall into this 

category. An attempt was made to select compounds for study 

for which there was relatively little structural information 

available or the information was inconclusive and a crystal 

structure study would remove the ambiguity, 

The silicon compound was selected for study due to the 

dearth of structural information available on multiplesi-Si 

bonding. In fact, this is, to my knowledge, the first crystal 

structure report of a compound with multiple Si-Si bonds. The 

silicon atoms were found to have a normal tetrahedral type 

configuration with little evidence for d-orbital contribution 

to the bonding despite the presence of a carbon-carbon double 

bond adjacent to the trisilane moiety. In the case of the 

palladium structure, information available on the structure 

was inconcl~~sive. This study determined the configuration of 

the cnmporlnd to be - cis, square-planar.witn a significant 

lengthening of the Pd-C1 bond and a shorteqing of the Pd-P 

bond. The amount of structural information available for the 



r a r e  e a r t h  complexeq i s  l imi ted ;  e s p e c i a l l y  on s t r u c t u r a l  

changes a c r o s s  an e n t i r e  s e r i e s  of r a r e  e a r t h s  complexed t o  

one p a r t i c u l a r  l igand.  The purpose of the  s tudy of the  

lanthanon(111j - n l t r i l o t r l a & e  t a t e  complexes was t o  provide 

good s t r u c  t u i a l  information on t h e  na tu re  t h e  changes 

i n  - t h e  complexes ac ross  t h e  s e r i e s  and t o  determine the  

causes of t h e s e  changes. The two s t r u c t u r e s ,  which a r e  

presented here,  show a gross  s t r u c t u r a l  change from nona- 

coordina te  t o  octa-coordinate  w i t h  a d d i t i o n a l ,  minor changes 

i n  bond d i s t a n c e s .  The r e s u l t s  i n d i c a t e  t h a t  these  changes 

a r e  probably due t o  , the  decreased nietal-ion s i z e .  

I n  add i t ion ,  we have attempted t o  extend the  normal 

" d i r e c t  methods" by use of a new phase r e l a t i o n s h i p  c a l l e d  

the  "quadruple 'pyoduc t ' I .  The method has been t r i e d  success- 

f u l l y  on Cs3Sb2C19. 

. . . . . . 



Int roduc 

Although the structures of inorganic silicon compounds 
. . 

as well as a number of organic siloxanes and silsesquioxanes 

have been studied extensively, relatively little. structural 

information is available for organosilicon compounds whihh 

contain Si-Si bonds. Gas phase electron diffraction was 

used to investigate the structures of disilanel and hexa- 

methyldisilane2, but the only compound of' this type to be 

investigated by single-crystal X-ray diffraction techniques 

prior to the present study was bistetramethyldisilanilene- 

3 dioxide, ( ( c H ~ ) ~ s ~ ~ o ) ~  . The title compound, 2-[tetra 

( trime thylsilyl)cyclohexene-1-yllheptamethyltrisilane, here- ., 

af.ter referred to as TTCH, is of interest because of the 

trisilane moiety. The molecular configuration and the . . 

numbering scheme used in this investigation are seen in 

Figure 1. TTCH was obtained as the major product4 in 'the 

reaction of phenylmethyldichlorosilane and chlorotrimethyl- 

silane with metallic lithium in tetrahydrofuran, and was 

unambiguously characterized only after this structural 

investigation. 

Experimental 

A sample of TTCH, mp 121°, was kindly supplied by 

Professor Gilman of this department. After recrystallization 
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F i g u r e  1. The molecu la r  s t r u c t u r e  'bf TTCH ( t h e  r i n g  carbons 
are numbered from 1 through.  6 and t h e  s i l i c o n  
atoms which a r e  bonded t o  them have t h e  same 
number as t h e  carbon t o  which they  a r e  a t t a c h e d .  
S u b s t i t u e n t s  on each s i l i c o n  atom a r e  i d e n t i f i e d  
by moving t h e  s i l i c o n  number one d i g i t  t o  t h e  
l e f t )  





from a 1:l s o l u t i o n  of methanol and e t h y l  a c e t a t e ,  many small, 

c o l o r l e s s  c r y s t a l s  were obtained and were used without f u r -  

t h e r  p u r i f i c a t i o n .  Weissenberg and precess ion  photographs 

made w i t h  CuKn and MoKa r a d i a t i o n ,  r e spec t ive ly ,  ind ica ted  

orthorhombic symmetry. Systematic absences observed f o r  Okl - 
r e f l e c t i o n s  w i t h  - k + 1 odd, ,and  f o r  - -  h01 r e f l e c t i o n s  with - h - 
odd, l i m i t e d  t h e  choice o f ' s p a c e  groups t o  Pna21 o r  Pnma. 

Accurate u n i t  c e l l  parameters were obtained from a l e a s t -  

squares  refinement based on t h e  28 values f o r  16 r e f l e c t i o n s  

which had been c a r e f u l l y  measured on a General E l e c t r i c  
I 

d i f f rac tomete r  using C r K a  rad ia t ion . .  .The a1 and a2 compo- 

nen t s  were unresolved. Hence the wavelength used was the  
0 

weighted mean of a 1  and n2, 1 = 2.291 A. The u n i t  c e l l  

parameters and t h e i r  s tandard  dev ia t ions  based on t h e  e l e -  

ments of t h e  l eas t - squares  inverse  matr ix  a r e  - a = 24.081 f 

0.008, - b = 9.839 2 0.007, = 15.973 f 0.009 1, and V = 

O 3  3784 A . The d e n s i t y  as measured by f l o t a t i o n  i n  a methanol- 

g l y c e r o l  mtxture was 0.97 g/crn3; t h e  d e n s i t y  ca lcu la ted  with 

Z = 4 was 0.98 g/cm3. A General E l e c t r i c  XRD-5 X-ray u n i t  

equipped with a s i n g l e - c r y s t a l  o r i e n t e r  and s c i n t i l l a t i o n  
0 

counter  was used w i t h  MoKn r a d i a t i o n  ( X  = 0.7107 A )  i n  t h e  

mbvlng-crys tal-moving-counter mode (8, 28 coupling) t o  

measure i n t e n s i t i e s .  A 100-sec scan covering 1.67' i n  28 

was used f o r  each r e f l e c t i o n .  The take-off angle  was 1.0'. 

Since the  backgrounds were seen t o  be a func t ion  of 8 only, 



the backgrounds for individual reflections were obtained 

from a plot of background versus 20. One crystallographically 

independent octant of data was measured within a 28 sphere 

of 45' (sinQ/~ = 0.538) beyond which no reflections were 

observed to have intensities significantly above the back- 

ground. These data, after correction for noncharacteristie 

radiation streaks5 and ~orenth-polarization factors, were 

reduced to structure factors. The crystal used for intensity 

measurements had approximate dimensions 0.2 x 01.2 x 0.4 mrn. 

The minimum and maximum transmittances were 91% and 97% based 

on 1-1 = 2.50 cm-l. Consequently no Absorption correction was 

made. In an attempt to account for systematic as well as 

random errors standard deviations were assigned to the 

intensity data according to the formula: 

. . 

. where CT, CB, and CS are, respectively, the total counts, 

background counts, and streak counts. The quadratic terms 

correspond to estimated systematic errors of 4% in intensity 

and background measurements, and 6% in the streak correction. 

The'estimated standard deviation for each structure factor 

was obtained by the method of finite differences5 

where Lp is the Lorentz-polarization factor. Of the 1423 



measured r e f l e c t i o n s ,  198 had F < 30 (F)  and were excluded 
. . . .  . . . . .. 

from t h e  refinement . 
Since the  genera l  mu1 t i p l i c i t y  of t h e  centrosymmetric 

I .  . space group,'Pnma, i s  8, f o p  molecules of TTCH could occupy 

one u n i t  c e l l  i n  t h i s ,  space group only i f  each  possessed 

e i t h e r  a c e n t e r  of symmetry o r  a mir ror  p lane .  The improb- 

. . a b i l i t y  of e i t h e r  synunetry i n  TTCH molecules ind ica ted  t h e  

noncentrosymrnetric space group Pna21. The success fu l  solu-  

t i o n  of t h e  ktmrcture v e r i f i e d  t h i s  space group assignment. 

The S i  atoms were loca ted  by the  use of a three-dimensional,  

superpos i t ion  procedure s t a r t i n g  w i ' t h . a  wel l  resolved peak 

i n  t h e  Harker s e c t i o n  of irhe sharpened Pat te rson  map ( t h e  
02 

thermal parameter, E, used f o r  sharpening was 2.0 A ) .  I n  

t h e  r e s u l t a n t  map, a c e n t e r  of symmetry r e l a t i n g  two images 

was r e a d i l y  found. U t i l i z i n g  one a d d i t i o n a l  superpos i t ion  

and a knowledge of t h e  space group symmetry, s i x  of t h e  

seven Si atoms were loca ted .  Because of t h e  l a r g e  number of 

apparen t ly  equal  peaks i n  the  three-dimensional e l e c t r o n  

d e n s i t y  map, t he  f i n a l  sl.3 ?con atim, S i 5 ,  could not  be 

d i s t ingu i shed  from t h e  many, as ye t  unassigned, carbon peaks. 

' A  'centrosymmetric p ro jec t ion  of t h i s  Four ie r  map along t h e  

c-axis,. .  however, c l e a r l y  y ie lded  the  x - and coordina tes  of 

S i g .  The z coordina te  was r e a d i l y  obtained by searching 

t h e  three-dimensional map along the  l i n e  def ined  by - x and 

. subsequent three-dimensional Four ier  syntheses  revealed 



I 

t h e  l o c a t i o n s  of a l l  of t h e  carbon atoms. Calcula t ions  

were performed on 1~~/360 models 50 and 65 computers us ing  

a s e r i e s  of unpubllsl-led programs developed at  Iowa S t a t e  

. 6  Univers i ty ,  the Oak R l d g e  l eas t - squares  program , and t h e  

block-dj.a#gonal least-squares program of t h e  National Research 

Council of canada7. S c a t t e r i n g  f a c t o r s  f o r  n e u t r a l  s i l i c o n  

-7 

8 and carbon atoms were those of Hanson e t  a l .  . Only the  - .  x 

and parameters of S i l l  were var ied  i n  the  l eas t - squares  

refinement i n  o r d e r  t o  f i x  the  o r i g i n  of the p o l a r  u n i t  c e l l .  

The f u l l - m a t r i x  i s o t r o p i c  refinement converged t o  a con- 

ven t iona l  R, R = 21 \&,/ - , of . The funct ion  

2 minimized was ZW( - 1% 1 - 1% 1 ) i n  which t h e  weight, - w, w a s  

2 
l/o ( F ) .  The a n i s o t r o p i c  refinement of 287 p o s i t i o n a l  and 

. temperature f a c t o r s  n e c e s s i t a t e d  use of the  block-diagonal 

approximation. I n  t h e  f i n a l  s t a g e s  of refinement a modified 

weighting func t ion  was used i n  order  t o  remove the  dependence 
2 

of <z(I%I - I $ ! )  > o n  F,. The modified weighting funct ion  

was w = l / ( n 2 ( ~ )  + 0 . 0 0 5 ~ ~ ) .  Convergence was achieved w i t h  

a convent ional  R f a c t o r  of 0.07 and a weighted R f a c t o r ,  
2 

Rw = ( z ~ (  (IGI - 1 )  /T!Fo 2)1/2, of 0.10. . The s tandard 

dev ia t ion  of a r e f l e c t i o n  of u n i t  weight was 1.009. A con- 

s i d e r a t i o n  of the i s o t r o p i c  and a n i s o t r o p i c  R f a c t o r s  permits 

r e j e c t i o n  a t  the  0.005 l e v e l  of the  hypothesis  t h a t  a l l  atoms 

v i b r a t e  i s o t r o p i c a l l y 9 .  A d i f f e r e n c e  map was c a l c u l a t e d  i n  

an a t tempt  t o  determine t h e  p o s i t i o n s  of the  hydrogens. How- 



ever ,  due t o  t h e  l a r g e  thermal v i b r a t i o n s  i n  the  molecule, 

t h e  hydrogen atoms could not  be loca ted .  F i n a l  p o s i t i o n a l  

and thermal parameters along with t h e i r  es t imated s tandard 

, .  dev ia t ions  a r e  l i s t e d  i n  Figure 2.  The neg lec t  of i n t e r -  

atomic c o r r e l a t i o n s  i n  t h e  block-diagonal approximation l eads  

t o  undere'stimation of t h e  s tandard dev ia t ions .  Experience 

i n  t h i s  l abora to ry  has shown t h a t  the  block-diagonal s tandard 

dev ia t ions  and q u a n t i t i e s  ca lcu la ted  from them shou ld .  be 

mul t ip l i ed  by 1.2 f o r  comparison w i t h  fu l l -ma t r ix  values.  

Calculated s t r u c t u r e  f a c t o r s  a r e  compared w i t h  the  observed 

values i n  Figure 3. 1 

Resu l t s  and Discussion 

The molecular s t r u c t u r e  of TTCH i s  shown i n  Figure 4 

, which was prepared by the  computer u t i l i z i n g  Johnson's ORTEP 
10 program . TTCH absorbs i n  the  u l t r a v i o l e t  w i t h  a maximum 

12 a t  241 mu1' whereas t r i s i l a n e s  usua l ly  absorb a t  215 rnw . 
Such a s h i f t  toward t h e  v i s i b l e  i s  common i n  the  s p e c t r a  of 

s i l a n e s  which have phenyl o r  v i n y l  s u b s t i t u e n t s  and has been 

explained i n  ternis of pn-dn i n t e r a c t i o n s  w i t h  t h e  unoccupied 

3d o r b i t a l s  on s i l i c o n  l3 14. Accordingly the  carbon-carbon 

double bond i n  TTCH was placed v i n y l i c  t o  the  t r i s i l a n e  
. .  . 4 moiety by Gilman -.-- e t  ,.-..--. a l .  . The carbon-carbon double bond of 

t h e  cyclohexene system i s  unambiguously loca ted  between C1 

and C2 on t h e  b a s i s  of in tera tomic  ' d i s t ances .  Thus the  

s t r u c t u r e  proposed by Gilman -- e t  al.1I i s  v e r i f i e d .  
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Figure  2. F r a c t i o n a l  atomic coordina tes  and a n i s o t r o p i c  
I 

temperature c o e f f i c i e n t s  ( l o 4  x n i s  given 

p r e n t h e s e s .  13 s a r e  t imes lo4 and have t h e  

2 2 2  form exp [ - (h  - B l l  + & + - 1 * 8 3 3  + kl*Bgj - + 

hl*B13 + h&*R12)3) - 
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F i g u r e  3. 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 ~  ( each  
group.  of data c o n t a i n s ,  going from l e f t  to 
r i g h t ,  h,  1, Eo, w, F ~ h i l e  t h e  d a t a  a r e  
headed by t h e  va lue  8 k .  S t r u c t u r e  f a c t o r s  
a r e  i n  e l e c t r o n s  t i m e s ' 1 0 .  A nega t ive  F, i n d i -  
c a t e s  a r e f l e c t i o n  which i s  considered unob- 
s e r v e d )  
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Figure  4. Stereoscopic r e p r e s e n t a t . i m  of TTCH ( a n i s o t r o ~ l c  thermal v i b r a t i o n  
i s  indica ted  by 5% p r o b a b i l i t y  e l l i 9 s o i d s )  





The bond d i s t a n c e s  and ang les  i n  TTCH a r e  l i s t e d  i n  

Table 1. Anisotropic  thermal v i b r a t i o n  i s  indica ted  i n  

F igure  4 by the  e l l i p s o i d s  which a r e  drawn t o  a s c a l e  such 

t h a t  t h e  atomic c e n t e r s  are found within them 50$ of t h e  

t ime. Root-mean-square amplitudes of thermal v i b r a t i o n  along 

t h e  p r i n c i p a l  axes 1-3 of t h e  e l l i p s o i d s  a r e  presented i n  

Table 2. There a r e  23 c r y s t a l l o g r a p h i c a l l y  independent S i -  

3 ~ ( s p  ) bonds i n  TTCH a l l  of which should be chemically equiv- 

a l e n t .  Kuwever, a r a t h e r  l a r g e  s c a t t e r  i s  oboerved i n  these  

Si-C bond l eng ths  (1.81 - 1.97 a ) .  Such a range i s  not un- 

3"15 and, i n  the case c omrnon i n  organosi l i c  on compounds .! , . 

of t h e  methyl-carbon t o  s i l i c o n  d i s t ances ,  can be a t t r i b u t e d '  

t o  . the  l a r g e  ampl i tudes  of thermal motion and methyl-methyl 

group s t e r i c  i n t e r a c t i o n s .  The ring-carbon atoms t o  s i l i c o n  
0 

atom d i s t a n c e s  a r e  i n  much b e t t e r  .agreement (1.86 - 1.91 A )  
0 

w i t h  except ion of t h e  Si6-C6 d i s t a n c e  of 1 . 9 7 ( 2 ) ~  which i s  

apparen t ly  lengthened due t o  s t e r i c  i n t e r a c t i o n s  with t h e  

ad jacen t  t r i s i l a n e  moiety. I n  add i t ion ,  the  i n a b i l i t y  t o  

s i l y a t e  t h e  last ring-carbon atom can be a t t r i b u t e d  t o . t h i s  

e f f e c t  i n  agreement with mechanisms proposed by Harrell 
11 

and Weyenberg and Toporger. 16 The mean SI-Si  d i s t a n c e  
0 

i s  2.35 2 0.01 A which i s  i n  agreement w i t h '  t he  value of 
0 

2.3517 2 O.OCO~:,JI i n '  m e t a l l i c  s i l i c o n .  l7 with r e spec t  

t o  t h e  approximate plane of the  r i n g ,  the  four  t r i m e t h y l s i l y l  

groups a r e  bonded 8, n, 8, 8, t o  r i n g  carbons C 3 ,  C4, C5, 



0 
Table 1. Distances ( A )  and angles (deg) wi th  standard deviations i n  parentheses 

Angle Value Angle . value Bond Value 

. .  on-methyl bond distances and angles 

,2.335(7) Sill-Sil-Si12 111.6(0.2) Sib-C4-C3 si1-Sil1 105.4(0.9) 

117.3(0.9) 2.361(8) 115.6(0.5) si4-C4-C5 Sil-Si12 Sill-Sil-C1 

110.6(1.2) 1.884(17) Si12-Sil-C1 105.7(0.5) c3-C4-C5 S i l -C1  

1.912(19) Sil-C1-C2 116.5(1.0) S i 5 -C5-Ca  119.1(0.9) Si3-C3 

1.856(17) si1-c1-c6 120.7(1.0) S i  -C .-C 5 5 6  
113.2(0.9) Si4-C4 P 

120.4(1.3) C5-C5-Cg 113.9(1.6) o si5-c5 1.893(17) Cg-C,-C2 - 

1.971(18) C1-C2-C3 .. 125.4(1.3.) si6-c6-c5 118.4(0.9) sig-c6 

1.325722) si3-c3-c4 117.7(1.0) si6-c6-c1 ll0.3(0.9) 
c 1 4 2  

1.544(24) si3-c3-c2 107.3(1.0) c5-c6-c-l 110.1(1.2) c2-c3 



Table 1. (continued) 

Bond Value Bond Value Bond Value 

Bond distances involv ing  methyl groups 

Sil-C1l 1.908(23) s i ~ - C ~ ~  1.857(23) "6-'63 1.911(25) 

Si3 -'31 1.903(23) Si5-C51 1.899(23) Sill-C1ll 1.873(35) 
1.878(25) si3-c32 1.824(27) "5-'52 Si11-C112 1.882(39) 

Si3-C33 1.840(24) Si5-C53 1.971(24) Sill-C113 1.811(33) 

s i 4 - c , ~ ~  1*878 (~5 )  si6-c61 1.889(24) si12-'121 1*873(27) 

si4-c42 1.895(24) Si6-c62 1.814(24) Si12-C122 1*871(23) 
- .  

Si12-C123 1.906(23) 



Table 1. (continued) 

Value Angle Value Angle Value Angle 

Emend angles  involving methyl groups 



Table 2. Root-mean-square amplitude of vibration (angstroms 
x 103) 

-- 

Atom Min . Med. Max. Atom Min . Med. Max. 



and C6, r e spec t ive ly .  The t o r s i o n  angles  about the  t h r e e  

3 3 ~ ( s p  ) - ~ ( s p  ) bonds within the  cyclohexene r i n g  a r e  l i s t e d  

i n  Table 3. Methyl groups on ad jacen t  s i l y l  groups a r e  

meshed as fol lows:  Cll  i s  between CG1 and CG3; CglJ between 

CG2 and CG3; C52J between Cbl and C42; and Cb3, between C31 

and C 3 2 .  I n  t h i s  way in t ramolecular  nonbonded repu l s ions  

a r e  minimized. TTCH i s  obviously a racemate as i s  requi red  

by t h e  presence of improper symmetry elements i n  t h e  space 

group. The molecular packing i s  apparent ly  governed e n t i r e l y  

by s t e r i c  f a c t o r s  because the re  e x i s t s  no p o s s i b i l i t y  f o r  

hydrogen bonding. .The s h o r t e s t  in t&rmolecular  d i s t a n c e s  
0 

were 3.86 A between Cll  and C122 (molecule a t  %, y, 1/2 + z)  
n 

and.,3.88 A between C53 and C 113 (molecule a t  Y, y, 1/2 + z ) .  

Table 3.  Torsion ang les  

Bond 
Torsion an  l e  

(degrees  7 



STRUCTURE OF c i s -  

DICHLOROBIS (DIMETHYLPHENYLPHOSPHINE) PALLADIUM( 11) 
. . .. . 

In t roduc t ion  . . 

It h a s  been observed t h a t  square p lana r  complexes of 

t h e  type PdX2Y2, where X i s  a h a l i d e ,  very o f t en  adopt t h e  

t r a n s  configurat ion.18 Tn f a c t ,  only r e c e n t l y  have any - c i s  

complexes of t h i s  type been cha rac te r i zed .  The - c i s ,  chloro 

complexes u s u a l l y  form pa le  yellow o r  c o l o r l e s s  c r y s t a l s  

while c r y s t a l s  of t h e  t r a n s  complexes a r e  more decidedly 

yellow.19 However, a recen t  f a r - i n f r a r e d  study2' by R .  

K e i t e r  of P ~ c ~ ~ ( P ( c H ~ ) ~ c ~ H , - ) ~  which 'forms d i s t i n c t l y  yellow 

c r y s t a l s ,  i nd ica ted  t h a t  t h i s  compound un l ike  P ~ I ~ ( P ( c H ~ ) ~  

C6H5 ) 2 21 was probably not  t r a n s  but no conf igura t ion  could 

be assigned from the  s p e c t r a .  Therefore we undertook a 

c r y s t a l  s t r u c t u r e  i n v e s t i g a t i o n  t o  determine i f  t h e  complex 

i s  square-planar  and, i f  so, which isomer i s  present .  

Experimental 

A sample nf  t h 4 s  compound was kindly  suppl ied b$ R .  

K e i t e r  and t h e  yellow c r y s t a l s  were used without f u r t h e r  

p u r i f i c a t i o n .  Inspect ion  of s t h e  c r y s t a l s  showed them t o  be 

square p l a t e s  wi th  sharply-def ined f a c e s .  Weissenberg and 

precession photographs indica ted  .a t e t r a g o n a l  space group 

with sys temat ic  e x t i n c t i o n s  of t h e  type 0 0 1 , 1 =  2n - + 1; 

hko, h + k  = 2n + 1. These condi t ions  i n d i c a t e  the  space - - - - 



group  t o  be ph2/n. I n  a d d i t i o n ,  s y s t e m a t i c a l l y  weak 

. . r e f l e c t i o n s  of t h e  type  - h + - k = 2n - + 1 and - 1 = 2n - + 1 f o r  

g e n e r a l  h k l  r e f l e c t i o n s  were observed.  - 
The u n i t  c e l l  dimensions were determined by l e a s t -  

squa re s  f i t  of 13 independent r e f l e c t i o n s  whose 28 va lues  

were determined from Weissenberg photographs c a l i b r a t e d  wi th  

A 1  powder' l i n e s .  The va lues  ob ta ined  were a - = - b = 9.324 f 
0 0 

0.004 A and - c = 21.485 f 0.004 A. The measured d e n s i t y  was 

1 .61  g/cc ob ta ined  by f l o t a t i o n  techniques  i n  a s o l u t i o n  of 

dliodomethane and 1-bromopropane The c a l c u l a t e d  d e n s i t y  

O3 w i t h  f o u r  molecules p e r  u n i t  c e l l  ( v c  = 1868 A ) i s  1 .62 g/cc. 

A c r y s t a l  of  approximate dimensions 0 .2  x 0.2 x 0.1 mm 

was s e l e c t e d  f o r  u se  i n  d a t a  c o l l e c t i o n .  The c r y s t a l  was 

mounted such t h a t  t h e  (110)  a x i s  would be c o l n c i d e n t  w i t h  

t h e  p h i  a x i s  of t h e  d i f f r a c t o m e t e r .  Data were c o l l e c t e d  a t  

room temperature  u s ing  a Hilger-Watts  f o u r  c i r c l e  d i f f r a c t o -  

meter  equipped w i t h  a s c i n t i l l a t i o n  coun te r  employing Z r -  
0 

f i l t e r e d  Mo-Ka ( X  = 0.7107 A )  r a d i a t i o n .  A l l  d a t a  w i th in  a 

28 sphere  of 60 deg ( s i n Q / ~  = 0.70)  were measured us ing  a 

8-28 coupled scan  w i t h  a f i v e  deg take-of f  a n g l e ,  S t a t f o n a r y -  

c o u n t e r  measurements of t h e  background were made a t  t h e  
i 

beginning a n d ' t h e  end of  each scan .  The scan range was over  

50 s t e p s  of 0 .01  deg, one s t e p  p e r  0.4096 sec ,  and was i n -  

c r eased  by 1 s t e p  p e r  deg i n c r e a s e  i n  20 t o  i n s u r e  complete 

i n t e g r a t i o n  over  t h e  e n t i r e  peak. The length .  of t h e  back- 



ground measurement was ad jus ted  accordingly.  No apprec iable  

decrease i n  the  i n t e n s i t i e s  of t h r e e  s tandard r e f l e c t i o n s  

which were measured p e r i o d i c a l l y  throughout t h e  d a t a  taking 

period was observed. 

t The measured i n t e n s i t i e s  were co r rec ted  f o r  background, 

Lorentz and p o l a r i z a t i o n  e f f e c t s ,  and f o r  adsorpt ion7 (p = 

14.2 Cm-l); minimum and maximum transmission f a c t o r s  were 

0.67 and 0.87, r e spec t ive ly .  The s tandard  dev ia t ions  were 

assigned t o  t h e  i n t e n s i t i e s  according t o  the following 

formula : 

where Ct ,  Cb,  Cn and A a r e  the  t o t a l  counts,  background 

counts,  n e t  counts,  and the  absorp t ion  f a c t o r .  The qua- 

d r a t i c  terms correspond t o  the  est imated systematic  e r r o r s  

i n  the  i n t e n o i t y ,  background and absorpt ion  c o r r e c t i o n  of 5, 

10  and 5% r e s p e c t i v e l y .  The s tandard 'devia t ions  i n  the  

s t r u c t u r a l  amplitudes were obtained by t h e  method of f i n i t e  
5 d i f f e r e n c e s  , 

where Lp i s  the  Lorentz-polar iza t ion  f a c t o r .  Of the  2877 

measured r e f l e c t i o n s ,  850 were found t o  have values of Fo 

l e s s  than 2.0 x n(Fo) . These r e f l e c t i o n s  were considered 



t o  be unobserved and were n o t  inc luded  i n  t h e  re f inement .  

S o l u t i o n  and Refinement of t h e  S t r u c t u r e  

S ince  the  space  group ~ 4 ~ / n  has  e i g h t f o l d  g e n e r a l  p o s i -  

t i o n s ,  i t  wag neces sa ry  t o  p l a c e  t h e  pal ladium atoms i n  

s p e c i a l  p o s i t i o n s .  From a c o n s i d e r a t i o n  of  t h e  s y s t e m a t i c a l l y  

weak r e f l e c t i o n s  of t h e  type - 1 = 2n - c 1, t h e  pal ladiums were 

p laced  i n  t h e  f o u r f o l d  s p e c i a l  p o s i t i o n  denoted by t h e  Wycoff 

symbol e l ;  that i s  on t h e  twofold a x i s  pe rpend icu la r  t o  t h e  

a b  - p lane .  Analys i s  or" t h e  P a t t e r s o n  map confirmed t h i s  

s u p p o s i t  i o n  and a l lowed ready  ' de t e rmina t ion  of t h e  z -coord ina te  

of t he  pal ladium.  Three p o s s i b l e  s e t s  of c h l o r i n e  and phos- 

phorus pos i . t lons  were p r e s e n t  due t o  pseudo mi r ro r ing .  Thc 

c o r r e c t  s e t  was determined b y  t r i a l  and e r r o r .  These atoms 

gave a va iue  of t h e  d i sc repancy  f a c t o r ,  - R = C! I&! - 1 %  1 I /  
1 , of 28$ f o r  a 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  wi th  t h e  

heavy a'io!ils:alone. The remaining carbon atoms were l o c a t e d  
. . 

from a thiaee-dimensional e l e c t r o n  d e n s i t y  m a p .  'The s t r u c t u r e  

was r e f i n e d  i s o t r o p i c a l l y  t o  an  R = 15.4% us ing  a modified 

v e r s i o n  of ORFLS 6,8,22 and u n i t  weigh ts .  A t  t h i s  p o i n t  

weigh ts  were changed t o  t h o s e  based on i n d i v i d u a l  s t a t i s t i c s  
' 2 

of t h e  r e f l e c t i o n  ( n  = l / o ( ~ )  ) . The r i n g  hydrogen o atoms 

were added i n  c a l c u l a t e d  p o s i t i o n s  assuming 1 .0  A fop  t h e  

C-H dlsLancr .  No a t t e m p t  waa madc t o  r e f i n e  hydrogen 

p o s i t i o n s .  A f i n a l  s t a t i s t i c a l  a n a l y s i s  of t he  F4 and F, 

va lues  i n d i c a t e d  a dependence-on t h e  s c a t t e r i n g  ang le .  The 



r e l a t i v e  weights were ad jus ted  t o  remove t h L s  dependence. 

A n  a d d i t i o n a l  134 r e f l e c t i o n s  were removed from t h e  r e f i n e -  

ment because they  f a i l e d  t o  f u l f i l l  one of t h e  following 

c r i t e r i a  : 

The s t r u c t u r e  was r e f i n e d  a n i s o t r o p i c a l l y  t o  a f i n a l  R = 

8.85 and a f i n a l  weighted discrepancy index, R = ( E w ( 5  - 
%)2)1/2/(~wG2)1/2, of 7.9$. Convergence was assumed when 

no parameter s h i f t  was g r e a t e r  than 0.1 of t h a t  parameter 's  

es t imated-standard dev ia t ion .  A f  i n a i  d i f f e r e n c e  e l e c t r o n  

d e n s i t y  map showed no r e s i d u a l  e l e c t r o n  d e n s i t y  above 1 .4  

I n  Figure 5 a r e  the  f i n a l  values of t h e  p o s i t i o n a l  and 

thermal parameters and t h e i r  r e spec t ive  est imated standard 

dev ia t ions .  23 Estimated s tandard  d.eviations were der&ed 

.from the  Inverse  matr ix .  . I n  Table 4 a r e  given t;he f o o t -  
. . 

. mean-square amplitudes of v i b r a t i o n  while i n  Figure 6 a r e  

l i s t e d  the  values oi' the  observed and ca lcu la ted  s t r u c t u r e  

f a c t o r s  on a n  abso lu te  s c a l e .  The conf igura t ion  of the 

molecule. a long w i t h  t h e  numbering scheme used i s  shown i n  

Figure 7.11 Selec ted  in t ramolecular  d i s t a n c e s  and angles  

a r e  given i n  Table 5 ( s e e  ' a l so  Figure 8) .  
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F i g u r e  5. F r a c t i c n a l  a.tornlc coo rd ina t e s  and thermal  p a r a ~ . e t e r s  ( e s t ima ted  

s t a n d a r d  d e v i a t i o n  a r e  gi- en i n  paren theses  r i g h t  a d j u s t e d  t o  t h e  

l e a s t  ~ f g n i f ' i c a n t  f ig -xre  of t h e  preceding n ~ u n b ~ ? ,  B 1 s  a r e  t imes 10 4 

2 2  and  have the  form exp[-(Bllh + B2215 + B l2 + B12h& + Bl3G + 33- 
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Tab le  4. Root-mean-square amplitude of vibration (A x 10 ) 

At om Min . Intermed. Max. 
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~ i g u r e  6. Observed and c a l c u l a t e d  ' s t r u c t u r e  ampli tudes  , 

( i n  e l e o t r o n s  x 10) for P ~ c ~ ~ ( P ( c H ~ ) ~ c ~ H ~ ) ~  
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Figure  7. A p e r s p c t 5 v s  d-awing of c i s -d i ch lo rob i s (d ime  thylphenylphosphine)  
p a i m  I )  . A n i s o , r o p ~ t h e r m a l  v i b r a t i o n  i s  i r -d ica ted  by 5% 
p r o b a b i l i e  e l l i p s o i d s  





Table 5. Selected distances (g) and angles (deg) w i t h  
s tandard deviations i n  parentheses 

- .  

Bond . Value , Angle Value Ang l e  Value 

P - C 1  ' 3.191(3) C 1 - ~ d - C l '  88.2(1) P-C1-C2 118.8(6) 

P-P ' 3.407(3) c1-~d-P  8?.32(7) P-c,-c~ 123.4(5) 

cl-Clt  3.287(4) P-Pd-P' 97 85 ( 9 )  P-C1-C4 174.6(5) 

P-c1 1.791(7) Pd-P-C1 120.2(2) c6-c1-c2 117*7(7) 

P-C7 1,.819(7) Pd-P-C7 112.0(3) C1-C2-C3 121.0(8) 

P-c8 1.815(8) pd-p-c8 ( 3 )  c2-c3-c4 120.6(9) 
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Figure  8 .  The a r rangeaent  of palladium and its f o u r  n e i g h b r s  along with 
coger-t d i s t a n c e s  and ang les  
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Descr ip t ion  of t h e  S t r u c t u r e  

_ .  I . . . . .  _ , 

The complex i s  bes t  d e s c ~ i b e d  as approximately cis, 
square-planar .  However t h e r e  a r e  s l i g h t ,  but s i g n i f i c a n t  . . 

. . 
11  t 11 , : . . . . . . ,  

d i s t o r t i o n s  s i n c e  t h e  L Cl-Pd-Clt ( denotes  atom a t  31, - ,' 
. . ,  - .  . . - 

- 
z )  has  c losed  two deg 'and t h e  L P-Pd-Pt has opened some x, - 

e i g h t  deg from t h e i r  t h e o r e t i c a l  value of 90 deg. The C l t s  
0 0 

a r e  -14.13 A and -0.13 A from the  l eas t - squares  plane def ined  

by the  palladium and i t s  four ,  n e a r e s t  neighbors while the  
0 

P ' s  a r e  f0.12 A from the  plane.  This  i s  b e s t  viewed as a 

t e t r a g o n a l  d i s t o r t i o n  of 4.3 deg. The d i h e d r a l  ang le  between 

t h e  planes def ined by the  two phosphoms atoms and the  

palladium, and t h e  two ch lo r ine  atoms and the  palladium is 

171.3 * 0.1 deg. The equat ions  of the  t y o  planes i n  the 

form a x  + by + cz - d = 0 a r e  (a  = -0.66, b = 0.746, c = 

0.00, d = -2.92) and (a  = -0.546, b' F 0.838, c = 0.00, d = 

-1.86), r e s p e c t i v e l y .  

The s i x  carbon atoms i n  t h e  phenyl r i n g  showed no s i g -  

n i f i c a n t  dev ia t ions  from the  b e s t  leas t -squares  plane ( a  = 

0.642, b = 0.766, c = -0.025, d . =  7.64). The l a r g e s t  
0 

d e v i a t i o n  from the  plane was 0.02 A by C4 which i s  no t  

s t a t i s t i c a l . 1 y  s i g n i f i c a n t  . The ang les  wi th in  t h e  r i n g  are 

all within  th ree  e .  s .d. s of' the normal value of 120 deg. 

The.  r i n g  bond t i iskar~ces a l s o  agree  wel l  w i t h  t h e  expected 
0 

valuea4 of 1.41 A w i t h  (;I-ie except ion o f .  the C 3 - C b  distance 

which i s  s l i g h t l y  s h o r t .  



Discussion 

apparent  dev ia t ions  i n  t h i s  complex from . the  i d e a l  

square-planar  conf igura t ion  can be p r imar i ly  a t t r i b u t e d  t o  . . 

overcrowding caused by ' t he  bulky phosphorus llgands, - c i s  t o  

each o t h e r .  The phenyl r i n g s  of t h e  d i f f e r e n t  phosphorus 

l igands  on the  same palladium i n t e r a c t  s t e r f c a l l y  with one 

another .  This  accounts  f o r  the  f a c t  t h a t  t h e  P-Pd-PI angle  

i s  98 deg and t h e  Pd-P-C1 angle  i s  found t o  be 120 deg s ince  

i n  t h i s  way s t e r i c  i n t e r a c t i o n s  can be reduced. However, t h e  

two r i n g s  s t i l l  approach each o t h e r  wi th in  3.2 H, (c6-c t6) ;  

'' 2 4 .  somewhat l e s s  than t h e  sum of t h e  van .der  Waals r a d i i .  

Th i s  i n t e r a c t i o n  could a l s o  e a s i l y  exp la in  t h e  s l i g h t  

screwing of t h e  phenyl r i n g s  as ind ica ted  by t h e  L P-C1-C4 

of 174.6 deg. I n  o rde r  t o  accommodate t h e  bulky phosphorus 

l igands ,  the  ch lo r ine  atoms a r e  forced  c l o s e r  toge the r  as 

shown by ;the / C1-Pd-Clt of  88.2 deg; The C 1 - C l l  d i s t a n c e  
0 0 

of 3.287 A i s  s t i l l  g r e a t e r  than t h e  d i s t a n c e  of 2.88 A 

which i s  the. swn of the van d e r  Waals r a d i i  of two ch lo r ine  

atoms bonded t o  a common atom. 25 The s l i g h t  t e t r agona l  

d i s t o r t i o n  may a l s o  be a t t r i b u t e d  t o  t h i s  overcrowding. 

The agreement between the  t h r e e  nonequivalent P-C 

d i s t a n c e s  i s  good. The two phosphorus-methyl d i s t a n c e s  
0 

(1.819, 1.815 A)  a r e  similar while the  phosphorus-ring 
, O  

d i s t a n c e  (1'.791 A )  i s  j u s t  s l i g h t l y  s h o r t e r  as would be 

expected from t h e  s l i g h t l y  smal ler  covalent  r a d i i  f o r  the  



r i n g  carbon. The C-C d i s t a n c e s  a r e  wi th in  3 n  of t h e i r  normal . . 

0 
values aild the Pd-Pd dj.st;ance of 6.6 A i s  s o  g r e a t  t h a t  any. 

interact lOn is precluded de sp l t e  an apparent  alignment of 

Lhe atoms. 

The Pd-P bond i n  t h i s  compound (2.260 ' 0.003 2) is 
s i g n i f  icant , ly  s h o r t e r  than t h a t  found by Bai ley and   as on of 

0 
2.333 f 0.007 A i n  the  t rans- iodo complex, while t h e '  C1-Pd 

0 
bond (2.362 * 0.003 A )  Is s i g n i f i c a q t l y  longer  than t h a t  

0 
found by Bennett ,  Cotton and WeaverP6 of 2.290 5 0.002 A i n  

P ~ C ~ ~ ( D M S O )  2.  The predic ted  values from t h e  sum of t h e  
0 0 

covalent  r a d i i  a r e  2.38 A and 2.28: A f o r  t h e  Pd-P and Pd-C1 

d i s t ances ,  r e s p e c t i v e l y .  Our r e s u l t s  g e n e r a l l y  agree  with 

those  expected from a s t rong  " t r ans -e f fec t " .  27 That. is ,  t h e  

bond t r a n s  t o  a s t r o n g l y  " t r ans -d i rec t ion"  l igand such as 

phosphorus i s  weaker and t h e r e f o r e  longer  than  a bond t r a n s  

t o  t h e  somewhat less " t r ans -d i rec t ing  'I ch lo r ine .  A s  has 

a l r e a d y  been noted by Messrner, Amma and ~ b e r s , ~ ~  these  d i s -  

tances  may be s e n s i t i v e  t o  t h e  s u b s t i t u e n t s  on the phosphorus 

as we l l  as v a r i a t i o n s  J.n t h e  h a l i d e  used. However, i t  would 

be expected t h a t  as long as the  l igands  a r e  similar with 

I 1  r e s p e c t  t o  t h e i r  t r ans -d i rec t ing ' '  a b i l i t y ,  the e f f e c t  on 

e , i t h e r  the  M-C1 o r  M-P d i s t a n c e  would be the  same whether M 

i s  Pd o r  P t .  I n  Table 6 a r e  l i s t e d  a number of M-C1 and M-P 

bond lengths  involving i igands  of similar " t r ans  -d i rec  t ing I' 

a b i l i t y . 2 g  A s  would be expected from the  d i f f e r e n t  covalent  

r a d i i  and e l e c t r o - n e g a t i v i t i e s  of palladium and platinum, 
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Table 6. S e l e c t e d  metal-phosphorus and metal chloride bond 
lengths 

. . . . <  . Pd t rans  .. . . . 

0 . .  . 

Bond Distance ( A )  C ompound "Ref. 

Pd-P 2.333 01007 pd1, ( P ( cH3 ) 2c6H5 ) 21 

2.287 2 0.002 P ~ C ~ ~ ( D M S O ) ~  pd-c1 ' 26'  

, Pd I Q i S  

0 
Bond Distance ( A )  Compound . Ref. 

.>> 

Pd-P 2.260 0.003 pdc12,( P ( c H ~ ) ~ ~ ~ H ~ ) ~  t h i s  
work 

I t  I1  
~ d - c 1  2.362 ? 0.003 

/ 

h t rans t o  c i s  Pd - 
Bond A (9) 



Bond 

Pt-P 

Bond 

Pt trans 
0 

Distance (A) Compound 

2.315 f 0.004 Pt p(c2H5)3 2Br 

Pt cis - 
Distance ( x )  Compound 

2.247 + 0.008 P ~ c ~ ~ ( P ( c H ~ ) ~ ) ~  

2.376 f 0.009 11 

A trans to - cis Pt 

Ref. 

28 

Ref.. 

29 



.' . 

t h e  M - ~ 1  and M-P d i s t a n c e s  a r e  somewhat d i f f e r e n t .  However, 

t h e  changes i n  the bond d i s t a n c e s  a r e  i d e n t i c a l  within 1 

e  .s .d.  i n  going from the  t r a n s  t o  t h e  - c i s  conf igurat ' ion.  



STRUCTURE OF 

. . I n t r o d u c t i o n  . . 
. . .  

.The  complexes :Permed by t h e  r e a c t i o n  of  t h e  t r i v a l e n t  

l a n t h a n o n s  w i t h  n l . t r l l o t r i a r , t a t ; e  (NTA)  i n  aqueous s o l u t i . o n  

have  been s t u d i e d  f o r  some t ime .30 The c r y s t a l l i n e  complexes 

formed by p r e c i p i t a t t o n  f r s m  s a t u r a t e d  s o l u t i o n  have been 

found t o  form one of s e v e r a l  hyd.rates  depending upon t h e  

t e m p e r a t u r e  a t  which r e c r y s t a l 3 i z a t i o n  i s  c a r r i e d  o u t  and 

t h e  rare e a r t h  u s e d .  . Our p r e l i m i n a r y  s t u d y  of' t h e  s e r i e s  
0 

of complexes formed a t  25 C i n d i c a t e s  t h a t  t h e  s e r i e s  i s  

d i v i d e d  i n t o  t h r e e  c r y s t a l l o g r a p h i c a l - l y  d i s t i n c t  g r o u p s :  (1) 

t h e  La-Ce group,  ( 2 )  t h e  Pr-Tb ( ~ m ? )  g roup  and (3 )  t h e  Dy-Lu 

g roup .  C r y s t a l s  of  t h e  f i r s t  g roup  are' s o  p o o r l y  formed 

t h a t  t h e y  c o u l d  n o t  be c h a r a c t e r i z e d .  C r y s t a l s  of t h e  second 

g roup  belong t o  the space  g r o u p  Pbca w i t h  - a = 13 .21  + 0.01,  
3 

b  = 29.98 20 .01  and c  = 8.132 * 0.006 A .  Those of t h e  - - 
-I- t h i r d  g roup  a r e  i n  space  g r o u p  P ~ a 2 ~  w i t h  - a = 21.535 - 

n C) 0 
0 .013  A ,  2 = 9 . 0 2  2 0 .004  A, - c = 12.186 2 0.007 A .  

. T h i s  d i v i s i o n  i n t o  g roups  a l s o  c o i n c i d e s  w i t h  obse rved  

changes  i n  h y d r a t i o n  number a c r o s s  t h e  s e r i e s  from 5 t o  3 t o  

4 , 3 l  The b r e a k  between g roups  a t  Tb o c c u r s  n e a r  a sudden 

change i n  thermodynamic p r o p e r t i e s  of t h e s e  as w e l l  as 

o t h e r  l a n t h a n o n  (111) compl.exes . 32 C o o r d i n a t i o n  numbers 

r a n g i n g  from 6 t o  1 2  have been obse rved  i n  vari0u.s com- 



plexes .  33-36 The smaller coordina t ion  numbers a r e  usua l ly  

a s soc ia ted  with t h e  heav ie r  r a r e  e a r t h s  while coordinat ion 

numbers of 9 o r  g r e a t e r  a r e  not  uncommon f o r  the  l i g h t  r a r e  

e a r t h s .  We the re fo re  undertook a three-dimensional X-ray 

s t r u c t u r a l  s tudy of pr(NTA) 3H20 i n  order  t o  determine i t s  

coordina t ion .  I n  t h e  next  chapter  the  s t r u c t u r e  of D~(NTA) 

4H20 i s  descr ibed.  

Experimental 

Well formed, r ec tangu la r  pr i smat ic  c r y s t a l s  of the  

Pr*NTA.3H20 complex M.W. = 383.1 g),,  were k indly  suppl ied 

by J. E .  Powell of t h i s  Laboratory. Preliminary Weissenberg 

and precession photographs ind ica ted  orthorhombic symmetry. 

Systematic absences were observed f o r  Okl, - k odd; - -  h01, - 1 
odd; - hkO, - h odd and a r e  c o n s i s t e n t  w i t h  space group 

Pbca ( ~ ~ ~ ~ ~ 1 .  Accurate u n i t  c e l l  parameters were obtained 

from a leas t -squares  f i t  of 16  independent r e f l e c t i o n s  whose 

28 va lues  were obtained from Weissenberg photographs c a l i -  
0 

brated w i t h  A 1  powder using,CuKa r a d i a t i o n  ( A  = 1.54051 A ) .  

The u n i t  c e l l  parameters and t h e i r  s tandard dev ia t ions  

ca lcu la ted  from the  inverse  matr ix  a r e  - a = 13.21 f 0.01, - b = 
0 - - O 3  20.98 f 0.01, c = 8.132 f 0.006 A and V = 2254 A . The 

d e n s i t y  determined by f l o t a t i o n  techniques i n  a diiodomethane- 

1-bromopropane mixture i s  2.24 $ / c c ,  while t h e  ca lcu la ted  

d e n s i t y  with Z = 8 i s  2.26 g/cc. 

A c r y s t a l  having approximate dimensions 0.07 x 0.05 x 



0.26 rnrn was mounted s o  t h a t  i ts  long a x i s  (100)  was co inc iden t  
. . 

with'  t h e  p h i  axis of  t h e  d i f f r a c t o m e t e r .  A General  E l e c t r i c ,  ' .  

XRD-6, X-ray d i f f r a c t o m e t e r  equipped with  s i n g l e  c r y s t a l  

o r i e n t e r  and s c i n t i l l a t i o n  coun te r  was used with  Z r - f i l t e r e d ,  
0 

M o K ~  r a d i a t i o n  (1  = 0.71 7 A )  i n  t h e  moving-crystal-moving- 

c o u n t e r  mode (8 .28  coupled)  t o  measure t h e  i n t e n s i t i e s .  A 
0 

40 s e c  scan cover ing 1.36 i n  20 was employed with a t ake -  

o f f  a n g l e  o f  2'. S ince  t h e  background was seen t o  be a 

f u n c t i o n  of 8 only,  indivj.d.ua1 r e f l e c t i o n s  were ob ta ined  

from a p l o t  of 28  vs .  baxkground. One c r y s t a l l o g r a p h i c  

independent o c t a n t  of d a t a  .was col l 'ec ted w i t h i n  a 2% sphere  

of 45' ( s i n Q / l  = 0.538) .  No a p p r e c i a b l e  dec rease  i n  t h e  

i n t e n s i t i e s  of t h r e e  independent r e f l e c t i o n s  which were 

remeasured p e r i o d i c a l l y  throughout t h e  data, tal t ing pe r iod  

was observed.  

The measured i n t e n s i t i e s  were a l s o  c o r r e c t e d  f o r  Loren tz  

and p o l a r i z a t i o n  e f f e c t s  and f o r  absorp t ion7  with  minimum and 

maximum t r ansmis s ion  f a c t o r s  of 0.74 and 0.76 (u = 43.2Cm-' ) 

The s t anda rd  d e v i a t i o n s  were a s s igned  t o  t h e  i n t e n s i t i e s  

accord ing  t o  t h e  formula:  

where Ct, Cb, Cn and A a r e  t h e  t o t a l  count ,  background count ,  

n e t  count and a b s o r p t i o n  f a c t o r ,  r e s p e c t i v e l y .  The q u a d r a t i c  



t e r n s  c o r r e s p o n d  t o  e s t i m a t e d  s y s t e m a t i c .  e r r o r s  of 5, 10, 

. . .  .. : 
and  5% i n  t h e  t o t a l  c o u n t ,  background c o u n t ,  and n e t  c o u n t ,  . . . _I .. . 

. -  respec t j .ve1y .  The s t a n d a r d  deviationS,...:pf' the '  s t r u c t u r e  
. . .: . . 

8 / .  . , . 

a m p l i t u d e s  ( a ( ~ ) )  were o b t a i n e d  by t h e  method of f i n i t e  

d i f f e ~ e n c e s . ~  O f  t h e  1494 measured r e f l e c t i o n s ,  368 had a 

v a l u e  o f  & < 2 n ( ~ ) .  - They were c o n s i d e r e d  t o  be unobserved 

and  were n o t  i n c l u d e d  i n  t h e  r e f i n e m e n t .  

S o l u t i o n  of t h e  S t r u c t u r e  

The s t r u c t u r e  was s o l v e d  by normal  heavy atom t e c h n i q u e s .  

The heavy atom was r e a d i l y  l o c a t e d  i n  t h e  P a t t e r s o n  map and 

t h e  l i g h t  atoms were found i n  a s e r i e s  of  s t r u c t u r e  f a c t o r -  

e l e c t r o n  d e n s i t y  map c a l c u l a t i o n s .  S c a t t e r i n g  f a c t o r s  used  

were t h o s e  of Cromer and ~ a b e r ~ ~  f o r  t h e  p r a s e o d y m i u m ( ~ ~ ~ )  
22 

atom c o r r e c t e d  f o r  anomalous s c a t t e r i n g  and t h o s e  o f  Hanson 
8 6 e t  a l .  f o r  t h e  l i g h t  a t ams .  A l l  atoms were r e f i n e d  i s o -  -- 

t r o p i c a l l y  t o  a val.ue of t h e  d i s c r e p a n c y  i n d i c a t o r  ( R  = 

TA/Y(F 1 where b = I I F , ~  - ! F ~ ( )  of 0 .13 .  A t  t h i s  p o i n t  
-0' 

'we igh t s  were i n t r o d u c e d  based on , t h e  i n d i v i d u a l  s t ; a t i s t L c s  
2 

o f  t h e  r e f l e c t i o n s  (x = 1/- (I?)). - These we igh t s  were l a t e r  
2 

a d  J u s t e d  s l i g h t l y  t o  remo\e a dependence of  - w 1" on ire 1 . 
I n  a d d i t i o n ,  15 r e f l e c t i o n s  w T t h  v a l u e s  o f  t: > 6.0 x -(F) - 

were exc luded  Yrom t h e  refinement . T h e  la rage  lStsLrlopic 

t e m p e r a t u r e  f a c t o r  of OW3 suggested o c c u p a t i o n a l  d i s o r d e r .  

However, refinement- o:E' t h e  o c c u p a t i o r . ~ a l  pa ramete r  y i e l d e d  a 

v a l u e  n e a r  u n i t y .  An a t t e m p t  was t h e n  made t o  r e f i n e  a l l  



atoms a n i s o t r o p i c a l l y  but was aborted when no phys ica l ly  

meaningful r e s u l t s  were obtained.  With only the  pr3' 

a n i s o t r o p i c  f i n a l  values of - R and the  weighted discrepancy 

index, of 0.085 and 0.080 were 

obtained. The f i n a l  d i f f e rence  e l e c t r o n  d e n s i t y  map con- 
02 

t a ined  no . r e s i d u a l  d e n s i t y  g r e a t e r  than 0.8 e-/A and con- 

firmed t h a t  a l l  nonhydrogen atoms had been loca ted .  I n  

Table 7 a r e  l i s t e d  the  f i n a l  atomic p o s i t i o n a l  parameters 

and temperature f a c t o r  c o e f f i c i e n t s  along with t h e i r  e i t ima ted  

s tandard  dev ia t ion  (esd )  as derived from the  inverse  matr ix .  23 

For  praseodymium, t h e  maximum, inte 'rmediate and ,minimum r o o t -  

mean-square amplitudes of v i b r a t i o n  a r e  0.145, 0.144 and 

0.135. The magnitudes of t h e  observed and ca lcu la ted  

s t r u c t u r e  f a c t o r s  a r e  shown i n  Figure 9 .  

Resu l t s  and Discussion 

The conf igura t ion  of the  NTA l lgand around t h e  pr3+ i s  
11 

shown i n  Figure 10. There a r e  ' s i x  carboxylic  oxygens 

(Oc),  two waters (OW) and one n i t rogen coordlnated t o  the  

metal  atom. Relevant, d i s t a n c e s  and ang les  a r e  g l v e ~ r  i n  

Table 8. There a r e  no d i s c r e t e  molecular u n i t s  i n  the  

complex. One br idge i s  formed by 021 by which two d i f f e r e n t  

ad jacen t  metal  atnm' a r e  coordinated.  I n  add i t ion ,  022 and 

031 ooordinate t o  metal atoms o t h e r  than the  one t o  which 

the  remainder of t h e  NTA l igand i s  coordinated.  Two oxygen 

atoms Ow3 and 012 a r e  not  coordinated t o  any metal atom. 



~ a b l e " 7 .  F r a c t i o n a l .  ator:~lic c o o r d i n a t e s  and t h e r n : a l  param- 
e t e r s a ~ b  

, . . .  

Atom 

" ~ s t i m a t e d  s t a n d a r d  d e v i a t i o n s  are g i v e n  i n  p a r e n t h e s e s  
r i g h t  a d j u s t e d  t o  t h e  l e a s t  s i g n i f i c a n t  f i g u r e  of t h e  p r e -  
c e d i n g  number. 

b ~ n i s o t r ~ o p i c  iemperature  f a c t o r s  are g i v e n  f o r  P r  o n l y .  
They a r e  t imes105 and have t h e  form 

2 .  2 2 e x p [ - ( p l l  - h + E22 & + R., 1 + P hk + Air, g + P g)]. --..,3 - -12 - 3 -2 3 



T a b l e  7. (continued) . .  . 
. . .  .. .. . . .. :. 

( i2 1 Atom X Y Z Biso 
-- 



Figure  9.  Observed and ca lcu la ted  s t r u c t u r e  f a c t o r s  ( i n  e l e c t r o n s  times 10) 
f o r  P ~ . N ( c ~ H ~ o , ) ~ - ~ H ~ O  
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Figure  The p e r s p e c t i v e  drawing of nitrilotriacetate-t~iaquopraseodymfim 
III-mor:ohgclrate.  h he n-mbering i-r t h e  NTA l i gand  i s  such t h a t  the  
left nunber i n d i c a t e s  t h e  a c e t a t e  group t o  which the  atorr belongs.  
In t h e  ca se  of t h e  carbcn atoms the  r i g h t  number i n d i c a t e s  i t s  
p o s i t i c n  y e l a t i v e  t o  t h e  n i t r o g e n  and i n  t h e  ca-se of t h e  oxygen 
atoms, i s  s o l e l y  f o r  uniqueness .  The primes it--dicate atoms r e l a t e d  
t o  z h x e  of t h e  coo rd ina t e  l i s t  bjr symmetry o w r a t i o n s  which a r e  
d e s c r i k e d  e l sewhere)  





0 
Table 8 .  Selec ted  d i s t a n c e s  ( A )  and arigles (deg) with a s s o c i a t e d  s tandard e r r o r s  

as ca lcu la ted  from t h e  parameters i n  Table 7" 

Distances 

N-C1l 1*48(2)  

1*49(3)  N-C21 

N 4 3 1  le53(-3)  

C11-C22 1*57(3)  

c21-c22 1*47(3)  

a Supersc r ip t s  i n d i c a t e  syrnme trx opera t ions  which r e l a t e  the atom t o  t h e  
o r i g i n a l  ~ ~ o r d i n a t e s :  1) 1/2 - x, y, 1/2 + z; 2)  -1/2 + x , 1/2 - z ;  3) x, - z .  1/2 - y, 1 j 2  + z ;  4)  1/12 - x, 7, -1/2 + z ;  5) 1/2 + x, y, 



Table 8. (continued) 

Angles around P r  

o2 -pr-oel 
31 

138*1(4) 
1 o $ ~ - P ~ - o ~ ~  79*3(5) 

2 1 031-Pr-021 ?2*3(4) 

Ow1-Pr-0,2 1 4 5 4 5 )  

Owl-Pr-N 8o00(5)  

O , ~ - P ~ - O ~ ~  7 2 4 4 )  

Ow1-Pr-021 135*8(4) 
1 Owl-Pr-022 128-2(5) 
1 OW1-Pr-Oal 79*0(4) 

OW2 -Pr-N 96*3(5) 

OW2 -Pr-N 1 3 7 4 5 )  

OW2-Pr-Opl 66*7(4) 



Table 8. (cont inued)  

. . 

Angles i n  NTA l igand 

Angles involving PJTA and Pr  

C12-011-Pr 126(1) C22-022-Pr 4 98( 1) C4-N-Pr 110( 1) 

C22-021-Pr 1 1 7 0 )  C31-031-Pr 153(1) - C21-N-Pr 103 ( 1) 2 

C22-021-Pr 4 92(1) C31-032-Pr 128 ( 1 )  C31-N-Pr 115( 1 )  



Thus two of t h e  s i x  O c t s  i n  each NTA molecule a r e  coord ina ted  

t o  t h e  same meta l  atom as t h e  n i t rogen ,  two a re .  coord ina ted  

t o  a d j a c e n t  meta l  atoms, one i s  s imul taneous ly  coord ina ted  

t o  two a d j a c e n t  meta l  atoms and t h e  las t  i s  uncoordinated.  . 

The average f o r  t h e  s i x  independent t e r m i n a l  carbon t o  
0 

ca rboxy l i c  oxygen bond d i s . t ances  i s  1 .25  * 0.02 A .  T h i s  i s  

i n  e x c e l l e n t  agreement wi th  t h e  expected va lue  f o r  t h e  C-0 

d i s t a n c e .  i n  a ca rboxy la t e  i o n .  389 39 Moreover, none of t he  

C-0 d i s t a n c e s  va ry  from t h i s  va lue  by more than  one e sd  

which i n d i c a t e s  t h e  a c i d  i s  complete ly  depro tona ted  and t h a t  
0 

t h e  012-C12 bond (1 .24  f 0.02 A )  has  no s i g n i f i c a n t l y  g r e a t e r  

double  bond c h a r a c t e r  t h a n  t h e  res t .  The t h r e e  a c e t a t e  

groups a r e  p l a n a r  t o  w i th in  0.1 1, while  t h e  a n g l e s  around 

t h e  ca rboxy la t e  carbons a r e  120' f 3' wi th  t h e  excep t ion  of 

t h e  Oil-C12-012 a n g l e  which i s  s l i g h t l y  l a r g e r  (126 5 2'). 

T h i s  i n c r e a s e  i n  . ang le  can be a t t r i b u t e d  t o  s t e r i c  s t r a i n  

i n  t h e  unsyrnmetric environment caused by s i n g l e  coo rd ina t ion  
\ 

of t h i s  ca rboxy la t e  group.  The a n g l e s  around t h e  n i t r o g e n  

a r e  e s sen t i a l ly  t.et.ra.hedfia.I w i t h  t h e  "lone p a i r "  d i r e c t e d  

approximately  towards t h e  meta l  atom ( s e e  F igure  11). 

There a r e  f o u r  s h o r t  0,-0, d i s t a n c e s  ranging from 2.72 
0 

t o  2.85 A which a r e  sugges t ive  of p o s s i b l e  hydrogen bond 

format ion .  The l a r g e  thermal  parameters  of OW3 sugges t s  

t h a t  it i s  involved i n  on ly  a weak hydrogen bond. 

The arrangement of t h e  atoms i n  t h e  coo rd ina t ion  sphere  
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Figure  11. Tts conformation of t h e  NTA l igand (bond d i s t a r c e s  ( a )  and angles  
(dzg)  a r e  shown along w i t h  t h e i r  estlrr-ated errclrs r i g h t  ad jus ted  
t c :  t h e  l e a s t  s i g n i f i c a n t  f i g u r e  of the  preced-ir-g nunber. The 
s ~ b s c r i g t s  of tke P r  atoms i n d i c a t e  t h e i r  re la t . ion  t o  t h e  Pr i n  
t k e  coordina te  l i s t )  





i s  shown i n  F igu re  12.  The average Pr-0, d i s t a n c e  1s 2.47 * . 

, . 0 

0.02 whi le  t he  a v e r a g e  Pr-Ow d i s t a n c e  i s  2.52 f 0.02 A. 

The Pr-021 d i s t a n c e s  have been excluded from t h i s  
. . 

' c a l c u l a t i o n  s i n c e  they  a r e  s i g n i f i c a n t l y  l onge r  t han  t h e  . . 
. . 

o t h e r  Pr-0, d i s t a n c e s  due t o  t h e  d i f f e r e n t  coo rd ina t ion  mode 
0 

: : . . .  . e x h i b i t e d ,  by 021. The Pr-N . . .  d i s t a n c e  i s  2.68 f 0.02 A. . The 
. . 

average  metal-oxygen d i s t a n c e  i s  i n  reasonable  agreement 

wi th  t h e  va lue  p r e d i c t e d  e i t h e r  from t h e  sum o f . t h e  cova len t  

r a d i i 2 4  o r  from t h e  sum of t h e  c r y s t a l  r a d i i .  40 The Pr-N 

d i s t a n c e  i s  -0.1 a l onge r  than :uould be expected,  ' i n d i c a t i n g  
0 

weaker coo rd ina t ion .  These va lues  a r e  0.04 t o  0.08 A s h o r t e r  

t han  those  observed by Hoard -- e t  a ~ . ~ '  i n  t h e  n i n e  coo rd ina t e  
0 0 o  

La.EDTA cpmplex ( 2 . 5 1  A, 2.58 A, 2.76 A f o r  t h e  average La-Oc, 

La-Ow and La-N d i s t a n c e s ) .  Th i s  g e n e r a l  sho r t en ing  i s  con- 

s i s t e n t  with a dec rease  i n  t he  rare . ea r th  i o n i c  r a d i u s  from 
0 0 

1.15 A t o  1 .09 A .  I n  f a c t ,  assuming t h e  average  oxygen-metal- 
0 

oxygen a n g l e  remains c o n s t a n t  ( 7 2 - t o  74 ), a cont inued de- 
0 0 

c r e a s e  i n  t he  metal-oxygen bond d i s t a n c e  of 0.10 A t o  0.14 A 

would cause  s i g n i f i c a n t  oxygen-oxygen s t e r i c  i n t e r a c t i o n s ,  
0 0 

 his would occur  a t  ~ y ~ +  (0 .99  A)  o r  ~0~' (0 .97 A )  and a 

change i n  coo rd ina t ion  number from 9 t o  8 would be expected.  

The arrangement of atoms around t h e  pr3+ can be 

d e s c r i b e d  e q u a l l y  w e l l  i n  any of t h r e e  ways: (1) a's a d i s -  

t o r t e d ,  t r i -capped  t r i g o n a l  prism, ( 2 )  as a capped square  

a n t i - p r i s m  o r  (3 )  as i n  t h e  d e s c r i p t i o n  by Hoard e t  a l .  of 
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3 i g u r e  12.  9- p e r s p e c t i v e  drawing of t h e  Pr  coo rd ina t ion .  ( ~ n s  o ~ i e n t a t i o n  i s  

the  saxe 3s i n  F igu re  11. The primes I n d i c a t e  atoms r e l a t ' e d  t o  
- 

t h G s e  i n  t h e  coord!.:;ates l i s t :  ( 1 )  0 1 2  - , y 1/2 + z,  ( 2 )  
- 

C' 1 - X y, 1/2 + 2 i n d  (3 )  oil:-1/2 + x, yY 112 - Z )  22 





t h e  La0EDTA complex. 

The t r i -capped,  t r i g o n a l  prism arrangement has been 

observed f o r  many nona-coordinate s t r u c t u r e s  and have been 
. . . .. 

descr ibed  i n  some d e t a i l  i n  a review by Muet t e r t i e s  and 

Wright. 42 Typical  of these  a r e  t h e  anhydrous, r a r e  e a r t h  

t r i - c h l o r i d e s  . 43 Refer r ing  t o  Figure 12, the  t h r e e  rectan-: 

g u l a r  f a c e s  of t h e  t r i g o n a l  prism a r e  as follows: 
1 1 1 1 1 1 

N-0w2-022, Ov2-N-0w1-031-0w2, and 031-0w1-032-022-031* The 

two t r i a n g u l a r  f a c e s  of t h e  prism a r e  descr ibed  by 0i2-ow2- 
t I 

031-022 and 032-N-Ow1-032. The atoms 021, O b l  and 011 OCCUPY 

I j t h e  capping pos i t ions .  . . 

The capped square ant i -pr i sm i s  observed somewhat l e s s  

f r equen t ly  than i s  the  t r i -capped t r i g o n a l  p r i s m ;  4.2 however, 

t h e  square ant i -pr i sm i s  a very common arrangement f o r  octa-  

coordina t ion .  I n  F igure  12, t h e  r ec tangu la r  f aces  of the  
t 1 

square ant i -pr i sm a r e  def ined  by 0 i2 ,  032, 0  031, 022 and 

('21, N, 011, OW2, 021. The atom i n  the  capping p o s i t i o n  

( o ; ~ )  shows a s i g n i f i c a n t  d i s t o r t i o n  towards 0 i2 .  

The descr ipblon  favored by Hoard -- e t   EL^.^^ f o r  t h e  nona- 

coordina te  La-EDTA complex, due t o  the' l a r g e  d i s t o r t i o n s  
. . 

from any r e g u l a r  geometric f i g u r e ,  i s  a one, f i v e , '  t h r e e  
1 0 

arrangement where one atom (031) i s  loca ted  1.9 + 0.2 A 

1 1 
below a plane of f i v e  atoms, 021, 022, OW2, 011, Owl. The 

equat ion of t h i s  plane along with s e l e c t e d  d i s t a n c e s  from 

t h e  plane a r e  given i n  Table 9 .  The average 0-Pr-0 angle  i n  



Table 9. Se lec ted  d i s t a n c e s  t o  and equat ions of t h e  planes 

Distance 0 Dis tance .  
Atom from plane ( A )  A t  om from plane ( A )  

Plane 1 

Equation: 

( 0 . 8 8 1 ) ~  + ( 0 . 0 0 5 ) ~  - ( 0 . 4 7 4 ) ~  - 1-229 = O 

. - . . . . . . . . . . .  . . . Plane 2 



0 
t h e  plane i s  71' while t h e  average 0-0 d i s t ance  i s  2.97 A. 

The most s i g n i f i c a n t  d i s t o r t i o n s  from these  averages occur 
t 1 I 

i n  t h e  022-Pr-021 ang le  of 49.2' and 0;1-022 d i s t ance  of 

2.18 f 0.02 8. This  appears  t o  be a r e s u l t  of both ca r -  

boxylate  oxygens be ing  i n  the  same a c i d  moiety. The pr3+ 
0 

i s  loca ted  0.5 A above the  approximate c e n t e r  of t h i s  plane 
t 

away from t h e  O,,. I n  the  La0EDTA complex, t h e  d i s t a n c e  
.JA 

0 
from the  similar plane t o  ~ 3 '  i s  0.6 A; some increase  being 

3+ expected due t o  the  longer  oxygen-- d i s t ances .  
0 

A t  a d i s t a n c e  of 2.0 A from t h e  pr3+ and oppos i t e  the  

first plane i s  a second plane of t h r e e  atoms: 02$, N, 032. 

The equat ion of t h i s  plane and some s e l e c t e d  d i s t a n c e s  from 

t h e  plane a r e  given i n  Table 9 .  The two planes a r e  wi th in  

go of being p a r a l l e l .  
44 

I n  complexes such as c e r i c  ammonium n i t r a t e  consider-  

a b l e  d i s t o r t i o n  of the  N - 0  bonds and 0-N-0 angles  have been 

observed and have been a t t r i b u t e d  t o  t h e  presence of metal-  

oxygen covalent  bonding. However, i n  the  L ~ * E D T A -  pomplex 

t h e  bonding has  been descr ibed a6 pr imar i ly  e l e c t r o s t a t i c  

i n  na tu re .  I n  the  t i t l e  compound no systematic  d i s t o r t i o n s  

i n  C - 0  d i s t a n c e s  o r  0 -C-0  angles  a r e  observed. This ,  
L 

coupled with the  wide range i n  Pr-0-C angles  (92' t o  153O), 

would imply p r imar i ly  e l e c t r o s t a t i c  bonding e f f e c t s .  



STRUCTURE OF 

In t roduc t ion  

The d i v e r s i t y  i n  types  of coordina t ion  found i n  t h e  ', 

r a r e - e a r t h  complexes i s  l a r g e  (45-49) .  I n  an endeavor t o  

determine t h e  e f f e c t  of changing metal-ion s i z e  on coordi,na- 

t i o n ,  we have inves t iga ted  t h e  s t r u c t u r e s  of t h e  lanthanon 

(111) - n i t r i l o t r i a c e t a t e  (NTA) complexes from Pr-Lu. The 

s e r i e s  i s  broken i n t o  two groups--the Pr group and the  Dy 

group. I n  the  previous chapter  t h e ! s t r u c t u r e  of t h e  Pr group 

h a s  been discussed.  I n  t h i s  chapter  the  s t r u c t u r e  of t h e  

D y  NTA complex w i l l  be d iscussed  and comparisons made t o  

t h e  Pr s t r u c t u r e .  

Experimental 

W e l l  formed rec tangular -pr i smat ic  c r y s t a l s  of DyoNTA. 

4H20 (M.w. .= 1122.7 g )  were suppl ied  by J .  E. Powell and 

were used without a d d i t i o n a l  p u r i f i c a t i o n .  Weissenberg and 

precession photographs ind ica ted  an orthorombic space group 

with systematic  e x t i n c t i o n s  of t h e  type 0k1, - - 1 odd and - -  h01, 

h - pdd. These condi t ions  i n d i c a t e  t h e  space group t o  be 

e i t h e r  PcaBl o r  Pcam (NO. 57-pbcm). I n  a d d i t i o n  the 0k0, - - k 

odd r e f l e c t i o n s  were unobseyved. However, t h e r e  a r e  no 

s p e c i a l  p o s i t i o n s  i n  PcaEl o r  Pcam which can account f o r  

t h i s  type of e x t i n c t i o n .  The l i g h t  lanthanon(111) NTA corn- 



plexes  c r y s t a l l i z e  i n  space Pbca, and P ~ a 2 ~  can be obtained 

from Pbca by removal of the  c e n t e r  of symmetry, i n t e r -  

changing t h e  - a and - b axes,  and t r a n s l a t i o n  of t h e  o r i g i n  t o  

t h e  21. I n  add i t ion ,  the  0 k O  - e x t i n c t i o n  condi t ion suggests  

t h a t  the  y, 1/2 + y r e l a t i o n s h i p  has been r e t a i n e d  from 

Pbca. Therefore,  i t  was decided t o  i n i t i a l l y  assume PcaZl 
'r as t h e  space group, which was l a t e r  j u s t i f i e d  by success fu l  

refinement i n  t h i s  space group. 

The u n i t  c e l l  dimensions were determined by leas t -squares  

f i t  of 29 independent r e f l e c t i o n s  whose 20 va lues  were ob- 
! 

t a i n e d  from Weissenberg photographs c a l i b r a t e d  - .  with A 1  powder 
0 

l i n e s  a t  2!jQ C using '  C u - ~ a  r a d i a t i o n  ( 1 = 1 . 5 4 0 ~  A)  . The 

values obtained along with the  est imated e r r o r s  a r e :  - a = 
0 0 

21.535 f 0.013 f j ,  - b  = 9.028 t 0.004 A, - c  = 12.186 2 0.007 A 

and Vc = 2369 A ~ .  The measured dens i ty  was 2.3 g/cc while 

the  c a l c u l a t e d  d e n s i t y  w i t h  e i g h t  molecules pe r  u n i t  c e l l  i s  

2.4 g/cc. 

A c r y s t a l  with approximate dimensions 0.12 x  0.12 x  

0.26 mm was s e l e c t e d  f o r  use  i n  d a t a  c o l l e c t i n n .  The 

c n y s t a l  was mounted along i t s  long a x i s  with the  (001) a x i s  

co inc ident '  w i t h  the  ph i  a x i s  of the d i f f r ac tomete r .  Data 

were c o l l e c t e d  a t  room temperature using a Hilger-Watts, 

f o u r  c i r c l e  d i r f r ac tomete r  equipped with a s c i n t i l l a t i o n  

counter  employing ~ r - f i l t e r e d  Mo-Ka (1 = 0.7107 A )  r a d i a t i o n .  

A l l  d a t a  i n  one oc tan t  wi th in  a 28 sphere of 6 0 ~ ' ( s i n Q / ~  = 



0.70) were measured using a 8-28 coupled scan w i t h  a 5'. 

take-off  ang le .  S t a t i o n a r y  counter  measurements of the  

background were made at  the  beginning and the  end of each 

scan. The scan range was over 50 s t e p s  of O . O l O ,  one s t e p  

pe r  0.4096 sec. ,  increased by 1 s t e p  per  deg i n  20 t o  

i n s u r e  complete inqegra t ion  over the  e n t i r e  peak. The 

length  of t h e  background measurements were ad jus ted  accord- 

ing ly .  No apprec iable  decrease i n  the  i n t e n s i t i e s  of t h r e e  

s tandard r e f l e c t i o n s  which were remeasured p e r i o d i c a l l y  

throughout the  d a t a  taking period was observed'. 

The measured i n t e n s i t i e s  were co r rec ted  f o r  Lorentz and 

p o l a r i z a t i o n  e f f e c t s  and f o r  absorption8 with minimum and 

maximum transmission f a c t o r s  of 0.43 and 0.47 ( u  = 65.5 cm-l) . 
The s tandard dev ia t ions  were assigned t o  the  i n t e n s i t i e s  

according t o  the fol lowing formula: 

where C t ,  Cb, Cn and A represent  the  t o t a l  count, background 

.count, n e t  count and the  absorpt ion  f a c t o r ,  r e spec t ive ly .  

The quadra t i c  terms correspond t o  t h e  est imated systematic  

e r r o r s  i n  the  i n t e n s i t y ,  background, and a b s o r p t i o n ~ c o r r e c t i o n  

of 3, 6, and 6% r e s p e c t i v e l y .  The s tandard dev ia t ions  i n  the  

s t r u c t u r a l  amplitudes were obtained by the  method of f i n i t e  

 difference^,^ n ( ~ )  = ( ( I  + (I)) - - I ~ ) / ( L  -P ) I 2 ,  where 



... ( 
70 

L ' i s  the  Lorentz-polar iza t ion  f a c t o r .  O f  t he  3407 measured 
P  

r e f l e c t i o n s ,  375 had va lues  of F - l e s s  than U ( F )  and were 

considered t o  be unobserved. They were no t  used i n  t h e  

ref inement .  

So lu t ion  of  the  S t r u c t u r e  

The s t r u c t u r e  was determined using a combination of 

heavy atom end superposi t ion50 techniques.  Since the  space 

group PcaPl has only  f o u r  genera l  pos i t ions ,  two independent 

molecules must be p resen t  i n  t h e  u n i t  c e l l .  From the  P a t t e r -  

son map the  two heavy atom p o s i t i o n s  were r e a d i l y  loca ted .  
. . 

However, due t o  t h e  placement of t h e  heavy atoms a t  almost 

e x a c t l y  0 and 1/2 i n  y, t h e  phasing was such t h a t  two s e t s  

of  l i g h t  atoms appeared i n  t h e  e l e c t r o n  d e n s i t y  maps which 

were r e l a t e d  by mir ror ing  a t  0 and 1/2 i n  the  y d i r e c t i o n .  

Because of t h e  l a r g e  number of l i g h t  atoms and t h e i r  small 

ind iv idua l  con t r ibu t ions  t o  t h e  s c a t t e r i n g ,  i t  was very d i f f i -  . 

c u l t  t o  c o n s i s t e n t l y  s e l e c t  atoms i n  the  same image. There- 

f o r e ,  a superpos i t ion  procedure was used s t a r t i n g  with a 

known heavy atom vec to r .  This  superpos i t ion  enabled us  t o  

10,cate s i n g l e  heavy atom-l ight  atom vec to r s  around t h e  heavy 

atoms. A second superpos i t ion  e l iminated  a number of the  

pseudo peaks. Using vec to r s  from t h i s  second superpos i t ion ,  

two more superpos i t ions  were c a r r i e d  out .  The r e s u l t a n t  map 

had, i n  a d d i t i o n  t o  the  peaks corresponding t o  t h e  heavy 

atoms, seven peaks which appeared a t  chemically reasonable 



p o s i t i o n s  f o r  oxygen atoms. By successive e l e c t r o n  d e n s i t y  
. . 

map-structure f a c t o r  c a l c u l a t i o n s ,  t h e  remaining l i g h t  

atoms p o s i t i o n s  were determined. I n  t h e  process,  it was 

found t h a t  a l l  but  one of t h e  o r i g i n a l  seven l i g h t  atoms 

were c o r r e c t .  S c a t t e r i n g  f a c t o r s  used were those of Cromer 

and ~ a b e r ~ ~  f o r  dysprosium3+ cor rec ted  f o r  anomalous 

scattering2:! and those of Hanson -- e t  a ~ . ~  f o r  t h e  l i g h t  

atomrs. 
6 

A l l  atoms were r e f i n e d  i s o t r o p i c a l l y  w i t h  u n i t  weights 

r e s u l t i n g  i n  a value f o r  the discrepancy f a c t o r ,  - .  R = 

(51 - 1 %  1 / of 0.089. Weights were t h e n i n t r o -  

duced based on t h e  ind iv idua l  s t a t i s t i c s  of the  r e f l e c t i o n s  

( 2  = l / a 2 ( ~ )  ) . . I n  add i t ion ,  65 r e f l e c t i o n s  were removed 

from t h e  refinement s i n c e  they d i d  no t  f u l f i l l ' t h e  r equ i re -  

ment i ' ( & ~  - $ 1  9  x  ( )  There f inement  was continued 

w i t h  a n i s o t r o p i c  "temperature f a c t o r s  f o r  the  dysprosium atoms 

t o  an - R o f '  0.057 and. of the  weighted discrepancy f a c t o r  & = 

F 1 ) 2 / ~  F 2)1/2' of 0.082. I n  order  t o  f u r t h e r  ( I - 1, , -, 
r e f i n e  t h e  s t r u c t u r e ,  i t  was necessary t o  use a v a r i a t i o n  of 

a block d iagonal  procedure. I n  successive cycles ,  t h e  

parameters of one and then  t h e  o t h e r  of t h e  independent 

molecules were allowed t o  vary with a l l  temperature f a c t o r s  

a n i s o t r o p i c .  This  procedure seemed appropr ia t e  s i n c e  t h e  

c o r r e l a t i o n  matr ix  i n  t h e  i s o t r o p i c  refinement had ind ica ted  

t h a t  t h e  i n t e r a c t i o n  between atoms i n  nonequivalent molecules 

were small.' I n  add i t ion ,  i n  two f i n a l  cyc les  of refinement,  



rirst a l l  p o s i t i o n a l  parameters,  and then a l l  temperature 

f a c t o r s  were allowed t o  vary t o  minimize as much as poss ib le  

any dependence of the  parameters on in termolecular  c o r r e l a -  

t i o n s .  I n  these  two f i n a l  cyc les  no parameter s h i f t  was 

g r e a t e r  than  0.5 of the a s soc ia ted  est imated s tandard 

dev ia t ion  (esd)  . F i n a l  values of - R and R+ were 0.050 and 

0.070. A f i n a l  difFerence e l e c t r o n  d e n s i t y  map showed no 
O 3  r e s i d u a l  e l e c t r o n  d e n s i t y  g r e a t e r . t h a n  0.5 e-/A . 

An a t tempt  was made t o  determine the  abso lu te  configura-  

t i o n  of the  molecules. One image, the  p o s i t i o n a l  parameters . 

of which a r e  l i s t e d  i n  Table 10, gave a value of - R 0 .1  lower 

than the  o t h e r  image, which suggests  t h e  former t o  be t h e  

q o r r e c t  conf igura t ion .  A l a r g e r  d i f f e r e n c e  was not  observed 

due t o  the  approximate centrosymmetric r e l a t i o n s h i p  between 

the  two independent molecules. The independence of the  two 

molecules I s  ind ica ted  by t h e  f a c t  t h a t  only 8 out of a 

poss ib le  108 c o r r e l a t i o n s  between terms r e l a t e d  by the  

approximate center ing  had va lues  g r e a t e r  than 0 . 1  and no 

term exceeded 0.36. 

Previous experience on the  t r i s i l a n e  s t r u c t u r e  us ing  a 

9 x 9 block diagonal  procedure ind ica ted  t h a t  the  method may 

lead  t o  an underestimate of the  e s d ' s  by 0.20. Th i s  i s  

probably a maximum value f o r  the e s d t s  i n  Table 10  s ince  

much l a r g e r  blocks were used. I n  Table 11 a r e  l i s t e d  the 

root-mean-square amplitudes of v i b r a t i o n  while i n  Figure 13 
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Table  10. Atom p o s i t i o n s  and a n i s o t r o p i c  temperature f ac to r sa  

Atom x Y z @11 

& ~ e a v ~  atom parame e r s  a r e  t imes lo5 while l i g h t  atom E parameters a r e  times 10  . 





THIS PAGE 
WAS INTENTIONALLY 

LEFT BLANK 

L 1 

ascott
Blank Stamp



Table 10. (continued) 

Atom x Y z @11 





0 
Table  11. Root-mean-square thermal displacement (A) 

. . 
. . 

Atom Min . Med. Max. Atom Min. ' Med. Max. 

0.230. 

0.215 

0.202 

0.220 

0.226 

0.185 

0.212 

0.258 

0.220 

0 195 

0.227 

0.303 

'a. 280 

02.96 

0.276 
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Figure  13. 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  f o r  

D ~ ( N ( c ~ H ~ o ~ ) ~ ) ~ H ~ o  i n  e l e c t r o n s  x 10 
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Figure 13, ( ~ o n t  inued) 



a r e  ' l i s t e d  t h e  va lues  of 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 .  S e l e c t e d  i n t r a m o l e c u l a r  d i s t a n c e s ,  

bo th  c o r r e c t e d  and uncor rec t ed  f o r  thermal  motion, and 

a n g l e s  a r e  g iven  i n  Table  12. T h e i r  e s t i m a t d  e r r o r s g 3  were 

determined from t h e  i n v e r s e  ma t r ix  ob ta ined  when on ly  t h e  

p o s i t i o n a l  parameters  were a l lowed t o  vary.  

The thermal  parameters  of  t he  atoms in , the  NTA l igand  

e x h i b i t  a g e n e r a l  i n c r e a s e  as t h e  d i s t a n c e  from t h e  n i t r o g e n  

i p c r e a s e s  . There:f'ore, a c o r r e c e i o n  f o r  thermal  motion us ing  

a r i d i n g  seemed apnr iop r i a t e  and was a p p l i e d  t o  t h e  

i n t r a l i g a n d  d i s t a n c e s .  Cor rec t ions  u s ing  both a riding 

model and a n  independent atom model were made t o  t h e  metal- 

,oxygen d i s t a n c e s .  

The molecular  conf igur iz t ions  of  t h e  two independent Dy.  

N ' P I I - ~ H ~ O  molecirles a r e  shown i n  F igu re  14 .  The two l i g a n d s  

exlili.bfl; similar metal coord ina t ions .  The t h r e e  a c e t a t e  

groups i n  each ind.epend.ent .?.ig&nd can be p laced  i n  one of 

t h r e e  c a t e g o r i e s  dependent il.pon the  aceta te-oxygen atom 

((la)-metal atom uoord ina t ion .  Fo r  a g iven  l i gand ,  one Oa 

atom i n  each of t he  t h r e e  a c e t a t e  groups,  a long  with  t h e  

n i t r o g e n  atom, cou18dlriate t o  t h e  same meta l  atom. O f  t h e  

remaining . t h r e e  0, atoms i n  each l i g a n d ,  one is ooord ina ted  

t o  a n  a d j a c e n t ,  symmetry-equivalent dysprosium' atom ( E  t ype ) ,  

one is  coord ina ted  t o  an a d j a c e n t ,  nonequivalent  meta l  atom 



0 
Table 12. Se lec ted  in tera tomic  d i s t a n c e s  ( A )  and angles  

(deg)" 

A t  oms Uncorr . Riding Independent . . 

Metal- l ight  atom d i s t a n c e s  
2.342(10) 2.354 DY 1-OlE1 2.368 

a ~ t a n d a r d  dev ia t ions  are given i n  parentheses  r i g h t  
just ' i f ied t o  the  last  s i g n i f i c a n t  f i g u r e  of t h e  preceding 
number. 



Table 12. (cont inued)  

Atoms Uncorr. Riding Atoms Uncorr . Riding 

I n t r a l i g a n d  d i s t a n c e s  
1.27(2)  1.28 C2E2 -02E1 

A t  oms Angle s Atoms Angles 

I n t r a l i g a n d  ang les  
128( 1) 01E1-ClE2-01E2 

117(1) OlE1-ClE2-ClE1 

115( 1) 01E2-ClE2-C1E1 

113(1) ClE2-ClE1-N1 



Table  12.  ( con t inued )  

Atoms Angles A t  oms Angles 

I n t r a l i g a n d  a n g l e s  con t .  
109-9(8) ClD2-ClD1-N1 

Angles involv ing  a meta l  a$om 
119 .1(3)  OW11-Dyl-O1U1 

102.8(3)  N ~ - D Y ~ - O ~ E P  

104 .2(4)  02D2-Dyl-01E2 



Table 12. (continued) 
. , . :  . 

. . 

Angle s Atoms Angles A.&,oms 

Angles involving a metal atom cont. 
C2U2 -02U1 -Dy2 125.0(8) ClU2-OlU1-Dy1 118.9(9) 

C2E2 -02E1 -Dy2 123.0(8) ClE2-OlE1-Dyl 124.5(8) 

~ 2 ~ 2 - 0 2 ~ 2  - ~ ~ 2 ~  159( 1) c 1 ~ 2 - 0 1 ~ 2 - ~ ~ 2 ~  164( 1) 

C2D2-02D2-Dy2 121.5(7) ClE2-OlD1-Dy1 128.7(7) 

C2D2 -02D1-Dyl 134.0(8) c 1 ~ 2  -01~2 - ~ y 2 ~  128.7(7) 

Atoms Distance i Atoms Distance 

Additional 1ntera.tomic distances 
01E1-01E2 2.18(1) OW13-01U2 

02E1-O2E2 2.24(1) OWl4-OW11 2.59(2) 

01D1-01D2 2.23(1) , 0~14-01U2 3.06(2) 

02D1-02D2 2.21(1) OW23-02U2 2.69(2) 

01U1-01U2 2.20(1) OW23-OW12 2-85(1) 

02Ul t02U2 2.l7(l) Ow24 -02U2 2.71(2) 

QWl3-OW11 .2.78(2) OW23-OW21 2.64(2) 

b ~ o r  an explanation of symmetry related positions see 
Figures 15 and 16. 
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Figure 14. Configuration of the  two independent molecules.  h he two metal  atoms 
a r e  numbered f o r  uniqueness. The n i t rogen atoms have the  same number 
E S  the  metal  t o  which they  a r e  coordinated which i s  a l s o  t h e  lef t -most  
number f o r  the  remaining atoms i n  t h e  l igand.  The l e t t e r s  spec i fy  t h ?  
5ype of me tal-oxygen coordina t ion  (see t e x t ) ,  while the  right-most 
r-umber ind.lcates a s k e l e t a l  pos i t ion  f o r  t h e  carbon atoms. I n  t h e  
case  of th? oxygen aTorns, a one i n  the  right-most p o s i t i o n  i n d i c a t e s  
c o o r d i n a t i ~ n  t o  the  same metal atoms as the  n i t rogen atom while a two 
gnd ica tes  a d i 3 e r e n ;  i n t e r a c t i o n )  





( D  type) ,  and one i s  no t  coordinated t o  any metal atom ( U  

t y p e ) .  Schematic drawings of t h e  two independent NTA . 

l i gands  a r e  shown i n  Figures  15 and 16. The a c e t a t e  groups 

a r e  a l l  p iana r  t o  wi th in  0.03'1; t h e  0,-C-0, angles  average 

126' (123-128') while the  0,-C-C angles  average 11'j'O (114- 
0 

120') . The,  average carbon-oxygen ( 1.26 A ) ,  carbon-carbon 

( 1.55 8) and carbon-nitrogen ( 1.48 8) bond d i s t ances ,  
0 

.cor rec ted  f o r  thermal motion a r e . a l l  wi th in  0.01 A of t h e  

expected va lues .  39 ' 

The v a r i a t i o n  i n  C-C and C-N bond d i s t a n c e s  does no t  

appear  t o  be s i g n i f i c a n t  . The sys&matical ly  l a r g e  0,-C-0, 

ang les  a r e  apparen t ly  t h e  r e s u l t  of in termolecular  s t e r i c  

i n t e r a c t i o n s  and in t raca rboxy la te  oxygen-oxygen repu l s ions .  25 

Also, t h e  wide range i n  metal-oxygen and C-Oa d i s t a n c e s  

probably i s  a r e s u l t  of a combination of  s t e r i c  and e l e c t r o -  

s t a t i c  e f f e c t s .  . , There does no t  appear t o  be any c o r r e l a t i o n  

between lengthening9 and shor tenings  o f  C-0 d i s t a n c e s  i n  a 

manner which would suggest  covalent  e f f e c t s .  , I n  a d d i t i o n ,  

t h e  C-0, d i s t ance  f o r  t h e  two uncoordinated oxygehs a r e ,  
0 

0.01 A longer  than t h e  average; a shor tening  of t h i s  bond 

would be e x p e c t e d ' i n  the presence of covalent bonding. 
44 

Five a c e t a t e  oxygen atoms, two water molecules and one 

n i t rogen atom a r e  i n  the  coordina t ion  sphere of each metal  

atom. These coordinat ing atoms r e s i d e  a t  the  corners  of a 

d i s t o r t e d  dodecahedron w i t h  t r i a n g u l a r  f a c e s  w i t h  approximate 
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F lgure  15. ' Schematic drawing of NTA ligand one 





' THIS PAGE' a 

. WAS INTENTIONALLY 
LEFT BLANK 1 

I 
I 

ascott
Blank Stamp



F i ~ u r e  16. Schematic drawing of NTA ligand two 





D2d symmetry. A p ro jec t ion  down one of t h e  two f o l d s  i n  
. . 

molecule' one and a p ro jec t ion  showing the  four fo ld  invers ion  

a x i s  i n  molecule two a r e  given i n  Figures  17 and 18. The 

good'agreement, i n  most cases ,  between symmetry equiva lent  . 

d i s t a n c e s  ( s e e  Table 13) i l l u s t r a t e s  the  approximate Ded 

symmetry. The nona-coordinate, capped, square an t ip r i sm 

found i n  t h e  Pr*NTA03H20 can be converted t o  t h e  oc ta-  

coordina te  dodecahedron by removal of the  atom i n  t h e  

capping p o s i t i o n  and r e l a t i v e l y  minor changes i n  ang les .  
\ 

The NTA l igand i n  the  Pr complex would then be hexadentate 

as i t  i s  i n  the  t i t l e  compound withf:no, . . doubly coordinated 

oxygen atom. 

The coordina t ion  can a l s o  be descr ibed as a d i s t o r t e d  

one-five-two complex similar t o  t h e  one-five-three d e s c r i p t i o n  

given by Hoard -- e t  al.41 fop  the  La0EDTA complex. The d i s t o r -  

l i o n s  a r e  much g r e a t e r  i n  t h i s  case than f o r  the  dodecahedron 

and we p r e f e r  the l a t t e r .  

The average Dy-Oa, Dy-N and Dy-Ow d i s t ances ,  uncorrected 

f o r  thermal motion a r e  2.346, 2.570, and 2.359 2. Thls  
0 

corresponds t o  a decrease of approximately 0 . 1  A compared 

to' the corresponding praseodymium d i s t a n c e s  f o r  t h e  M-0, and 

M'-N bonds, This  i s  i n  good agreement with t h e  decrease i n  

the . ion ic  r a d i u s .  40 The Dy-Ow dis tances ,  average approximately 

0.06 8 s h o r t e r  than expected. However, t h e r e  a r e  a l a rge  

number of OW-0 d i s t a n c e s  which a r e  i n  the  range t y p i c a l  of 
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Figure 17. Ccordinatisn of Dyl (viewed down a pseudo, twofsld axis) 
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Figure 18. Coo-dination of Dy2 (viewed perpendicular to a pseudo, axis) 





98 

a 
Tab le  13. Atoms and d i s t a n c e s  r e l a t e d  by pseudo-symmetry 

J 
Atoms r e l a t e d  by a twofold 

Molecule I PC3lecu.le 2 

\ Atoms r e l a t e d  by 

Equ iva l en t  d i s t a n c e s  re l -a ted  by pseudo-symmetry 

Molecule 1 Molecule 2  

Atoms D i s t .  Ave . 
01E1-01U1 2.78 

Atoms Dist. Ave . 
01D2-OW21 2.85 

0 
" ~ v e r a ~ e  s t anda rd  d e v i a t i o n  i n  d i s t a n c e s  i s  0.02 A.  



Table 13. (continued) 

At oms Dist .. Ave . Atoms Dist . Ave . 
OlD1-OW11 2-95 N2-02E2 3 :Og 



hydrogen bonding : ( ~ a b l e s  12 and 13) and such hydrogen bonding : 

. . 

might  be expected t o  inc rease  t h e  metal-Ow i n t e r a c t i o n s  on 

e l e c t r o s t a t i c  grounds. 



THE QUADRUPLE PRODUCT 

I n t r o d u c t i o n  

.The b a s i s  f o r  t h e  method t o  be desc r ibed  below as w e l l  

as f o r  any of t he  so c a l l e d  " d i r e c t  methods" i s  t h e  Sayre  52 
. , 

squared equa t ion  

where V i s  t h e  volume of t h e  u n i t  c e l l  and S i s  a func t ion  t o  

c o r r e c t  f o r  a d i f f e r e n c e  i n  peak-shape between % and. %. 
T h i s  f u n c t i o n  i s  a d i r e c t  r e s u l t  of  t he  s e l f - convo lu t ion  of 

' t he  s t r u c t u r e  f a c t o r ,  %. 53 It i s  appa ren t  f o r  centrosymmetric 

space  groups,  where phases are l i m i t e d  t o  i n t e g r a l  va lues  ( 2  l ) ,  

t h a t  i n  o r d e r  f o r  $+ t o  be l a r g e ,  t h e  va lues  w i th in  t h e  summa- 

t i o n  must tend s t r o n g l y  towards terms w i t h  t h e  same s i g n .  

Therefore ,  f o r  most terms i n  Equat ion 1, 

where s r e p r e s e n t s  " the  s i g n  o f " .  The l a r g e r  t h e  va lues  of 

s, =, and z -z ,  t he  more probable  t h a t  ( 2 )  w i l l  ho ld .  A 

I I more u s e f u l  measure of a p a r t i c u l a r  r e f l e c t i o n s  la rgeness ' '  

i s  its E - value .  54 T h i s  i s  simply t h e  va lue  of F - c o r r e c t e d  

f o r  s i n . Q / ~  .fall.-off l.n t h e  s c a t t e r i n g  power 
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where f i s  t h e  s c a t t e r i n g  f a c t o r ,  c i s  a term which i s  i n t r o -  3 - 
duced t o  c o r r e c t  f o r  symmetry, and F+ i s  c o r r e c t e d ' f o r  thermal 

-h 

motion. The use  of % i n s t e a d  of F s  makes p o s s i b l e  meaning- 

f u l  s i z e  comparisons between r e f l e c t i o n s  a t  d i f f e r e n t  va lues  

of 8. \Jhen t h e  s i z e  of a p a , r t i c u l a r  r e f l e c t i o n  is expressed  

i n  terms of %'s, then  t h e  p r o b a b i l i t y  t h a t  ( 2 )  w i l l  hold  i s  

g iven  by 55 

3/2 
P (  +) = 1/2 + 1/2 tanh 03/02. E 4 E a - s  1 '4-k-h-2 

q 
N , 

where pq = Z n .  and ni = fi/z f I f  there '  a r e  m u l t i p l e  
i 1 

j j0  
I 

r e l a t i o n s  which y i e l d  %J t h e n  

P (  +) = 1/2 + 1/2 tanh C Ic 0 3 / 0 2 3 / 2  l%l?&--i;l 

The normal manner i n  which t h e  s i g n s  of t h e  va r ious  

r e f l e c t i o n s  are determined i n  a centrosymmetric s t r u c t u r e  

" 56-59 In t h i s  i s  t o  u se  a "symbolic a d d i t i o n  procedure  . 
.p rocedure  i n i t i a l  s i g n s  a r e  g iven  t o  a few r e f l e c t i o n s  ( t h r e e  

o r  l e s s )  w i th  l a r g e r  va lues  of  E - t o  f f x  t h e  o r i g i n  and a d d i -  

t i o n a l  a l g e b r a i c  symbols a r e  g iven  t o  a few o t h e r  r e f l e c t i o n s  

as needed. By t h e  a p p l i c a t i o n  of Equat ion ( 2 ) ,  a d d i t i o n a l  

s i g n s  may be determined. F a i l u r e  i n  t h i s  method u s u a l l y  i s  

a r e s u l t  of e i t h e r  poor d a t a ,  d i f f i c u l t y  i n  choosing a good 

s t a r t i n g  s e t ,  o r  few type  ( 2 )  r e l a t i o n s h i p s  with h igh  

p r o b a b i l i t y .  The last  case  i s  e s p e c i a l l y  important  i n  

t r i c l i n i c  systems because of t h e  low symmetry. I n  t h e  method 



d e s c r i b e d  below, a n  a t tempt  was made t o  develop a d d i t i o n a l  

phase r e l a t i o n s h i p s  between t h e  v a r i o u s  r e f l e c t i o n s .  I n  

t h i s  manner, the dependency of t h e  s o l u t i o n  upon t h e  choice  

of a good s t a r t i n g  :5et can be e l imina t ed  and t h e  problems 

caused by on ly  a few type  ( 2 )  r e l a t i o n s h i p s  may be reduced.  

D e s c r i p t i o n  of t h e  Method 

When 9 i s  l a r g e ,  a l l  t h e  i n d i v i d u a l  s i g n s  of t h e  terms 

i n  Equat ion ( 1 )  a r e  equa ted]  t h i s  r e s u l t s  i n  a s e r i e s  of 

equa t ions  of t h e  type  

f o r  a l l  p o s s i b l e  va lues  of  tf and Zt ,  2 # El.  The p r o b a b i l i t y  

t h a t  t h e s e  equa t ions  hold  i s  j u s t  t h e  product  of t h e  proba- 

b i l i t i e s  t h a t  each i n d i v i d u a l  r e l a t i o n  of t h e  type  ( 2 )  ho lds .  

Upon rearrangement of ( 6 )  

i s  ob ta ined .  T h i s  r e l a t i o n s h i p  we have chosen t o  c a l l  t h e  

quadruple  product  . I n  eve ry  centrosyrnmetric s t r u c t u r e  t h e r e  

w i l l  be a t  l e a s t  one s e t ,  and sometimes s e v e r a l  s e t s ,  

depending upon t q e  amount of symmetry p r e s e n t ,  of c, E, It1 

va lues  where two of t h e  unknowns can be e l imina t ed  from 

~ q u a t i o n ( 7 ) .  For  example, two s e t s  ~f - E ' s  which s a t i s f y  

Equat ion ( 2 )  f o r  a va lue  of = 1, 3, 3 are lZ111*%22 and 



E- -111°E"44* These two s e t s  would then  g i v e  r i s e  t o  the  

quadruple ' product 

For  a centrosymmetric s t r u c t u r e  Elll = Em and 

s ( E ~ ) = s ( E ~ )  = + 1 ( 9 )  

Upon s u b s t i t u t i o n  of Equation ( 9 )  i n t o  Equation (8) 

i s  obtained, '  o r ,  upon rearrangement' 

The p r o b a b i l i t y  t h a t  tlie r e l a t i o n s h i p  given by Equation (11) 

holds i s  the  same as t h a t  of t h e  parent  quadruple r e l a t i o n  

holding. 

A s  soon as the  r e l a t i o n s h i p  between two %IS i s  known 

w i t h  high p r o b a b i l i t y  (-- 0.95), then t h i s  r e l a t i o n  can be 

f e d  back i n t o  t h e  s i g n  determining process  and t he  n~unhsr of 

quadruple products,  from which two unknowns can be el iminated,  

r a p i d l y  inc reases .  The p r o b a b i l i t y  t h a t  these  new r e l a t i o n -  

sh ips  w i l l  hold is just equal  t o  t h e  product of t h e  proba- 
0 

b i l i t i e s  t h a t  t h e  quadruple product holds and the  r e l a t i o n  

between the  two % I s ,  which are e l iminated ,  i s  v a l i d .  Since 

t h i s  new p r o b a b i l i t y  i s  the  product of f o u r  numbers a11 l e s s  



t han  one, it  i s  appa ren t  t h a t  a $ i n g l e  r e l a t i o n s h i p  may w e l l  

have a p r o b a b i l i t y  which i s  small (<< 0.95) .  However, as 

t h e  number o f  r e J a t i o n s h i p s  between ESfs i n c r e a s e s ,  s o  rill 

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

s h i p  between two E ' s .  - For  two i n d i c a t i o n s ,  t h e  p r o b a b i l i t y  

t h a t  an  i n d i c a t i o n  i s  c o r r e c t  i s  

where P1 and P2 a r e  t h e  p r o b a b i l i t i e s  of t h e  i n d i v i d u a l  

r e l a t i o n s h i p s  being v a l i d .  I n  gene ra l ,  f o r  n  i n d i c a t i o n s  

t h e  p r o b a b i l i t y  can be expressed  as 

It i s  apparen t  t h a t  w i t h  on ly  a few i n d i c a t i o n s  of moderate 

p r o b a b i l i t y  (-- 0 . 8 ) ,  Equat ion ( 1 3 )  w i l l  r a p i d l y  approach 

u n i t y .  

A p a r t i c u l a r  r e f l e c t i o n  may be placed i n  any one of 

e i g h t  p a r i t y  groups:  eee ,  eeo,  eoe,  oee, eoo, oeo, ooe, 

and ooo where e  i n d i c a t e s  even and o  i n d i c a t e s  a n  odd 

index .  The p a r t i - e s .  a r e  Seen t o  form a group wi th  r e s p e c t  

t o  m u l t i p l i c a t i o n   a able 1 4 ) .  It i s  r e a d i l y  s een  t h a t ,  i n  

o r d e r  t o  s a t i s f y  E q u a t i o n  ( 2 )  f o r  a g i m n  p a r i t y  of c, - E 1 s  " 

of a p p r o p r i a t e '  pali i ty muct be used.  F o r  example, i f  has  

p a r i t y  eoe,  t h e r e  w i l l  be f o u r  combinations of two E ' s  

which w i l l  y i e l d  t h i s  p a r i t y  (oeo,  ooo; eee ,  eoe;  doe, oee; 



Table 14. P a r i t y  group m u l t i p l i c a t i o n  t a b l e  

eee eeo eoe oee ooe oeo eoo ooo 

eee  

e e o  

eee eeo eoe oee , ooe oeo eoo ooo 

eeo eee eoo oeo ooo oee eoe ooe 

eoe eoe eoo eee ooe oee ooo eeo oeo 

0ee oee oeo ooe eee eoe eeo 000 coo 

ooe ooe ooo oee , e o e  eee eoo oeo eeo 

oeo oeo oee ooo eeo eoo eee ooe eoe 

eoo eoo eoe eeo, ooo '. oeo ooe eee oee 

000 000 ooe oeo eoo eeo eoe oee eee 

'eeo, eoo) .  I n  addition, I f  two of t h e  t h r e e  p a r i t y  groups 

a r e  s p e c i f i e d  then, obviously, the  p a r i t y  of the  t h i r d  term 

Is determined. This  i s  important s ince  i t  d i c t a t e s  t h a t  

only terms of l i k e  p a r i t y  may be r e l a t e d  through Equation 

(11) before  the  o r i g i n  i s  def ined .  

When r e l a t i o n s h i p s  within the  var ious p a r i t y  groups a r e  

known, t h e  o r i g i n  may be s p e c i f i e d .  Using the  known i n t r a -  

p a r i t y  r e l a t i o n s h i p s ,  abso lu te  s igns  may be assigned t o  t h e  

E 1 s  - i n  t h e  p a r i t y  groups of t h e  o r i g i n  def in ing  E t s .  - Since 

t h e r e  are now marly new r e l a t i o n s h i p s  between - E 1 s  i n  the  

d i f f e r e n t  p a r i t y  graups, the re  w i l l  be many a d d i t i o n a l  

quadruple products where two of t h e  unknowns, now of d i f -  



f e r e n t  p a r i t y  c l a s s e s ,  may be el iminated.  

Absolute s i g n s  may be determined f o r  t h e  remaining p a r i t y  

groups by two d i f f e r e n t  procedures. The f i r s t  p r o c e d u r e ' i s  

t o  make use of type ( 2 )  r e l a t i o n s h i p s .  When two * I s  have 

known abso lu te  s i g n s  and t h e  t h i r d  i s  of a p a r i t y ,  c l a s s  

f o r  which abso lu te  s igns  a r e  not  known, t h e  absolu te  s igns  

of t h e  t h i r d  p a r i t y  group can be obtained. For example, t h e  

necessary r e l a t i o n s h i p s  needed t o  r e l a t e  r e l a t i v e  s igns  of 

t h e  undetermined p a r i t y  groups t o  those of t h e  th ree  p a r i t y  

groups eee,  oee, eoe a r e  shown i n  Table 15. 

I !  

Table 15. P a r i t i e s  which r e l a t e  r e l a t i v e  s igns  

ooe . ; oee eoe 

oeo oee eeo 

e  oo e  oe eeo 
Cycle 1 

eee oee oee 

eee ooe ooe 

eee  eoe eoe 

Cycle 2 000 eeo  ooe 

Iii csi-dtr t o  detcrminc the  ooo p a r i t y  e;rni.lp, 4 t, would be 

necessary  t o  r ecyc le  using r e l a t i v e  s igns  generated i n  the  

f i rs t  cycle .  The p r o b a b i l i t y  t h a t  t hese  new s igns  a r e  



c o r r e c t  would be t h e  p r o b a b i l i t y  t h a t  Equation ( 2 )  ho lds ,  

t imes  t h e  p r o b a b i l i t y  t h a t  t h e  r e l a t i o n s h i p  between t h e  

two known ='s, as determined from t h e  quadruple  product ,  

i s  v a l i d .  Only r e l a t i o n s h i p s  of .very h igh  p roba ,b i l i t y  

( -  0.99)  need be used i n  t h i s  pswcess s i n c e  t h e r e  w i l l  be 

numerous indications f o r  the  a b s o l u t e  s i g n s  of each of t h e  

unknown groups and t h e s e  p r o b a b i l i t i e s  w i l l  r a p i d l y  approach 

c e r t a i n t y  by the  u s e  of equa t ions  s i r r ~ f l a r  t o  (13) .  

The second procedure,  which can be used t o  determine 

t h e  a b s o l u t e  s i g n s  of t h e  unknown p a r i t y  c l a s s e s ,  u t i l i z e s  

t h e  a b s o l u t e  s i g n s  of t h e  e e e - t y p e ' r e f l e c t i o n s  which can be 

d e t e ~ m i n e d  before  t h e  or.>lcj.n i s  de f ined .  When two E 1 s  - with  

t h e  same p a r i t y  a r e  involved i n  a type  2 r e l a t i o n ,  t h e  p a r i t y  

of' t h e  th9pd E m u s t  be one. I f  t h e  E 1 s  a r e  of t h e  same - - 

p a r i t y ,  t h e i r  r e l a t i v e  s i g n s  w i l l  be known and Equat ion ( 2 )  

can be unj.quely solved f o r  t h e  a b s o l u t e  s i g n  of t h e  eee-E. - 
. . 

There  a r e  u s u a l l y  a ~11rnber of t h e s e  t ypes  of r e l a t i o n s  f o r  

e v e r y  eee-E - and t h e  a s s o c i a t e d  p r o b a b i l i t i e s  w i l l  approach 

c e r t a i n t y  by t h e  u s e  of equa1;ions t o  ( 1 3 ) .  A f t e r  

t h e  o r i g i n  i s  de f ined ,  t h e r e  a r e  a number of quadruple  

pr.oducts which involve  two =ls of  'a p a r i t y  c l a s s  w i t h  

known a b s o l u t e  s i g n s ,  a n  EJ~ of  eee  p a r i t y  w i t h  known a b s o l u t e  

s i g n ,  and one from an  unknown p a r i t y  group. The a b s o l u t e  

s i g n  f o r  t h i s  E s i s  then un ique ly  determined.  The types  of 

p a r i t i e s  needed t o  r e l a t e  t h e  a b s o l u t e  s i g n s  of  t h e  undeter-  



- .  

mined p a r i t y  groups t o  t h e  t h r e e  p a r i t y  groups eeo, eoe, oee 

by t h e  use  of  t h e  quadruple  product  and known s i g n s  f o r  the 

e e e - E t s  - a r e  shown i n  Tahle  16. The quadruple  produc ts  are, 
+ -+ of course ,  formed w i t h  and h-k terms.  It i s  a l s o -  seen i n  

Tab le  16. Types .of  p a r i t i e s  needed t o  r e l a t e  undetermine 
s l g n s  

h" E' h-k h' F Ti-I? E' 2 : c-z + - - P  

oee  . o e o  oee ooe oee e e e  

eeo  eoe eoo eoe eoe eee  . oee eoe ooe 

eeo  eee  eeo  eoo eeo  oeo 

'...eeo ooo eoe ooo oee ooo 

ooe eoe oee oeo oee eeo eoo eoe eeo  

oee eoe eeo  oee eeo  eoe 
C 

Tab le  16 t h a t  t he  a b s o l u t e  s i g n s  o f  one of  t h e  p a r i t y  groups 

( i n  t h i s  ca se  t he  ooo t y p e )  i s  deteymlned d i r e c t l y  from the 

o r i g i n  d e f i n i n g  p a r i t y  groups.  

I n  p r a c t i c e  a mixture  of  t h e  two methods desc r ibed  above 

t s  .used. The second method i s  r o u t i n e l y  used i n  a n  automated 

procedure s i n c e  i t  i s  e a s i e r  t o  program and, i n  a d d i t i o n ,  i t  

l e a d s  t o  new r e l a t i o n s h i p s  between % I s  which are n o t  found 

through symmetry a lone .  The f i r s t  procedure i s  used on ly  i f  



t h e  automated procedure fai ls .  . T h i s  only occurs  when there  

a r e  a s m a l l  number of E t s  i n  a p a r t i c u l a r  p a r i t y  group o r  - 
when small sub-groups form where a few of t h e  E t s  have no - 
i n t e r r e l a t i o n s  with t h e  bulk of the  - E 1 s  i n  a p a r t i c u l a r  

p a r i t y  group. I n  these  cases  the  (2)-type r e l a t i o n s h i p s  

may be used t o  f i n d  t h e  unknown s igns .  

Applicat ion of t h e  Method 

To f a c i l i t a t e  the  a p p l i c a t i o n  of t h i s  method two programs, 

Quads and Rela te  have been w r i t t e n .  The c a l c u l a t i o n  of the  

quadruple products is c a r r i e d  out  by the  use of the  program 

Quads. A l i s t i n g  of t h i s  For t ron  I V  program i s  supplied i n  

Appendix A.  Input  t o  t h i s  program i s  a tape  containing a l l  

r e l a t i o n s  of the  type ( 2 ) .  The a c t u a l  s i g n  determinat ion 

process  i s  c a r r i e d  out  using Rela te .  Rela te  i s  a PL-1 program 

w r i t t e n  f o r  t h e  360-65 system. It. uses  22K words of high 

speed core w i t h  some dynamic a l l o c a t i o n  of a r r a y s  p l u s  an  

a d d i t i o n a l  50K words of slow core.  A l i s t i n g  of t h i s  program 

can be f olmd in Aggendix B. 

Rela te  searches through the  e n t i r e  l i s t  of  quadruple 

products  f o r  r e l a t i o n s h i p s  where the  r e l a t i v e  s igns  of two 

of  the  f o u r  members a r e  known. The remaining two members a r e  

then given t h e  appropr ia t e  r e l a t i v e  s ign  and t h e  p r o b a b i l i t y  

i s  s to red ,  o r  i f  t h e r e  i s  a l r e a d y  some i n d i c a t i o n  known 

between these  = I s ,  a new p r o b a b i l i t y  i s  ca lcu la ted .  A t  the  

end of each cycle ,  t h e  p r o b a b i l i t i e s  a r e  searched f o r  values 



exceeding a cut-off  value (-- 0.95).  These r e l a t i o n s h i p s  a r e  

then output  along with t h e i r  a s soc ia ted  p r o b a b i l i t i e s .  This  

l i s t  of r e l a t e d  %'s i s  then searched f o r  r e l a t i o n s h i p s  of 

t h e  type a = +b and b  = +c. Then a i s  s e t  equal  t o  c  w i t h  
. . - - 

t h e  appropr ia t e  r e l a t i v e  s ign .  F i n a l l y ,  the  l i s t  of r e l a -  

t ionsh ips  of type ( 2 )  involving eee r e f l e c t i o n s  i s  searched 

f o r  cases  where two of the t h r e e  unknowns may be e l iminated .  

If t h e  cumulated p r o b a b i l i t y  exceeds a given cut-off  value 

(-- 0.99),  the  %, where h i s  eee,  i s  given t h e  appropr ia t e  

abso lu te  s ign .  Then i f  any of t h e  type ( 2 )  r e l a t i o n s  which 

con ta in  t h i s  s ( 3 )  a r e  not  known, t h e r e m a i n i n g  two members 

are given t h e  appropr ia t e  r e l a t i v e  s ign  and p r o b a b i l i t i e s .  

The program then recyc les  using these  newly determined r e l a -  

t i o n s .  Whenever most of t h e  r e l a t i o n s  f o r  the  var ious p a r i t y  

groups a r e  hown, t h e  o r i g i n  i s  defined by ass ign ing  abso lu te  

s i g n s  t o  appropr ia t e  r e f l e c t i o n s .  The program then recycles  

through t h e  t y p e . ( 2 )  r e l a t i o n s  and determines the  s igns  of 

the  remaining groups. It a l s o  cont inues t o  cycle  through 

t h e  quadruples s ince  i n  s o  doing t h e  s i g n s  of some previously 

undetermined 9 ' s  may be found. 

The method has been t e s t e d  on the s t r u c t u r e  of Cs3Sb2Clg 

which c r y s t a l l i z e s  i n  the  space group Pnma ( N O .  62) with Z = 

4. This  s t r u c t ~ ~ r e  was previous ly  solved by W .  Pflaum using 

normal d i r e c t  methods, Values of t h e  E 1 s  - were ca lcu la ted  

using a s c a l e  f a c t o r  of 0.20 and an o v e r a l l  thermal parameter 



of 2.65 determined by the  method of ~ a c k e r t . ~ ~  The r e l a -  
8 t i o n s  of type (2 )  were c a l c u l a t e d  f o r g z ' s  above 1.5. 

The value of p3/02 3/2 used i n  c a l c u l a t i n g  t h e  probs- 

b i l i t i e s  was 0.143. Due t o  t h e  l imi ted  core s i z e  of  5 0 K  

words, only  the  196 3 ' s  above 2.28 were used i n  the  calcu-  

l a t i o n  of some 62,560 quadruple products.  I n  Rela te ,  

quadruple products were accepted only i f  t h e i r  p r o b a b i l i t y  

exceeded 0.80. A r e l a t i o n s h i p  between two %'s had t o  

exceed a p r o b a b i l i t y  of 0.95 before i t  was accepted. Before .  

s i g n s  were accepted f o r  groups of r e f l e c t i o n s  o r  f o r  eee  

type  r e f l e c t i o n s ,  t h e  associated p r o b a b i l i t y  had t o  exceed 

0.99. A f t e r  t h r e e  cyc les  through Relate ,  abso lu te  s i g n s  

were given appropr ia t e  members of t h e  oee, ooe and eoo 

p a r i t y  groups. I n  t h i s  case,  a l l  s igns  of t h e  remaining 

groups were obtained au tomat ica l ly . ,  O f  the  196 inpu t s  

I&,"l", 194 were s u c c e s s f u l l y  assigned s igns .  O f  t hese  194 

s igns ,  a l l  were c o r r e c t ,  From an  E-map us ing  these  s igns  

t h e  p o s i t i o n s  of t h e  C s  and Sb atoms were r e a d i l y  loca ted .  

I n  Table 17 are l l s t e d  t h e  hk l  values,  and the signed % 
values  . 



Table 17. Signed E - values a s  determined by ~ e i a t e  (h,k,l,~) 
,-. - 



Table 17. (continued) 
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APPENDIX A. A LISTING OF QUADS 



C QUADS. I S  A FORTRAN I V  PROGRAM TO CALCULATE THE QUADRUPLE PRODUCTS QUA 0 0 1 0  
C AND THE ASSOCIATED P R O B I B I L I T I E S o o o o o o o o o I N P U T  TO T H I S  PROGRAM QUA 0 0 2 0  
C I S  THREE TAPES AND ONE CARD......INFORMATION S U P P L I E D  ON THE QUA 0030 
C I N P U T  TAPE I S  ThE SAME AS THAT OUTPUT FROM NRC-SAP-2 QUA 0 0 4 0  
C INFORMATION S U P P L I E D  BY THE USER ON CARDS I S  AS FOLLOWSoooooooooo  QUA 0 0 5 0  
C. N T A P - S P E C I F I E S  CN WHICH U N I T  THE I N P U T  TAPE SHOULO BE MOUNTED QUA 0 0 6 0  
C I O T A P - S P E C I F I E S  ON WHICH U N I T  THE OUTPUT TAPE 1 SHOULD BE MOUNTED QUA 0070 
C NOTAP-SPECIF IES ON WHICH U N I T  THE OUTPUT TAPE 2 SHOULD BE MOUNTED QUA 0 0 8 0  
C AMIN-THE YINUMUK ACCEPTABLE PROBA3HLITY  QUA 0 0 9 0  
C MH-MAXIMU!! S E R I A L  NUMBER TO BE CONSIDERED I N  EVEN P A R I T Y  SEARCH QUA 0100 
C MK-MAXIUM S E R I A L  NUMBER TO BE CONSIDERED QUA 0 1 1 0  
C ML-DUMMY V A R I A B L E  QUA 0 1 2 0  
C SIGMA-VALUE OF I I G M A 3 / S I G M A 2  TO THE 3 / 2  POWER QUA 0130 
C FORMAT 3 I 1 O ~ F l O o 5 r 3 I 5 ' ~ F l O ~ 5  QUA 0 1 4 0  
C OUTPUT FROM PRDG,RAM I S  AS FOLLOWSoooooeoHKL VALUES FOR ALL E ' S  QUA 0 1 5 0  
C ALONG WITH AN I N D I C A T O R  FOR EEE P A R I T Y  QUA 0160 
C ALL OF THE QUADRUPLE PRODUCTS QUA 0170 
C THE TOTAL NUMBER OF QUADS CALCUL.\?ED QUA 0 1 8 0  I-' 
C .  THE MAGNETIC TAPES CONTAIN THE FOLLO!dING INFORMATPONoo'o 0 0 .  l QUA 0190 

rU 
I-' 

C TAPE 1 HAS A L L  OF THE.QUADRUPLE PRODUCTS AND T H E I R  ASSOCIATED QUA 0 2 0 0  
C P R O B A B I L I T I E S o o a , o . o o o o o o o o o o o o o o o o o o o ~  . . QUA 0 2 1 0  
C TAPE 2 CDNTAINS A L L  THE EEE T R I P L E S o o o o o o o o o  QUA 0 2 2 0  
C BOTH OF THESE TAPES W I L L  BE NEEDED REPEATEDLYooooooo  QUA 0 2 3 0  

D IMENSION M ~ ( ~ ~ C ~ ) ~ N ~ ( ~ ~ ~ ) T A ~ ~ ~ O ~ T T I T L E ( ~ ~ ) , N Q ( ~ ~ ~ , N N A  1 2 N B l 2  QUA 0 2 4 0  - 
D I M E N S I O N  Y M M ( 4 0 1 )  TNNC( 1 2 )  t N N D ( 1 2 )  r S I G G f 1 2 1  QUA 0 2 5 0  
1 Z=O QUA 0 2 6 0  
I I = O  QUA 0 2 7 0  
IN=O ' QUA 02 '80  

C I N P U T  I N F O R M A T I O N o o o o o o o o m  QUA 0 2 9 0  
R E A D ( ~ T ~ O O ) T I T L E  QUA 0 3 0 0  

100 FORMAT ( 2 0 A 4  1 QUA 0310 
WRITE(  39 1 0 1 ) T I T L E  QUA 0 3 2 0  

1 0 1  F O R M A T ( I H  9 2 0 A 4 / / )  QUA 0 3 3 0  
R E A D ~ ~ , ~ ~ ~ ~ N T A P ~ I D T A P T N O T A P , A M I N , M H I M K ~ M L ~ S I G M A  QUA 0 3 4 0  - 

1 0 2  FORMAT(3I lO,F lO. ,  5 9 3 1 5 , F 1 0 . 4 )  QUA 0 3 5 0  
ND=9 QUA 0360 
WRITE(3,1001)NTkP~IOTAPIAMIN QUA 0 3 7 0  



1 0 0 1  FORMAT(1H ,'INPUT TAPE IS1r15, '0UTPUT TAPE I S 1 r 1 5 r ' A M I N  IS1,F1003)QUA 0 3 8 6  
C CALCULATE P A R I T Y ' . . o o o o . o o . o o o . . o o . o o  QUA 0 3 9 0  

8 READ(NTAP1 IHI IK I IL  QUA 0 4 0 0  
. I F ( I H o G E o 9 9 ) G O  TO 93 QUA 0 4 1 0  

I I = I I + l  QUA 0 4 2 0  
N H = ( I H / 2 ) * 2  QUA 0 4 3 0  
NK=( IK/2)*2 QUA 0 4 4 0  
NL=( 1 L / 2 ) * 2  QUA 0 4 5 0  
IF(NYoNE.IH)GO TO 90 QUA 0 4 6 0  
IF(NKoNEo1K)GO 8 0  9 0  QUA 0 4 7 0  
IF (NLoNEo1L)GO T O  9 0  QUA 0 4 8 0  
MMM(X I )= l ,  QUA 0 4 9 0  
GO T.3 9 1  QUA 0 5 0 0  

9 0  MMM(I I )=O QUA 0 5 1 0  
9 1  W R I T E ( 3 , 1 0 0 3 1 1 I ~ I Y ~ I K ~ I C ~ M M M [ I I ) .  QUA 0 5 2 0  

1 0 0 3  FORM4Tt lH  , I5 ,5X,415)  QUA 0 5 3 0  
GO TO 8 QUA 0 5 4 0  

9 3  READ( NTAP QUA 0 5 5 0  
W R I T E ( 3 ~ 1 0 0 4 )  QUA 0 5 6 0  

1 0 0 4  FORMAT(1H 1'1 AM HERE1) QUA 0 5 7 0  
5 I = O  QUA 0 5 8 0  

IN=O QUA 0 5 9 0  
6 READ(NTAP,END=60INA,NB, ES, PS QUA 0 6 0 0  

C C A L C U L A T E . P R 3 B A B I L I T I E S o o o o o o o o o o o o  QUA 0 6 1 0  
VAL=ABS( ES) QUA 0 6 2 0  
ARG=SIGMA*VAL QUA 0 6 3 0  
PKOB=Oo 5+0oS*TANH( ARG) QUA 0 6 4 0  
PROR=PROB*VAL/ ES QUA 0 6 5 0  
IF (NA)20 ,20 ,7  QUA 0 6 6 0  

7 IF(NA.GToMH)GO TO. 6 QUA 0 6 7 0  
IF(NBoGToMH)GO TO 6 QUA 0 6 8 0  

- I Z = I Z + I  QUA 0 6 9 0  
NNA( IZ )=NA QUA 0 7 0 0  
NNB1.I Z) =NB QUA 0 7 1 0  
SIGG( IZ)=PROB QUA 0 7 2 0  
IF(IZ.LT.-8)GO TO 23 QUA 0 7 3 0  
WRITE(3,1006)(NNA(N)tNNR(N)tSIGG~N)~N=1~81 QUA 0 7 4 0  



1 0 0 6  FORMAT(1H ~ 8 ( 2 I 4 r F 5 o 3 9 Z X )  
I z=o 

2 3  B N = I N + l  
I F ( I N o G T o 1 0 0 ) G O  TO 6 . 
1=1+1 
N l ( I ) = N A  
! 4 2 ( I ) = N B  
A (  I l=PROB 
GO TO 6 

20 NB=NB-1 
IF (NBoGToMKIG0 TO 6 0  
DO 2 1  N = l r I  
I F (MMM(NB)oNEo l )GO TO 9 2  
I F ( N l (  N l  oEQo0)GO TO 9 2  

C OUTPUT E E E - T R I P L E S o o o . e o o o . o o o o a e o o o o m o o  

WRITE(NOTAP)NB~Nl(N),N2(NO~A(NI 
9 2  DO 2 1  K = l r I  

I F ( N o G E - K l  GO TO 2 1  
C CALCULATE QUADRUPLESoooooooeooo 

SIGNi=A( 'N)*A(K) 
ASIGN=ABS(SIGN) . . 
I F ( A S I G N o L T o A M I N I G 0  T O  2 1  -. 

C OUTPUT Q U A D R U P L ' E S o o o o . o o o o o o o o o c o o o o  

NRITE(IOTAP)Nl(N)rNZ(N)rN1(K)rN2(K),SIGN 
2 4  ND=ND+l . 

2 2  FORMAT(1H r 4 1 5 r F l O o 2 )  i 
2 1  CONTINUE 

I F ( N A I 6 0 r 5 r 5  
6 0  WRITE(3 r9991ND 

9 9 9  FORM4T( lH  ,'TOTAL NUMBER DF QUADS= ' r I 9 )  
END 

QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 
QUA 





(SUBRGqSTRG):  . . RELOOOlO 
RELATE: PROC' OPTIONS1 M A I N  1 ; REL0002 '0  

j *  ~ ~ ~ * ~ t t t t * t % l * + t ~ ~ B ~ 4 : ~ * 8 t * * * t * ~ * t * 8 * f I * * * * * * * * * * * 4 : * * * * * * * * * * * * * * * * t * R E L ~ O O 3 0  
RELATE: A P L - 1  PROGRAM TO CALCULATE THE SIGNS OF THE E ' S  U S I N G  THE R E L 0 0 0 4 0  

QUADRUPLE PRODUCT~METHOD........~.L.L.MARTTN R E L 0 0 G 5 0  
R E L 0 0 0 6 0  

T H I S  PROGRAM REQUIRES THE FOLLOWING I N P U T  INFORMATION: R E L 0 0 0 7 0  
1) AOFS-THE CUTOFF PROBABIL ITY-USUALLY THE SAME AS A M I N  I N  QUADS R E L 0 0 0 8 0  
2)NOES-THE LARGEST S E R I A L  NUMBER TO BE CONSIDERED<200 R E L 0 0 0 9 0  
3)NTOTCY-T8TAL NO. OF CYCLES TO BE DONE RELOO 1 0 0  
4 ) I T R I C - 1  I F  PROCEDURE CROSS I S  T O ' B E  AVOIDED-ONLY USED I N  R E L O O l l O  

EARLY STAGES OF A T R I C L I N I C  SOLUTION R E L O 0 1 2 0  
5)NOSI-NO; 3F SIGNED E 'S  TO BE I N P U T  R E L O 0 1 3 0  
THE FORMAT USED I S  F I 5 1 3 1 1 4  F f 5 )  R E L 0 0 1 4 0  

THE .REMAINDER OF T H I S  CARD AND ANY OTHER CARDS, HAVE R E L 0 0 1 5 0  
THE SIGNED S E R I A L  NUMBERS OF THE I N P U T  E ' S  RELOO160 

WITH F 0 R M A T . N  F ( 5 )  R E L 0 0 1 7 0  
I N  ADDIT ION,  THE THO TAPES WRITTEN I N  QUADS ARE NEEDED R E L 0 0 1 8 0  P 

~ t ~ * t * t * S f ~ S + t t ~ + * ~ % ~ t ~ ~ t 8 3 : ~ t * 8 ~ t * ~ * * + ~ * t t +  s / R E L 0 0 1 9 0  TU 
ul 

DCL T I T L E  C H A R ( 8 0 ) ;  DCL l O T A P  F I L E  SEQUENTIAL;  R E L 0 0 2 0 0  
DCL CARD C H A R ( 8 0 ) ;  . . - R E L O 0 2 1 0  

DCL N I N ( * )  CTL; R E L 0 0 2 2 0  
D C L  :NOES,LA,II~JJ~NTOTCY,NILrJA~NINA,NINB,NOSI; R E L 0 0 2 3 0  

DCL ARRAY1 1 9 8 9  1 9 8 )  'FLOAT DEC(6 ) '  EXTERNAL; R E L 0 0 2 4 0  
DCL AEQ,AOFS1CUM,DPROB; R E L O 0 2 5 0  

DCL A B E L ( 7 )  LABEL;  ' R E L 0 0 2 6 0  
DCL NCYCLES I N I T I A L ( 1 ) ;  R E L O 0 2 7 0  

DCL 1 QUAD92 N A ( 4 )  F I X E D  R I N A R Y ( 3 l ) r 2  S IGN;  R E L 0 0 2 8 0  
DCL K IND;  R E L 0 0 2 9 0  

I* I N P U T  INFORMATIOK * I  R E L 0 0 3 0 0  
GET E D I T ( T I T L E I ( A ( 8 0 ) ) ;  R E L 0 0 3 1 0 .  

PUT E D I T ( , T I T L E )  ( S K I P ,  A 1 8 0 1  1 ; R E L 0 0 3 2 0  
GET E D I T ~ A O F S ~ N O E S ~ N T O T C Y ~ I T R I C ~ N O S I I ( F ( ~ T ~ ~ ~  F ( 5 ) ) ;  S E L 0 0 3 3 0  

PUT E D I T ( ' P R 0 B .  LIM%T=',ADFS,'NO. OF E S=',NOES,'NO* OF CYCLES=', R E L 0 3 3 4 0  
NTOTCY,'NO. OF I N P U T  S I G N S ' , N O S I ) ( S K I P , A ( 1 2 ) , F ( 5 ~ 3 ) ~ A ( l l l , F 1 5 ) ~  R E L 0 0 3 5 0  

A ( 1 4 ) , F 1 5 ) , A ( 1 9 ) * F ( 5 ) 1 ;  R E L 0 0 3 6 0  
ARRAY=O. 0; RELO0'37O 



ON E N D F I L E 4  I O T A P )  GO TO NUEQUAL; 
I F  NOSI=O THEN GO T O  CYCLE; 
ALLOCATE N IN(N0E.S)  ; 

NIN=O; 
DO N = l  TO NOSI ;  GET E D I T ( N I N ( N ) ) (  F ( 5 ) I ;  END; . .  . 

CYCLE: I F  NCYCLES-=3 THEN GO TO CYCLE1; I F  NOSI=O THEN .GO TO CYCLE1; 
DO N = l  TO N O S I ;  DO J=N TO NOSI ;  . .. -. . 

N I N A = A B S ( N I N ( J ) I ;  N I N B = A B S C N I M ( N ) ) ;  
ARRAY(NINA,NINB)=((iUIN(J)*NIN(N))/(NINA*NINB));..,. 
A R R A Y ( N I N B , N I N A ) . = ( ( N I N ( J ) * N I N l N )  ) / ( N I N A * N I N B )  1 ;  

END; ' . ... 
PUT E D I T (  N I N ( N ) ) ( S K I P I  F ( 5 ) ) ;  END; 

CYCLE1: DO N = l  T O  NOES; ARRAY(N,N)= leO;  END; 
ST:  READ F I L E ( I O T A P 1  I N T O  {QUAD) ;  

/ *  START CALCULATION OF THE S IGNS */ 
DO K = l  TO 4; I F  NA(K)>NDES THEN GO TO ST; 

I F  N A ( K ) = O  THEN GO TO ST; END; 
DO L = l  TO 3; DO' N=2  TO 4; KIND=O; 

I F  L>=  N THEN GO TO CONT; 
C A L L  CHECK; 

I F  K I N D = l  THEN GD TO LABLER;  . .. - .- . . 

ELSE GO TO CONT;. 
LABLER: N I L = ( L + Z * N ) - 4 ;  

GO TO A B E L ( N 1 L ) ;  
A B E L ( 1 ) :  J A = N A ( 3 ) ;  L A = N A [ 4 ) ;  SO TO SIGNER; 
ABEL(3 ) :  J A = N A ( 2 ) ;  LA=NA[  4); GO TO SIGNER; 
A B R ( 4 ) :  J A = N A ( l ) ;  L A = N A ( 4 ) ;  GO TO SIGNER; 
ABEL45) :  J A = N A ( 2 ) ;  L A = N d I  3 ) ;  G O .  TO SIGNER; 
A B E L ( 6 ) :  J A = N A ( l ) ;  L A = N A I 3 ) ;  GO T O  SIGNER; 
A B E L ( 7 ) :  J A = N A ( l ) ;  L A = N A ( 2 ) ;  GO TO SIGNER; 
A B E L ( 2 ) :  PUT E D I T ( '  ERR3R I N  S E A R C H ' ) ( S K I P 1 A 1 1 6 ) ) ;  $0 T O  OUT; 

SIGNER: I F  ARRAY ( J A , L A I = O  THEN GO TO ASSIG;  BCUM=ABS(ARRAY(JAILA) 1 ; 
ACUM=ABS(CUM); I F  ARRAY(JA,LA!*CUM<OeO THEN GO TO D IFFER;  

DPROB=1.Q-ACUN-BCUM+2e3*ACUM*.BCUM; 
CUR=( CUM*ACUM*BCUMl) / (DPROB*ACUIUI 1 ; 

GO TO ASSIG;  
D I F F E R :  CUM=O; 



A S S I G :  A R R A Y ( J A i L A ) = C U M ;  
A R R A Y ( L A I J A ~ = C U M ;  

CONT: END; END; GO T O  ST;  
/ D E T E M I N A T I O N  O F  S I G N I F I C A N C E  O F  E  R E L A T I O N S  * /  

N U E Q U A L :  DO I I=1 T O  NOES; DO JJ= l  T O  NOES;  
I F  I I > = J J  T H E N  GO T O  E L O O P ;  

A E Q = A R R A Y [ I I v J J ) ;  I F  A B S ( A E Q ) > A O F S  T H E Y  
/ D U T P U T  O F  R E L A T E D  E ' S  "/ 

P U T  E D I T ( '  T H E  S I G N  O F e i I I ~ w E Q U A L S  T H E  S I G N e o J J ~ ' * * * ' i A E Q v  
' P R O B S a ) ( S K I P i  A ( 1 2 ) i F ( 4 ) i A ~ 1 5 0 i F Q 4 ~ ~ A ( 3 ) i F ( 8 r 4 ) ,  A ( 5 1 ) ;  

E L S E  DO; A R R 4 Y ( I  Y l J J J = O . O ;  A R R A Y i J J s I I P = O * O ;  END; 
E L O O P :  END; END; 

S K I  P 3 :  N C Y C L E S = N C Y C L E S + 1 ;  
I F  I T R I C = l  & N C Y C L E S <  N T O T C Y  T H E N  GO T O  T R I C ;  

C 4 L L  P A R I T Y ;  
I F  N C Y C L E S > N T O T C Y  T H E N  GO T O  OUT; 

C A L L  CROSS;  
T R I C :  C L O S E  F I L E ( I O T S P 1  ; 

P U T  E D I T (  ' END OF C Y C L E B p N C Y C L E S I I S K I P i  A ( 1 4 ) i F ( 5 ) ) ;  
GO T O  C Y C L E ;  

I* CHECK:  PROCEDURE F O R  C A L C U L A T I N G  P S O B A B I L I T I E S  */ 
CHECK:  PROC; 

C U Y = A R R A Y ( N A [ L ) r N A ( N ) ) ;  
CUM=CUM*SIGN;  

I F  A B S ( C U H ) > Q . 8 0  T H E N  K I N D - 1 ;  
RETURN;  E N D  CHECK;  

f CROSS:  PROCEDURE T O  R E L A T E  E ' S  E Q U A L  T O  A  CCYMON 
E  B U T  N O T  E Q U A L  T O  E A S H  O T H E R  * /  

CROSS:  PROC; 
D C L  I A i I B i I C i  I D ;  
D C L  A J i B J p C J i D J q E J i F J i G J ;  
D C L  C R S ( 9 0 ;  D C L  N C R ( 9 ) i M C R ( 9 ) ;  D C L  K K K  I N I T I A L ( 0 ) ;  

P U T  E D I T ( ' 0 U T P U T  FRCM CROSS CHECK I Y  C Y C L E ' i N C Y C L E S ) ( S K I P i  A ( 3 2 )  
t F ( 3 ) ) ;  

00 I A = l  T O  NOES; I D = I A + l ;  D O  I B = I D  TO NDES;  
AJ=ARR4Y ( I A I  TB) ; I F  A B S (  A J ) < A O F S  T H E N  GO T O  DONE; 

DC! I C = l  T O  NOES;  I F  I C = I A l I C = I B  T H E N  S O  T O  DONEA;  



BJ=ARRAY( I B T I C ) ;  I F  ABS(BJ )<AOFS THEN GO TO DONEA; R E L O 1 1 2 0  
C J = A R R A Y ( I A v I C ) ;  R E L 0 1 1 3 0  

I F  ABS(CJ)<O,O l  THEN DO; CJ=Om5;  GO TO BEGAN; END; R E L 0 1 1 4 0  
I F  C J * A J * B J  <0,0 THEN DO; A R R A Y I I A T I C ) = O . O ;  R E L O 1 1 5 0  

A R R A Y ( I C T I A ) = O o @ ;  ARRAY( ICT IB)=O.O;  ARRAY( ICy IA )=O.O;  R E L O l l b O  
A R R A Y ( I B ~ I C ? = O . O ;  ARRAY( IAT IC)=O.O;  R E L O 1 1 7 0  

PUT E D I T ( ' I N C 0 N S I S T E N C Y  I N C O U N T E R E D ' ~ I A ~ I B ~ I C ) ( S K I P T A ( ~ ~ ~ T  R E L 0 1 1 8 0  
3 F ( 5 ) ) ;  GO TO DONEA; END; R E L 0 1 1 9 0  

BEGAN:FJ=ABS(AJ*BJ) ;  E J = A B S ( C J ) ;  SJ=1 .0 -FJ -EJ+Zm0*FJ*EJ ;  R E L O 1 2 0 0  
I F  GJ=OaO THEN PUT E D I T ( F J ~ E J ~ I A T I B T I C ) ( S K I P I ~  F ( 5 ~ 3 ) 9 3  F ( 5 ) ) ;  R E L 0 1 2 1 0  

I F  F J > l m 0 1 1 F J > l o 0 1  THEN DO; PUT E D I T ( '  ERROR I N  CROSS ' T F J T  R E L 0 1 2 2 0  
I A T I B 9 1 C ) ( S K I P ~ A ( 1 6 1 p 2  F ( 6 ~ 3 ) , 3  F ( 5 ) ) ;  GO TO DONEA; END; R E L 0 1 2 3 0  

I F  FJ<OaO1 THEN F J = l o O ;  R E L 0 1 2 4 0  
DJ=(FJ*EJ*AJ*BJ)/ (GJ=FJ)  ; R E L 0 1 2 5 0  

I F  A B S ( O J ) > 0 . 9 8  T 4 E N  03;  RELO1 260 
KKK=KKK+ l ;  R E L O 1 2 7 0  

A R R A ~ ( I A T I C ~ = D J ;  R E L O 1 2 8 0  
A R R A Y ( I C T I A ) = D J ;  R E L 0 1 2 9 0  P 

I F  NCYCLES>NTOTCY THEN DO; R E L O 1 3 0 0  TU 03 

N C R ( K K K ) = I A ;  M C R ( < K K ) = I C ;  CRS(KKK)=DJ ;  R E L O 1 3 1 0  
I F  KKK=9 THEN DO; R E L 0 1 3 2 0  

PUT EDIT(~YCR(IK)~*='~VCR(IK)~CRS(IK)T'**' DO I K = 1  TO 9 ) )  R E L 0 1 3 3 0  
d S K I P , 9 (  F ( 3 ) v A l l I r F ( 3 )  r F ( 5 , 3 ) r A ( 2 ) ) ) ;  KKK=O; END; END; END; R E L O 1 3 4 0  
30NE4:  EYD; DONE: END; EYD; RETURN; END CROSS; R E L O 1 3 5 0  

/* P A 7 I T Y :  PROCEDURE TO DETERMINE ABSOLUTE S IGNS OF EEE TYPE E 8 S  */ R E 1 0 1 3 6 0  
PARITY:  PROC; R E L 0 1 3 7 0  

DCL NOTAP F I L E  SEQUENTIAL;  R E L 0 1 3 8 0  
D C t  1 EVENS92 N N N ( 3 )  F I X E D  B I N A R Y ( 3 l ) v Z  PRD; R E L 0 1 3 9 0  
DCL J N  I Y I T I A L ( 0 ) ;  R E L 0 1 4 0 0  

DCL T N N ( 3 0 0 r 3 ) ;  DCL PSOD(3001 ;  R E L O 1 4 1 0  
DCL A B C D ~ D E T ~ A S U M T B ~ T T ;  R E L 0 1 4 2 0  

D C t  SUM I N I T I A L ( 0 . D )  ; R E L O l 4 3 0  
DCL I I N I T I A L ( 1 ) ;  R E L 0 1 4 4 0  

DCL CAR CHAR(1 ) ;  R E L 0 1 4 5 0  
I N N ( l v l l = 9 9 ;  R E L 0 1 4 6 0  
O Y  E N D F I L E ( N O T A P 1  GO TO P INK;  R E L 0 1 4 7 0  

RED: RE4D F I L E ( N O T A P 1  I N T O ( E V E N S ) ;  I F  Y N N ( ~ I > N o E S I N Y N ( ~ ) = O  THEN R E L O 1 4 8 0  



G O  TO P I N K ;  
. I F  NCYCLES=NTOTCY THEN PUT E D I T ( E V E N S l ( S K I P l 3  F ( 5 ) r F ( 5 1 3 1 ) ;  

0 0  K = l  TO 3; I F  NNN(K)>MOES THEN GO TO RED; E N D ; I = I + l ;  
I N N ( I r l ) = N N N ( l ) ;  I N M ( I 9 2 ) = N N N ( 2 ) ;  I N N ( I 9 3 ) = N N N ( 3 ) ;  PROD( I )=PRD;  

S K I P 2 : I F  I N N ( I ~ l ) ~ = I N N ( I - l ~ l )  THEN GO TU WORK; 
BLUE: A R C D = A B S ( A R R A Y ( I N N ( I T Z ) ~ I N N ( I , ~ ) ) * P R D ~ ;  ASUM=ABS(SUM); 

I F  SUM=O.O THEN GO TO S T R I K E ;  I F  ABCD<O*Ol  THEN GO TO RED; 
I F  SUM*ARRAY( I N N (  1 , 2 ) 9  I N N ( I 9 3 ) ) * P R D > C - 0  THEN 

S U M = ( S U M * A S U Y * A B C D ) ~ ( ( ~ . O - . A S U M - A B C D + ~ . O * A S U M * A B C D ) * A S U M M )  ELSE 
.SUM=O.O; GO TO RED; 

S T R I K E : S U M = A R R A Y ( I N N C I , ~ ) ~ I N N ( I T ~ ) I * P R D ;  GO TO RED; 
WORK: I F  SUM>O.O THEN CAR='+';  ELSE CAR='- ' ;  

PUT E D I T  ( '  THE P R O B A B I L I T Y  T H A T ' , I N N ( I - 1 9 1 ) 9 '  I S  ' T C A R ? '  I S ' O  
SUM) ( S K I P ~ A ( 2 1 1 , F ( 3 ) r A Q 4 )  v A ( 1 1  9 A I 3 )  9 F ( 5 9 3 ? ) ;  

I F  A B S ( S U M ) < O , ~ ~ ' T H E N  GO T O  SMALL; 
DO N = l  TO 1-1; 

D E T = A R R A Y ( I N N ( N v 3 )  9 I N N ( N v 2 I . l  ; 
I F  DET=O.O THEN DO; DET=PROD(NI*SUM; GO TO EVALU; END; 

" I F  DET*SUM*PROD(N)<O.O THEN DO; DET=O.O; GO TO EVALU; END; 
9DTT=1.0-ABS~PRDD(M)*SUM)-ABS(DET~+2~O*PROD(N~*SUM*DET; 

DET=(  PRODIN)  +DET*SUM+DET I / (  BOTT*ABS( I3E.T) 1 ; 
EVALU: I F  DET> AOFS THEM DO; 

A R R A Y ( I N N ( N I ~ ) T I N N ( N ~ ~ ) ) = D E T ;  
A R R A Y ( I N N ( N ~ ~ ) T I N N ( N ~ ~ ) ) = D E T ;  END; 

PUT E D I T ( D E T ) ( S K I P *  F ( 6 9 3 ) I ;  END; 
SMALL:: I F  J N = l  THEN GO TO COMP; 

I N N ( l T * ) = I N N ( l T * ) ;  P R O D ( I ) = P R O D ( I ) ;  I=1; SUM=O.O; GO TO BLUE; 
P I N K :  J N = l ;  I F  I = l .  THEN I=2; GO TO MORK; 

COMP: CLOSE F I L E  (NOTAP) ;  RETURN; END P A R I T Y ;  
OUT: END RELATE; 



APPENDIX C .  RESEARCH PROPOSALS 



I n  t h i s  appendix a r e  presented a few proposals  of addi-  

t i o n a l  s t r u c t u r e  work which a r e  of i n t e r e s t  t o  the  author .  

These a r e  intended t o  be prel iminary i n  na ture  and no 

experimental '  d e t a i l s  wi.!.3. be given. 

It would seem u n l i k e l y  i n  sol.ution t h a t  the  br idging 

NTA oxygen-rare e a r t h  bonds would be formed. Instead,  these  

coordina t ion  s i g h t s  would probably be occupied by so lvent  

molecules. The a c t  of c r y s t a l l i z a t i o n  could well  involve 

replacement o f  these  so lvent  molecules which a r e  then 

trapped i n  the  forming l a t t i c e .  It would be of i n t e r e s t  t o  

c a r r y  out a d i f f r a c t i o n  s tudy of these  complexes. i n  aqueous 

s o l u t i o n  t o  t e s t  this hypothesis .  I n  add i t ion ,  the  l a r g e  

number of apparent  hydrogen bonds would make a neutron 

d i f f r a c t i o n  s tudy of i n t e r e s t .  

Most of the r a r e  e a r t h  compounds which have been s tud ied  

by d i f f r a c t i o n  techniques have been complexes formed w i t h  

h igh ly  e l ec t ronega t ive  spec ies  such as oxygen o r  ch lo r ine  

atoms. To be b e t t e r  a b l e  t o  eva lua te  t h e  r o l e  of covalent  

bonding, complexes formed with l e s s  e l ec t ronega t ive  l igands,  

such as u ro t rop in  o r  thiocyanate ,  could be s tudied .  

Many a n t i b i o t i c s  a r e  of moderate molecular weight and 

a r e  c r y s t a l l i n e  i n  na tu re .  Therefore,  they  would lend well  

t o  s tudy by d i f f r a c t i o n  techniques.  I n  add i t ion ,  many a r e  

we l l  charac ter ized  as t o  t h e i r  mode of i n h i b i t i o n  of 

b a c t e r i a l  growth. Severa l  a n t i b i o t i c s  w i t h  similar modes 
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of i n h i b i t i o n  could  be s e l e c t e d  f o r  s t r u c t u r a l  s tudy  t o  

determine what f e a t u r e s  t h e y  have i n  common. I d e a l i s t i c a l l y ,  

th'is in format ion  could be used i n  t h e  s y n t h e s i s  of b io log-  

i c a l l y  a c t i v e  ana logs .  




