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ABSTRACT 

Supervisor: Professor James Trotter , • 

The structures of four inorganic compounds have been determined 

by single-crystal X-ray diffraction methods. Three of the structures 

investigated were phosphonitrilic derivatives: : octamethylcyclotetra-

phosphonitrilium trichlorocopper ( I I ), [NPN^J^H.CuCl^, bis-(octa-

methylcyclotetraphosphonitrilium) tetrachlorocobaltate ( I I ), [(NPMe 2 )^H + ] 

2-
CoCl. , and hexadecamethoxycyclo-octaphosphonitrile, [NP(OMe)„]0. The 4 Z o 
fourth analysis was a study of the ionic compound caesium difluoro-

phosphate. For each structure determination the intensity measure­

ments were collected on a diffractometer using a s c i n t i l l a t i o n counter 
and Mo-K radiation. 

-a 

The structure of [N P N j ^ ] ^ H.CuCl^ was determined from Patterson 

and Fourier summations. Refinement of positional and thermal parameters 

of the atoms was by least squares. The structure consists of discrete 

molecules in which the eight-member phosphonitrilic ring approximates 

the "tub" conformation with pairs of adjacent phosphorus and nitrogen 

atoms displaced alternately above and below the ring plane. A ring 
o 

nitrogen atom is bonded to the copper atom (N-Cu = 2.04 A) which has 

three chlorines arranged about i t in a distorted square planar con­

figuration. Across the ring from the N-Cu bond, there is a protonated 

nitrogen atom which is hydrogen-bonded to a neighbouring chlorine. The 

phosphorus-nitrogen bond lengths are not equal around the ring, but 
o o 

occur instead in four distinct pairs having lengths 1.63 A, 1.60 A, 



1.56 A, and 1.67 A. These v a r y i n g bond dist a n c e s are e x p l a i n a b l e i n 

terms of ir-bonding systems. 

The s t r u c t u r e of [ (NPMe 2) 4H +] ̂ oCl^ has been determined 

by Patterson and F o u r i e r methods and r e f i n e d by least-squares. Most 

of the methyl hydrogen atoms were located i n a f i n a l d i f f e r e n c e F o u r i e r 
2-summation. The s t r u c t u r e c o n s i s t s of t e t r a h e d r a l CoCl. ions 4 

hydrogen-bonded to two protonated p h o s p h o n i t r i l i c r i n g s . The N-H...C1 
o 

d i s t a n c e i n each case i s 3.21 A. The two independent r i n g s have 

s l i g h t l y d i f f e r e n t conformations. One approaches the "tub" shape and 

the other tends towards the "saddle" conformation. Protonation of 

the p h o s p h o n i t r i l i c r i n g s again r e s u l t s i n non-equivalent P-N bond 
o o o 

lengths. Averaged values f o r the two r i n g s are 1.69 A, 1.54 A, 1.61 A 

and 1.58 A. Parameters which are unaffected by the a d d i t i o n of the 

proton agree w i t h those found i n r e l a t e d compounds when averaged values 

are considered. 

[NP(OMe)_]_ i s a centrosymmetric sixteen-member p h o s p h o n i t r i l e . 

I t s s t r u c t u r e was determined by P a t t e r s o n , e l e c t r o n d e n s i t y , and l e a s t 

squares techniques. The p h o s p h o n i t r i l i c r i n g c o n s i s t s of two approx­

imately planar and p a r a l l e l six-atom segments j o i n e d by a step. The 

P-N bond lengths are a l l equal w i t h i n experimental e r r o r , t h e i r mean 
o o 

being 1.561 A. The average P-0 and 0-C bond distances are 1.576 A and 

1.440 A r e s p e c t i v e l y . The methoxy groups cover the r i n g evenly, t h e i r 

arrangement being such that there i s l i t t l e c o n f l i c t between s t e r i c and 

ir-bonding requirements. 



The structure of caesium difluorophosphate was determined by 

comparison with KPO2F2 and refined by least square methods. Caesium 

and rubidium difluorophosphate are isomorphous with the potassium salt; 

a l l have the barium sulfate structure. The mean P-F distance in 

CsP0 2F 2 is 1.58 A, the P-0 bond length, 1.48 A. The lattice parameters 

and interionic distances increase with increasing radius of the al k a l i -

metal cation. 
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GENERAL INTRODUCTION 
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From the f i r s t a p p l i c a t i o n of X-rays to determine the s t r u c t u r e 

of z i n c blende by W.L. Bragg"*" i n 1912, X-ray d i f f r a c t i o n has emerged as 

the most powerful way of i n v e s t i g a t i n g the s o l i d s t a t e . Since the 

m a j o r i t y of compounds e i t h e r e x i s t or can be obtained i n the s o l i d form 

the method has wide a p p l i c a b i l i t y . With recent improvements i n methods 

of data c o l l e c t i o n and i n computing f a c i l i t i e s c r y s t a l s t r u c t u r e s are 

being reported i n unprecedented numbers. The b a s i c p r i n c i p l e s of X-ray 

d i f f r a c t i o n are by now w e l l e s t a b l i s h e d as are the c h i e f methods of 

s t r u c t u r e e l u c i d a t i o n . The P a t t e r s o n , F o u r i e r , and d i f f e r e n c e F o u r i e r 

summations and the method of l e a s t squares refinement which were used i n 

the present s t r u c t u r a l work have been discussed i n a number of standard 
2-5 

reference books and w i l l t h e r e f o r e not be described here. Any symbol 

or c r y s t a l l o g r a p h i c nomenclature o c c u r r i n g i n the t h e s i s has i t s con­

v e n t i o n a l meaning described i n the " I n t e r n a t i o n a l Tables f o r C r y s t a l l o ­

graphy" . ̂  

This t h e s i s c o n s i s t s of an account of the X-ray s t r u c t u r e 

determinations of s e v e r a l i n o r g a n i c compounds w i t h an attempt to i n t e r ­

p r e t some of t h e i r main s t r u c t u r a l f e a t u r e s . I t i s c h i e f l y concerned 

with p h o s p h o n i t r i l i c s t r u c t u r e s and i s arranged i n three main s e c t i o n s . 

In p a r t I a summary of the bonding theory of the p h o s p h o n i t r i l e s i s 

presented together with a review o f the X-ray s t r u c t u r a l information 

a v a i l a b l e f o r the s i x - and eight-membered r i n g s . The X-ray analyses of 

two t e t r a m e r i c r i n g s t r u c t u r e s , o c t a m e t h y l c y c l o t e t r a p h o s p h o n i t r i l i u m 

t r i c h l o r o c o p p e r ( I I ) and b i s - ( o c t a m e t h y l c y c l o t e t r a p h o s p h o n i t r i l i u m ) 

t e t r a c h l o r o c o b a l t a t e ( I I ) are then described. Because of t h e i r lengthy 



3 

names, these w i l l be r e f e r r e d to i n the t h e s i s by means of t h e i r more 

convenient chemical symbols, [NPN^] ̂ H.CuCl^ and [ (NPN^) ̂ H+] ^CoCl^^ , 

r e s p e c t i v e l y . Part I I contains an account of the s t r u c t u r e determina­

t i o n of hexadecamethoxycyclo-octaphosphonitrile, [NP(OMe)_] , a 
z o 

sixteen-member p h o s p h o n i t r i l i c r i n g compound. Part I I I c o n s i s t s of 

the X-ray a n a l y s i s of caesium d i f l u o r p h o s p h a t e , CsPC>2F2-

The appendix contains a d e s c r i p t i o n and source deck l i s t i n g 

of two computer programs w r i t t e n during the course of t h i s work. The 

f i r s t was intended f o r a p a r t i c u l a r a n a l y s i s and c o n s i s t s o f an 

a p p l i c a t i o n of the N(Z) t e s t to detect a c e n t r i c d i s t r i b u t i o n o f 

i n t e n s i t i e s . The second, of more general use, i s a l e a s t squares 

refinement procedure designed to give accurate u n i t c e l l parameters 

from d i f f r a c t o m e t e r measurements. 



PART I 

THE STRUCTURE DETERMINATIONS OF 

OCTAMETHYLCYCLOTETRAPHOSPHONITRILIUM TRICHLOROCOPPER(II) 

AND 

BIS-(OCTAMETHYLCYCLOTETRAPHOSPHONITRILIUM) TETRACHLOROCOBALTATE(II) 



5 

A. INTRODUCTION 

The f i r s t chemical r e a c t i o n leading to the formation of a 

c y c l i c p h o s p h o n i t r i l e , the r e a c t i o n between phosphorus pentachloride 
7 

and ammonia, was reported simultaneously by Rose, and L i e b i g and 
8 9 Wohler i n 1834. Stokes proposed a c y c l i c s t r u c t u r e f o r the product, 

[ N P C I ^ J ^ J which l a t e r X-ray d i f f r a c t i o n work was to confirm. Since 

t h i s e a r l y work much s t r u c t u r a l and chemical i n f o r m a t i o n has been 

gathered by various methods about the p h o s p h o n i t r i l e s and these 

f i n d i n g s are accumulated i n a number of comprehensive r e v i e w s . ^ ^ 

To introduce the p h o s p h o n i t r i l i c s t r u c t u r e determinations i n t h i s 

chapter i t i s f i r s t necessary to review the e s s e n t i a l features of 

p h o s p h o n i t r i l i c bonding theory. Then i t would seem appropriate to 

summarize the X-ray s t r u c t u r e determinations which have been c a r r i e d 

out on s i x - and eight-membered p h o s p h o n i t r i l i c r i n g s to the present 

time. Such a review and summary should not only serve to i n d i c a t e the 

successes of the bonding theory i n e x p l a i n i n g experimental r e s u l t s , but 

should a l s o provide a b a s i s f o r d i s c u s s i n g the r e s u l t s of the s t r u c t u r e 

analyses both i n t h i s s e c t i o n and the next. 

The system of bonding f o r the p h o s p h o n i t r i l e s has been l a r g e l y 
2 0 - 2 2 

developed by C r a i g and Paddock so i t i s convenient to use t h e i r 

conventions w i t h respect to nomenclature and a x i a l l a b e l l i n g . Although 

Molecular O r b i t a l theory i s r e q u i r e d f o r a complete a n a l y s i s of the 

chemical bonding, the Valence Bond approach provides an i n t u i t i v e 

e x p l a n a tion and goes f a r i n r a t i o n a l i z i n g the observed s t r u c t u r a l 



6 

features found i n the p h o s p h o n i t r i l e s . S i n g l e (c) bonds are formed by 

the overlap of bonding o r b i t a l s on phosphorus and n i t r o g e n atoms having 
3 

the proper symmetry. Sp h y b r i d i z a t i o n at phosphorus i s often suggested 

to account f o r the four t e t r a h e d r a l l y arranged bonds, and o r b i t a l s at 
2 

n i t r o g e n having s_ and.p_ ch a r a c t e r , l i k e l y sp_ h y b r i d s , seem appropriate 

f o r the a-bonds . The secondary or Tr-system of bonding must i n v o l v e the 

d_ o r b i t a l s on phosphorus s i n c e a l l the p_ o r b i t a l s have been u t i l i z e d 

i n the c-bonding. Overlap between phosphorus 3d_ and n i t r o g e n 2£ o r b i t a l s 

i s f e a s i b l e p a r t i c u l a r l y where the phosphorus atoms have e l e c t r o n e g a t i v e 
23 

s u b s t i t u e n t s attached to them. 

The o r i e n t a t i o n of the phosphorus d. o r b i t a l s with respect t o 

the p h o s p h o n i t r i l i c r i n g i s shown i n Figure 1. The ^ - d i r e c t i o n i s 

chosen p e r p e n d i c u l a r to the l o c a l NPN plane,, the _y_-axis i s i n the plane 

and b i s e c t the N-P-N angle, and the x - d i r e c t i o n i s orthogonal w i t h 

respect to the other two. ir-overlap o c c u r r i n g between the ci and 

d ^ lobes of phosphorus and the s i n g l y occupied p_z o r b i t a l on n i t r o g e n 

i s designated IT ( t h i s type of overlap i s antisymmetric w i t h respect 

to r e f l e x i o n i n the NPN plane) . A secondary ir-system which l i e s i n 

the r i n g plane and i s designated TT , can occur between the phosphorus 

d_x2_y2 a n c* i i X y o r b i t a l s and the n i t r o g e n sp^, h y b r i d which contains the 

n i t r o g e n lone p a i r e l e c t r o n s . These two systems of o r b i t a l overlap are 

i l l u s t r a t e d i n Figure 1. A t h i r d type of overlap i s a l s o recognized 

which may permit TT-bonding to e x o c y c l i c ligands on phosphorus. In 

t h i s , the p r i n c i p a l o r b i t a l on phosphorus i n v o l v e d i s the d_z2 o r b i t a l 

(with the d_ x z and d p a r t i c i p a t i n g to a l e s s e r extent) . 





8 

The IT and TT -systems are not equivalent nor do the d 
3. S 

o r b i t a l s i n v o l v e d i n them i n t e r a c t e q u a l l y . The ^ - s y s t e m i n the r i n g 

i s the predominant one and overlap i n t e g r a l s suggest that i n t h i s the 
22 d o r b i t a l i s the more s t r o n g l y i n v o l v e d . A treatment proposed by X z 

24 

Dewar e_t . a l _ . , however, i s based on an equal p a r t i c i p a t i o n of the 

d_ x z and d^ z o r b i t a l s at phosphorus. In t h i s approach a p a i r of l i n e a r 

combinations i s constructed from these two o r b i t a l s which i n t e r a c t 

s e p a r a t e l y w i t h adjacent n i t r o g e n T r-type o r b i t a l s t o form a system of 

three-centre n-bonds. These " i s l a n d s of e l e c t r o n d e n s i t y " which 

encompass P-N-P segments do not permit d e r e a l i z a t i o n around the whole 

r i n g . In any case, the nature of the d e r e a l i z a t i o n i n the phosphoni­

t r i l e s d i f f e r s from the ir-systems of unsaturated hydrocarbons such as 

benzene c h i e f l y because of the character of the d_ o r b i t a l s and because 

of the bond p o l a r i t y caused by e l e c t r o n e g a t i v i t y d i f f e r e n c e s between 

phosphorus and n i t r o g e n . In p a r t i c u l a r , Molecular O r b i t a l c a l c u l a ­

t i o n s f o r the p h o s p h o n i t r i l e s show that the uppermost occupied o r b i t a l 

i s always non-degenerate ( i t i s doubly degenerate f o r hydrocarbons). 

This r e s u l t p r e d i c t s an aromatic nature f o r a l l c y c l i c p h o s p h o n i t r i l e s 
20 

whether they have 4n or 4n + 2 i r - e l e c t r o n s . 

A f t e r t h i s i n t r o d u c t o r y account of the bonding theory f o r 

p h o s p h o n i t r i l e s i t i s appropriate to comment on the s i g n i f i c a n t 

s t r u c t u r a l features of the s e r i e s which have been determined by X-ray 

analyses. Molecular s t r u c t u r e s of trimers and tetramers w i l l be 

reviewed here; a d i s c u s s i o n of the l a r g e r c y c l i c p h o s p h o n i t r i l e s w i l l 

be d eferred u n t i l the I n t r o d u c t i o n to Part I I . 
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The most accurate of the c r y s t a l s t r u c t u r e determinations 

which have been c a r r i e d out on t r i m e r i c p h o s p h o n i t r i l e s are summarized i n 

Table I. (References i n brackets r e f e r to other X-ray work on the same 

compound but of l e s s r e l i a b i l i t y . ) The t r i m e r i c h a l i d e s are a l l n e a r l y 

p l a n a r , have equal P-N bonds w i t h i n the r i n g , and have approximately 

constant r i n g angles. From these s t r u c t u r e s i t i s evident that the 

iT-systems extend over the whole r i n g f o r there i s no i n d i c a t i o n of 

a l t e r n a t i n g s i n g l e and double bonds. The s t r u c t u r e s of the diphenyl-

and t e t r a p h e n y l - s u b s t i t u t e d t r i m e r s , however, do show i n e q u a l i t i e s i n 

the observed bond lengths and angles. The P-N bond length i s found to 

be dependent upon the e l e c t r o n e g a t i v i t y of the s u b s t i t u e n t s on phos­

phorus. Thus when the e l e c t r o n e g a t i v e c h l o r i n e atoms are attached to 

phosphorus, the P-N bond i s s h o r t e r than when the l i g a n d s are phenyl 

groups. Presumably the c h l o r i n e atoms when attached to a phosphorus 

atom enhance the t r a n s f e r of e l e c t r o n d e n s i t y from the adjacent n i t r o g e n 

atoms i n t o a TT-bonding system with the phosphorus causing a stronger and 

s h o r t e r bond. The s t r u c t u r e determination of a protonated phospho-
o 

n i t r i l i c t r i m e r shows a p a i r of long P-N bonds (1.67 A) i n v o l v i n g the 

protonated n i t r o g e n atom. Here the n i t r o g e n lone p a i r e l e c t r o n s are 

r e q u i r e d f o r bonding the hydrogen atom and do not p a r t i c i p a t e i n the 

7T-bonding. 

In Table I I the r e s u l t s of X-ray s t r u c t u r e analyses of tetrameric 

p h o s p h o n i t r i l e s are compiled. As w i l l be n o t i c e d , i n these e i g h t -

member r i n g s more geometrical freedom i s permitted and a planar c o n f i g ­

u r a t i o n i s only found i n the f l u o r i d e . Deviations from p l a n a r i t y are 



Table I. X-ray s t r u c t u r e determinations of t r i m e r i c p h o s p h o n i t r i l e s . 

Compound P-N(A) Angle PNP(°) Angle NPN(°) Ring Shape Reference 

[NPC1 2] 3 

[ N P B r 2 ] 3 

[ N P F 2 ] 3 

1.59(.02) 

1.53(.20) 

1.56(.01) 

119.4 

116.5 

120.4 

119.6 c h a i r , m 25(26-28) 

124.0 c h a i r , m 29(30) 

119.4 p l a n a r , mm 31(32) 

N 3 P 3 C 1 4 ( C 6 H 5 ) 2 1.615(.005) 
1.555 
1.578 

122.0 
119.2 

115.2 
119.7 c h a i r 33 

N3 P3 CVW4 

N 3 P 3 C l 2 ( N H P r 1 ) 4 , HC1 

1.556(.008) 
1.609 
1.578 

1.67(.005) 
1.58 
1.56 

121,0 
124.9 

132 
125.5 

120.7 
115.5 

120 
107.5 

boat 

d i s t o r t e d 
boat 

34 

35 



Table I I . X-ray s t r u c t u r e determinations of tetrameric p h o s p h o n i t r i l e s . 

Compound P-N (A) Angle PNP(°) Angle NPN(°) Ring Shape Reference 

[NPC1 2] 4(K) 

[NPC1 2] 4(T) 

[NPMe 2] 4 

[NP(NMe 2) 2] 4 

1.57(.01) 

1.56(.012) 

1.507(.017) 

1.596(.003) 

1.578(.010) 
1.68 (exo.) 

131.3 

133.6 
137.6 

147.2 

131.9 

133.0 

121.2 

120.5 

122.7 

119.8 

120.1 

tub, 4 

c h a i r , 1 

tub, 4 

tub, 4 

36(37) 

38 

pl a n a r , 4/ m m m 39(32) 

40 

41 

[NP(0Me) 2] 4 1.57 132 122 saddle, 4 42 
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compatible w i t h the theory o f ̂ "P^. bonding because of the shapes and 

di f f u s e n e s s of the d_ o r b i t a l s . S t e r i c i n t e r a c t i o n s between e x o c y c l i c 

groups and competition between IT and IT -bonding w i t h i n the r i n g seem 
3. S 

17 

to account f o r the adopted conformations. The s t r u c t u r a l s t u d i e s 

suggest that t e t r a m e r i c r i n g c o n f i g u r a t i o n s , u s u a l l y approximate one 

of three types. In the most common " t u b " shape the r i n g atoms occur 

i n p a i r s a l t e r n a t e l y above and below the r i n g plane. This shape has 

4 symmetry and i s reminiscent of the "boat" c o n f i g u r a t i o n found i n 

six-membered r i n g s . In t h i s form the e x o c y c l i c atoms on successive 

phosphorus atoms have s t a b l e staggered p o s i t i o n s and l o c a l environ­

ments f a v o r i n g TT or TT -bonding occur around the r i n g . In the " s a d d l e " 
3. S ' 

arrangement the r i n g a l s o has 4 symmetry ( i d e a l l y 42m (D^^))' The 

phosphorus atoms are pla n a r and the. n i t r o g e n atoms a l t e r n a t e above and 

below the plane. Overlap between successive T r - o r b i t a l s i s equal which 

tends to strengthen IT -bonding as a whole. The " c h a i r " shape with 1 
3. 

symmetry, has l a r g e r d i h e d r a l angles between adjacent r i n g atoms. In 

t h i s case the TT system i s expected to be le s s strong than TT -bonding. 
3. S 

I t i s important t o appreciate, though, that the two systems of Tf-bond-

i n g complement each other s i n c e t h e i r planes of maximum overlap are 

perp e n d i c u l a r . Thus decreased overlap o f the T r a-system due to a 

misalignment of the £-axes on neighbouring atoms r e s u l t s i n an increased 

p a r t i c i p a t i o n i n ̂ - b o n d i n g . In a d d i t i o n to these Tr-systems w i t h i n 

the r i n g the s t r u c t u r e of the t e t r a m e r i c dimethylamide i n d i c a t e s that 

Tr-bonding can a l s o occur between the r i n g and i t s l i g a n d s . Here, not 

only are the e x o c y c l i c P-N bonds s h o r t e r than a pure s i n g l e bond, but 
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one dimethylamido-group on each phosphorus i s o r i e n t a t e d so as to 

have good overlap w i t h the phosphorus d_z2 o r b i t a l , the other w i t h the 

phosphorus d ^ or d^ z o r b i t a l s . Tetrameric s t r u c t u r e s can l a r g e l y be 

explained i n terms o f a compromise between s t e r i c requirements and 

conformations enhancing some type of -rr-bonding. 

As can be seen by t h i s review of t r i m e r i c and t e t r a m e r i c 

s t r u c t u r e s , the bonding theory i s able to e x p l a i n many of the observed 

f e a t u r e s . Most o f the X-ray work to date has been done on compounds 

w i t h j u s t one type of l i g a n d on the r i n g . U n t i l the present analyses 

no p h o s p h o n i t r i l i c s t r u c t u r e has been reported i n which the bonding of 

a metal atom to the r i n g was p o s s i b l e . In both the copper and co b a l t 

compounds of t e t r a m e r i c r i n g s i n v e s t i g a t e d here> the p o s i t i o n s o f the 

metal with respect to the p h o s p h o n i t r i l i c r i n g and the i n t e r a c t i o n s 

between them should be of i n t e r e s t . The metal atom could be bonded 

c o v a l e n t l y to the r i n g or h e l d by e l e c t r o s t a t i c f o r c e s . An e x c i t i n g 

p o s s i b i l i t y i s a type of organometallic bond between the metal and the 

aromatic r i n g . Bonding of t h i s k i n d i s found between organic aromatics 

and c o b a l t i n ( T T - C ^ H ^ . C O . C ^ H ^ . C ^ H ^ ) , f o r example.^ The system of 

ir-bonds i n the p h o s p h o n i t r i l i c r i n g might permit an analogous s i t u a t i o n 

i n which the metal atom i s bonded e i t h e r to a p a r t i c u l a r double bond 

or to the r i n g as a whole. This would probably not be as l i k e l y as a 

bond between a r i n g n i t r o g e n atom and the metal, however, because of the 

p o l a r c h a r a c t e r of the P-N bond. I t i s a l s o p o s s i b l e that the r i n g 

might change i t s conformation so as to b e t t e r accommodate the metal atom. 

Of equal i n t e r e s t i s the e f f e c t the metal atom w i l l have on the bonding 
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w i t h i n the r i n g i t s e l f . Changes i n bond order should be i n d i c a t e d 

by v a r i a t i o n s i n bond lengths and valency angles. In the protonated 
35 

t r i m e r , the a d d i t i o n of a hydrogen atom t o a n i t r o g e n atom w i t h i n 

the r i n g caused a s i g n i f i c a n t lengthening of two P-N bonds. The 

present analyses may i n d i c a t e s i m i l a r changes i n t e t r a m e r i c . r i n g s . 

The two compounds i n v e s t i g a t e d i n t h i s s e c t i o n were prepared 
44 

by J . Dyson i n a s i m i l a r manner. To make the copper compound, 

anhydrous copper c h l o r i d e was reacted w i t h the methyl p h o s p h o n i t r i l e . 
methyl 
e t h y l 
ketone 

CuCl^ + [NPMe 2] 4 :—> yellow c r y s t a l s 

Analogously, anhydrous coba l t c h l o r i d e was reacted w i t h the phospho­

n i t r i l e to give the cobalt compound. 

methyl blue p r e c i p i t a t e 
e t h y l . i J of ketone 

C o C l 2 + [NPMe 2] 4 — > [NPMe 2] 4Co 2Cl 4 ' + f i l t r a t e 

Upon standing, small p a l e blue c r y s t a l s were formed i n the f i l t r a t e . 

Some of these c r y s t a l s were used f o r the X-ray a n a l y s i s . 

The products were i d e n t i f i e d upon the b a s i s of a ( p a r t i a l ) 

chemical a n a l y s i s . The yellow copper c r y s t a l s were thought to be 
4 

[NPMe 2] 4 y C u C l 2 and the pale blue c r y s t a l s from the f i l t r a t e o f the 

cob a l t compound to be [NPMe 2] 4CoCl 2. Although these formulae are 

c e r t a i n l y p l a u s i b l e and are suggested by the chemical analyses, the 
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X-ray work to be described shows that n e i t h e r compound has the formula 

assigned to i t . C o r r e c t l y formulated the compounds are [NPN^]^H.CuCl^ 

and [ (NPN^l^H*] ̂ CoCl^^ . Although a s t r u c t u r e determination i s r a r e l y 

undertaken s o l e l y f o r the purpose o f determining chemical composition, 

a f t e r an X-ray s t r u c t u r e a n a l y s i s the chemical composition o f a 

compound i s seldom i n doubt. 
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B. THE STRUCTURE OF OCTAMETHYLCYCLOTETRAPHOSPHONITRILIUM 

TRICHLOROCOPPER(II) 

Experimental 

C r y s t a l s of [NPMe^]^H.CuCl^ are ye l l o w needles elongated 

along a. C r y s t a l l o g r a p h i c data were obtained from various o s c i l l a ­

t i o n , Weissenberg and preces s i o n photographs and the u n i t c e l l 

parameters were r e f i n e d by a l e a s t squares treatment of d i f f r a c t o -

meter measurements of 28 values (see Appendix). 

C r y s t a l Data (A, Cu-K^ = 1.5418 A; X, Mo-K^ = 0.7107 A) 

[N P ( C H 3 ) 2 ] 4 H . C u C l 3 , M = 471.11. 
o o 

Orthorhombic, a = 15.70, b = 17.72 g, £ = 14.52 6 A ( f o r a l l a = 0.01 A). 

U = 4043.3 A 3, D = 1.54 g . c m . " 3 ( f l o t a t i o n ) , Z = 8, D = 1.55 g.cm."3, 
— - f f l — -c 6 

F(000) = 1928. 

Absorption c o e f f i c i e n t s , u(Cu-K ) = 81.0 cm. 1, u(Mo-K ) = 18.2 cm. - 1. 

Absent r e f l e x i o n s : 0k t when k = 2n+l, h0£ when £ = 2n+l, and hkO when 

h = 2n+l. Space group Pbca. 

I n t e n s i t y measurements were c o l l e c t e d on a card-automated 

General E l e c t r i c XRD-6 Spectrogoniometer with a s c i n t i l l a t i o n counter, 

Mo-lC^ r a d i a t i o n (zirconium f i l t e r and pulse height analyser) and a 

6-26 scan. The scan width i n 20 was (1.80 + 0.86 tan 0) degrees to 

allow f o r the increased width o f r e f l e x i o n s at higher angles. Back­

ground counts were taken on e i t h e r s i d e of every scan so that the 

l o c a l background could be subtracted from the scan count f o r each 
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r e f l e x i o n . Lorentz and p o l a r i z a t i o n f a c t o r s were a p p l i e d and the 

s t r u c t u r e amplitudes were de r i v e d as usual. Of the 2038 non-

s y s t e m a t i c a l l y absent r e f l e x i o n s w i t h 26 < 40° (minimum i n t e r p l a n a r 
o 

spacing 1.0 A) 1670 or 82% had i n t e n s i t i e s above the background l e v e l . 

The unobserved r e f l e x i o n s were assigned a value of |F | = 0.6 F(t h r e s ­

hold) and were i n c l u d e d i n the a n a l y s i s (but not i n the r e s i d u a l 

c a l c u l a t i o n ) . The c r y s t a l used f o r the i n t e n s i t y measurements was 

mounted w i t h the a-axis p a r a l l e l to the <j> axis of the goniostat and 

had a length of 0.25 mm. and a c r o s s - s e c t i o n of 0.20 mm. by 0.15 mm. 

St r u c t u r e A n a l y s i s 

The compound was i n i t i a l l y thought to be a 3:4 combination 
44 

of [ N ^ P ^ O ^ ) ^ ] and [CuC^] u n i t s . However, using the measured 

c e l l dimensions and d e n s i t y o f 1.54 g.cm. 3 a s a t i s f a c t o r y r a t i o of 

p h o s p h o n i t r i l i c r i n g s to copper c h l o r i d e groups could not be found 

which would give a whole number of molecules per u n i t c e l l . The best 

v a r i a t i o n s were the 1:1 adduct f o r which Z = 8 and D = 1.44 g.cm. 3 

—c 

and the 2:3 combination where Z_ = 4 and = 1.66 g.cm. 3. Neither 

of these appeared l i k e l y . A d i f f e r e n t r a t i o o f p h o s p h o n i t r i l e to 

copper groups, another chemical composition, or some form of d i s ­

ordered compound were considered p o s s i b i l i t i e s . Irt an attempt to 

c l a r i f y t h i s problem the sample was submitted f o r a chemical a n a l y s i s . 

The r e s u l t s o f t h i s were s i m i l a r to the o r i g i n a l a n a l y s i s so the 

compound appeared not t o have decomposed si n c e i t s p r e p a r a t i o n . 

The a n a l y t i c a l r e s u l t s and the i n i t i a l l y suggested composition are 
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tabulated in Table III together with the constitution of the actual 

structure determined by the X-ray analysis. The analyses tended to 

support the i n i t i a l 3:4. model even though i t was unlikely from the 

X-ray information. 

From the three-dimensional Patterson function the co­

ordinates of one copper and two chlorine atoms were derived. 

Uncertainty about the structure made i t d i f f i c u l t to interpret 

further Patterson vectors. These three atoms were used to calculate 

phases for a starting Fourier summation, the i n i t i a l R being 0.69. 

The scattering factors used were the usual forms given in the 

International Tables, volume III, and a l l atoms were assigned an 
o 2 

i n i t i a l isotropic temperature factor of 4.0 A . This calculated 

electron density distribution then indicated clearly the positions 

of the phosphorus atoms of a phosphonitrilic ring. Successive 

Fouriers incorporating newly-found atomic positions revealed not only 

the ring nitrogen atoms and the methyl carbons but also an unexpected 

peak adjacent to the copper position. To identify this atom in an 

unbiased manner an atom was not immediately placed in this position. 

With one copper atom, two chlorine atoms, four phosphorus atoms, four 

nitrogen atoms and seven carbon atoms the residual factor was 0.30. 

At this stage a difference Fourier was calculated to locate the final 

methyl carbon and to identify the unexpected peak. Both atoms were 

prominent on the difference map, and the relative peak heights were 

very indicative: the unexplained peak was three times as strong as the 

carbon peak suggesting that about eighteen electrons were associated 
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Table I I I . Comparison of elemental analyses, p o s t u l a t e d composition, 

and a c t u a l composition of the compound. 

ELEMENT MICRO-ANALYSIS (%) 

P 
N 
C 
H 
Cu 
CI 

O r i g i n a l 1 1 

26.38 
11.87 
20.74 
5.87 

20.01 

Present (± .3%) 

12.03 
20.21 
5.0 

21.4 

ELEMENT THEORETICAL COMPOSITION (%) 

P 
N 
C 
H 
Cu 
CI 

Po s t u l a t e d 
[ P 4 N 4 ( C H 3 ) g ] 3 [ C u C l 9 ] 2 J4 

25.84 
11.69 
20.04 
5.05 
17.67 
19.72 

Ac t u a l 
[ P 4 N 4 ( C H 3 ) g ] H [ C u C l 3 ] 

26.30 
11.89 
20.40 
5.35 

13.49 
22.58 

J . Dyson. Ph.D. T h e s i s , ' V i c t o r i a U n i v e r s i t y of Manchester, 1964. 

P. Borda. Chemistry Department, U n i v e r s i t y of B r i t i s h Columbia. 
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w i t h i t . This i n f o r m a t i o n together with a bond distance of 2 . 2 4 A 

to the copper, i d e n t i f i e d the anomalous peak as a c h l o r i n e atom. The 

d i f f e r e n c e map d i d not show any other prominent peaks. 

With the i n c l u s i o n of the c h l o r i n e and f i n a l carbon atom 

the R f a c t o r was reduced to 0 . 2 1 . At t h i s stage b l o c k - d i a g o n a l l e a s t 

squares refinement of a l l the p o s i t i o n a l and thermal parameters was 
2 

begun. In minimizing Iw(F - F C ) a weighting scheme was used which 
2 

kept wA approximately constant over ranges of F . The scheme used 

c o n s i s t e d of s e t t i n g /vi = | F Q | / 7 5 when | F J < 7 5 and /w = 7 5 / | F Q | 

when | F Q | £ . 7 5 . Unobserved r e f l e x i o n s were assigned /w = 0 . 9 0 . A f t e r 

s e v e r a l c y c l e s of i s o t r o p i c refinement R was 0 . 1 1 . Refinement was 

continued f o r two f u r t h e r c y c l e s w i t h a n i s o t r o p i c temperature parameters 

f o r the copper and c h l o r i n e atoms g i v i n g a f i n a l R of 0 . 0 9 7 f o r the 

1 6 7 0 observed r e f l e x i o n s . At t h i s p o i n t the s h i f t s i n parameters were 

a l l l e s s than the corresponding standard d e v i a t i o n s . A f i n a l d i f f e r e n c e 

map d i d suggest s e v e r a l p o s s i b l e hydrogen p o s i t i o n s w i t h peaks of 0 . 5 

to 1 . 0 e l e c t r o n s per cubic angstrom around some of the methyl carbons, 

but no attempt was made to a c c u r a t e l y l o c a t e these s i n c e spurious 
o - 3 

f l u c t u a t i o n s o f ± 0 . 8 e.A were a l s o present. 

Measured and c a l c u l a t e d s t r u c t u r e f a c t o r s are l i s t e d i n 

Table IV. Sections of the three-dimensional e l e c t r o n d e n s i t y d i s t r i ­

b u t i o n are shown with a drawing of the molecule i n Figure 2 . The f i n a l 

p o s i t i o n a l and thermal parameters and t h e i r standard d e v i a t i o n s are 

given i n Table V, and a packing diagram looking down the £-axis i s 

shown i n Figure 3 . 



Table IV. Measured and calculated structure factors. Unobserved 
21 

reflexions have |F |- = 0.6 F(threshold) and are indicated by a 

negative sign. 

r c u 
4 1 7 . 4 

-369.9 

10 10C.7 -16.T 

i rq.s -703.1 

RC . 9 -Bl.fc 

1C 77.5 -TP.5 
i l ioe.3 loo,* 
1? IL6.2 - i rg .5 

76,3 II. 
76.1 -"8.< 

171.5 194." 
i s .a 

ifcq.a 1*17. i 

- 1 3 9 . 5 
-295.7 

-7.2 

in l l f l .3 1-13.1 
II 2b.5 ?4.1 
17 93.c i r o . i 
13 -11.5' 1 , 7 
0 169 , 5 -177.3 

3 lift. 7 -177.') 
* 155.7 155.6 

179P7 -IB,.7 

5?.6 
(2.5 
F6.C 

79.9 K5.5 
?a.9 1 7 . 4 
27.0 30 . 9 

ico,7 1 1 4 . r 

7 C . 1 
1 7 . 5 
?j. G 

H K L FOBS F C H 
I 3 1 30.6 -32. *J 
I 3 Z 165.3 1B6.5 
1 3 3 IB. 7 -1 2 .0 

27(1.1 222.0 
5 3?.3 -30.4 

* 9 . a 41.1 
7 56.2 -53.6 

1 3 e 175.6 -175.5 
M.7 -34,3 

10 72.* -78.2 
11 "6. 1 
i?. 37.6 39 . 7 
13 (•7.1 - 6 1 , 4 
14 39.4 4B.1 
1 11*.1 217 . 9 
2 144.8 156.1-

190,. 7 -197.7 

}0. ft -42. 
5 (-5.0 -64.4 

l l i ' l .J -109.* 
1 4 7 65.9 61.9 

0 50. 7 47.0 
1 4. 9 30. 3 -7B.5 

10 VJ.2 62.4 
i I -IC.4 a.4 
1? 34.6 -37. 1 

1 * n 61.6 
I 26.1 -16.2 

1 5 2 175.4 -177.6 
1 5 ->> 151.H -149.1 
1 5 4 111.? -201.7 
I 5 5 IPt.ft -91 . 0 
1 5 72.3 fi.4 
1 5 62. 3 -66.? 

6 • P5.6 R7.3 
1 5 66.1 -69,? 
I 3 10 21.4 32.6 
1 5 11 -10.6 17.4 

12 31. 1 - U>.H 
1 5 13 48.1 
1 t 1 19.2 -16.5 
1 6 ? 74.6 -0.7 
1 6 3 16, I 7H.6 

25.7 35.5 
5 5 J. 5 5P.0 

1 6 6 45.4 -42. J 
1 6 7 45.1 -43 .5 
1 b e 2 7.B 

9 60. b -53.4 
10 U'5.3 45.0 
11 -10.5 73.5 
12 -11.? -11.1 
1) I V . 6 111. 2 
I "2. a 

1 7 ? P5.6 95.6 
1 / • 1 R. 1 71.7 
1 7 44.7 56.* 
1 7 5 "5.5 1C4.9 
1 7 6 79. 3 -11 .? 
1- 2 _ 

" i f 44.1 
1 7 9 33.2 37. 7 

10 ifl.e -7.4 
I 7 11 73.7 2 . ' 
1 1 12 -11.7 -3.5 
1 7 *7.1 -J,9_,9 
1 I' 71 23.5 
1 U 2 16.y 

172.1 1 
H9.9 • 

1 8 5 37.2 -3 i .o 
1 tl 6 35.a -39.1 
1- 6 7 i m . 6 -187. > 
1 tl a 15.7 70. 1 
1 0 51.2 
1 H 10 -10.5 -5.0 

30.7 4C.0 

15U. J 153. 4 
2 40. 1 
3 136.2 142.T 

1 1 73.0 -21.1 
5 79.0 

44.4 53.7 
7 m . 7 - u n 

1 9 *7.0 47.1 
-IV. 1 10. 1 

I 9 10 72.1 -17.1 
J . l _ 48,9 50.1 

1 9~~ I? 7 4 . a -4.5 
1 1C 1 9 7 . T -105.1 
1 1C 7 163. 7 -169.7 
1 I P 3 53. 7 
I IC "3 . 7 -96. 3 
1 1C 5 56.4 .47.9 . 
1 10 " - 9 . 5 
1 IC 7 56.1 49.9 
1 I C B 37.8 
1 iu 70. 7 - P . 7 
1 10 10 71.1 -2'J.B 

11 -11.4 -0.8 
I 11 1 85.7 -9j.? 

2 48.9 -50.7 
57.3 -61.7 
68.6 -75. (' 

5 79.1 36.4 
16.Q 

7 66.6 ~~ '7 5 . 4 
-10.5 B." 

9 ? S . 7 
10 -11.2 -12.1 
11 31. B -37.4 

1 3B.5 39.0 
2 51 . J -41.0 

1 t? 3 34.5 -30.7 
35,0 78.3 

5 43 . 9 -51.7 
74.7 in . a 

T 39.0 35.6 
B 5 J. 3 -49.7 

52.2 51 .5 
10 -11.5 -7.o 

19.4 0.0 
2 35.0 36.0 
3 55.7 -55.5 

1 13 4 52.0 53.6 
5 73. 3 -78.4 

-10.5 7.4 
7 23.9 -11,3 
8 48.4 -46.8 

-11.5 
24.9 20.7 

2 47.1 45.Q 
3 37. 7 33.5 

5?.5 -53.6 
1 14 5 -10.6 15.0 

FOBS 

. 41.7 . 

FCftL 

-37.5 
-19.4 
-46.7 

42.7 

71.2 
84.2 
72.7 

_ - 9 ^ 2 
79.7 
77.0 
25. 9 

101.1 -17.9 

) 201.1 169.] 

101.J ICO.i 

130.0 -
69.4 
F9. 5 

171, ' 

?.•>. 1 
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Table IV (continued) 

Fa9S FCiL 
10.J 10.9 

105.3 99.6 
48.4 45.6 

166.5 -159.1 
72.3 
H . 9 

Tl .i 

63.0 
-9.8 

ei .6 
45.0 
40.7 
33.3 

-9.5 
66.9 
70.2 

87.' 
- T .0 li.6 
57.5 59.6 

122. 5 -I 
170.9 -125.5 
156.T -10?.3 
1T5.0 -103. ; 

-3.7 
4f>. ) 
73.7 
72.0 

113.3 

4 3 19.fl -7L.1 
IB. 1 -OO.? 

5 IB.6 -79.1 
& 67.6 -71 .? 
7 P4.5 

4 8 58.9 -so.n 
* 9 - 9 . 7 -11.7 

10 110.4 -107.9 
11 31.0 29. o 
I? 43.0 -4 1.1 

4 1 3 32.5 19.3 
5 0 40. 3 -58.4 
5 I 66.0 -78.1 
5 2 74.4 -72.3 
5 212.0 -?n?.7 

4 5 4 52.3 61. 1 
5 85.4 -84.1 
5 6 -fl. 1 17.0 
5 7 116.'' ioe.4 
5 H 70.0 76.7 

4 5 3 7.9 43.8 
5 10 1). 1 30.0 
5- 11 • 6.3 -77.9 
5 1 ?. -11.4 -23. 5 
5 13 7.* 

U 1*9,0 -145.1 
6 1 12.6 -2.0 

4. fl 7 '*fl.9 -4B.7 
6 3 17.0 -63.S 
6 4 15.1 -32.•> 
6 5 175.4 -117.5 
6 13.6 10.4 
6 7 47.9 -IP.7 

4 6 tl " C O 94.3 
6 70.0 76.? 
6 10 73.9 70.4 

4 6 1 1 30.4 74.4 
4 6 12 22.1 -5.2 

7 0 84. 8 IfS. 1 
7 1 1 17. L 114.9 

4 7 2 31.9 74.8 
4 7 1 175.7 179.1 
4 15.0 3.2 

7 5 75.7 (,8.l 
7 6 91.9 10.6 

4 7 7 33.3 -33.5 
4 7 B 33.6 34.fi 
4 7 86.9 -11.5 
4 7 10 79.8 -75.8 
4 1 11 (.0.5 -1,9.9 

7 12 76. 3 9.7 
4 f\ o 74.8 17.0 
4 8 l 35.8 35.4 
4 S 2 34.0 37.4 
4 & 3 71.2 70.1 
4 6 77.6 75.4 

e 5 14.0 -11.8 
4 fl f> 53.5 50.6 
4 8 71.3 77. 1 

8 8 73.5 -7.8 
8 53. 7-

4 B to 28.7 37.5 
8 11 -11.7 

4. fl I 7 41.4 44.7 
4 9 0 23.7 19.9 

1 72.6 -77.1 
2 - 8 . J 4.4 

* 3 105.7 -117.5 
4 45.4 -49. 3 

9 5 69. 5 -69.1 
4 <i 6 -9.5 11.6 

9 7 32.2 39.1 
4 9 e 30.7 36.5 
4 9 98. B 99, J 

10 -11.0 6.7 
4. 4 11 55.7 53.6 
4 10 0 50.4 -48.7 

10 I 84.4 -B5.9 
4 10 2 -B.7 -17.6 
4 10 3 59.2 -58.0 
4 10 47.3 57.9 
4. u •> 70.2 31.5 

10 6 18.0 7.1 
1C 7 33.4 -18.7 

4 10 8 -10.5 -8.0 
10 -10.8 -5.1 

4 10 10 19.6 14.2 
4 1C t l 36. 2 39.4 

H K L FOBS FCAl 
4 0 172 8 -130.4 
4 U I L37 1 140.1 
4 2 4* 4 -50.7 
4 U 3 175 e 182.8 

4 * J 5 50.3 
4 11 5 -9 e 7.3 

6 17 6 -6.1 
7 IB -26.1 

4 8 -10 8 2.7 
4 U 9 51 9 -40.3 
4 

1° 
" t l 5 4.0 

4 17 0 176 0 -123.7 
4 12 1 33 3 -2BL9 
4 12 2 109 5 -113.1 

12 3 -9 6 -17.0 
4 12 4 62 6 -67.6 

12 • 5 37 I 31.6 
4 12 6 19 4 17.2 

12 7 39 5 -37.6 
4 12 8 52 0 63.1 

12 9 55 1 -56.3 
4 0 57 9 49.5 

13 \ 5 -44. 3 
4 13 2 70 2 73.0 
4 13 3 77 2 -70.1 
4 13 4 -10 1 
4 5 -10 5 71 .9 
4 13 6 29 0 -30.7 
4 13 T 38 44 , 1 
4 13 n 54 8 -66.8 
4 14 a 5 45.5 
4 78 I 7*. 9 

14 2 30 6 -30.7 
4 14 3 36 B 41.4 

14 4 47 9 -52.2 
4 14 5 -.10 9 20.1 

6- 7 45.4 
4 14 7 31 8 16.1 

15 0 44 -48.4 
15 1 -1C 7 -77.7 

4 15 2 78 2 7.1 
4 15 3 17 4 75.1 

15 4 46 0 41.4 
4 15 5 71 9 65. 1 
4 15 6 37 15.3 
4 16 0 54 4 5C.7 
4 33 4 17.4 
4 16 7 52 4 4Q.1 

16 3 53 0 61 .4 
4 16 37 0 42.h 
5 0 2 81 5 71 .0 
5 c 4 162 6 -155.5 

c 6 55 2 -54.7 
c 8 136 3 14 0.7 

5 0 10 88 8 10.9 
5 0 1? 21 6 0.6 
5 1 195 5 197.5 
5 ? 206 H m . n 
5 1 3 14 2 12.5 
5 4 118 5 106.4 
5 1 5 -7 a -2.7 
5 79 -72.0 
5 1 7 86 2 35.9 
5 n 71 n -71. 1 
5 1 9 24 i 14,1 
5 10 79 ) 37.8 
5 11 74 8 -69,8 
5 12 -1 1 2 11.8 
5 13 77 2 5.4 
•l I 779 I -718.7 
5 2 7 34 0 45.1 
5 2 J 137 -174.6 
5 2 4 21 I 2 2C0.B 
5 2 5 -7 B 
5 2 6 174 9 11B.9 
5 ? 7 75 1 
5 2 8 74 0 -64.6 
5 2 -7,4 
5 2 10 68 8 -70.0 
5 11 -10 7 12.5 
5 12 35 0 -40.4 
7 n l? 3 -7.7 
5 3 1 142 3 -118.1 
5 7 39 7 -71.3 
5 3 3 35 2 31,6 
5 4 53 7 -58.4 
5 5 54 1 -48.1 
5 6 M •VI.7 
5 3 7 70 7 -64.5 
5 8 87 79,0 
5 9 76 I 15.8 
5 3 10 113 1 113.7 
5 11 47 3 0.9 
5 1? 37 Q -76.6 
5 3 13 8 -B.3 

1 98 7 113.7 
5 2 109 2 -106.5 
5 3 94 7 "4.1 
5 ] 3 -11.3 
5 5 141 5 -13B.5 
5 4 6 B3 75.4 
5 7 176 3 -171.2 . 
5 e 77 I 23.1 
5 50 t -37.3 
5 10 -10 4 7.5 
5 11 -10 9 17.5 
5 17 -11 -B. 3 
5 1 3 24 12.1 
5 5 85 4 -93. 1 

5 2 78 2 36.6 
5 5 3 26 1 24.7 
5 5 4' 67 8 69.7 
5 5 5 -8 1 8.5 
5 5 6 74 8 -71.7 
5 5 7 11 I 5 -104.1 
5 5 8 17 5 -J9.0 
5 5 9 79 3 -87. 8 
5 5 10 -10 5 -9.5 
5 5 11 74 74.6 
5 5 12 -11 5 70.7 
5 1 1 3 4 -5.5 
5 6 2 Tl 3 70.1 
5 3 *2 8 48.9 
5 6 4 64 9 -55.3 
5 5 93 7 93.0 
5 6 6 38 3 -13.0 
5 7 112 1 110.0 
5 6 8 -22.1 
5 6 9 -10 1 0.7 
5 6 10 90 8 -87.1 
5 6 11 74 4 -76.5 
5 6 12 -11 3,7 
5 7 1 47 6 38.9 
5 7 2 198 -196.4 
5 7 3 29 7 17,5 
5 7 4 -8 5 -11.5 

FOBS FC»L H K L FOBS FCAL 
6 4 6 36.0 39.1 
6 4 7 33.2 26.4 

e 27.1 14.0 
9 47.3 47.1 

10 23.5 - l b .7 
6 4 11 19.4 -14.8 

12 77.5 -34.fl 
5 0 144.8 -147.o 
5 1 39.5 34.5 

6 5 2 76.0 -27.4 
6 5 3 37.8 -41 .1 
6 5 63.0 65.9 
6 5 5 118. 1 -118.5 

5 6 79.2 75.4 
6 5 7 73.9 16.1 
6 5 8 87.2 86.7 
6 5 9 176. 1 174.9 
6 5 10 33.8 35.8 
6 5 11 33.7 33.4 
6 5 12 -11.7 -10. f 
6 6 0 91.7 93.9 

ft 1 77.5 18.1 
6 6 2 -8.0 6.8 
6 6 3 47. 3 41.8 

6 84.5 -87.7 
6 5 72.7 67,7 

6 70. 1 -8.7 
6 6 7 76.0 -11.3 

8 51.0 -46.2 
9 45.4 -44.1 

6 6 10 24.1 -11.6 
6 11 53.4 -53.3 

6 6 12 -11.8 78.3 
7 0 -11.0 18.7 

6 7 72.0 69.9 
7 2 139. 3 H7.5 
7 3 143.0 148.5 

6 7 4 150. 7 147.B 
6 7 5 7B.2 87.6 
6 7 71.1 -77.1 
6 7 7 26.2 -»0.7 
6 7 8 143.2 -115.5 
6 7 9 4G.0 -47.6 
6 7 10 -10.9 3.6 
6 7 11 -11.3 -7.1 

fl 0' 60.8 -58.4 
a 1 -t-9. 0 

6 6 2 65. 8 71.6 
e 3 78.8 -74.4 

6 B 93.4 
6 B 5 -9.3 9.fl 

a -9.6 -16.0 
6 8 7 -9.H 

8 fl -10.2 -4.1 
6 8 9 26.2 -75.C 

8 10 -11.1 12.9 
6 8 It 75.5 15.5 

ft 9 0 67.7 -67.2 
9 1 151.7 -157.5 

6 9 2 -B.8 -11.5 
6 9 3 193.5 -197.3 
6 -9.3 21.5 
6 9 5 23.3 -20.« 
6 6 IB. 3 -72.6 
6 9 7 24.9 19.7 
6 9 8 54.0 -51.7 
6 9 72.7 10. 7 

10 15.0 -33.8 
0 75.6 74. •» 

K 1 49.5 49.6 
6 10 3 17.8 75.C 
6 1C 3 57.4 57.7 

1C -9.6 
6 IC 5 27.1 78.5 

10 6 23.9 -24.2 
ft in 7 46.6 19.8 

10 29.6 7.8 
6 10 9 18.2 -78.8 
6 IC 10 -11.4 -6.7 
6 11 0 47.4 -41.6 
6 11 t 15.0 -15.3 
6 11 2 87.9 -AO. t 
6 11 3 71.0 14.7 

11 4 66.6 -87.5 
6 5 43.1 42 .6 
6 11 6 31.4 77.9 

u 7 34.5 -35.1 
6 11 a 57.6 

11 9 93.4 -93.2 
12 0 114. 8 171 .1 
17 1 -9.0 
12 2 22.2 33.B 
17 1 29,1 -70. A 

6 12 49.B -55. 1 
12 5 -10.5 -1 ).? 
12 74.5 -28.4 
12 7 -11.1 -8.9 
12 8 57. 1 -52.5 
13 0 107.5 116.9 

-10.2 
11 2 43.7 

6 11 1 51. 1 -51.6 
6 13 3B.0 -36.0 

1 3 5 42.4 -44.0 
6 13 6 -1 l . l 5.n 
6 1 3 7 51.7 49.0 
6 14 0 38.4 - 36 . '1 

14 1 77.9 -2 3.4 
6 14 2 26.3 19.7 

3 33.3 -70. 7 
32.6 21.0 

6 14 5 79.3 -7 5.'' 
6 6 73.4 -7.0 

15 0 18. 3 -18.1 
15 47.7 55. T 
15 2 -11.1 1.0 

6 1 5 3 67.) 61 .B 
6 1 5 4 53.1 54.5 

0 75.7 10.4 
t -1 1.4 70. 8 

7 C 2 129. 1 -179.U 
7 c 91. 8 -97.8 
7 0 6 1 7.7 -IB.4 
7 0 B -9.8 5.5 
7 0 10 49.9 57.4 

0 12 75.3 71.0 
7 1 70.4 -69.0 
7 2 142.8 144.4 
7 3 11.7 -36.8 
7 1 4 217. 1 198. ) 
7 1 5 98.9 aa.9 
7 fa 67.6 63.3 
7 7 63.8 57.6 
7 8 107.9 -101.1 
7 9 40.6 16.8 
7 1 10 77.9 -61.1 

FCSl 
70.1 

19.1 
59.1 

-11.2 

75.1 -25.rt 
-10.B -9.5 

17.9 -34.5 
-11.7 -]7,5 
177.7 . 117.6 
87.0 

-78. 1 
18.7 
-5.0 

124.7 

34.7 -36. ' ' 

-10.« -4.1 
79.7 -11.4 
76.H 70.1 

IP! . 6 - IIJ^, ?_ 

35,7 
?7.8 
29. a 

__0 152.7 -156. 

http://34.fi
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Table IV (continued). 

68.4 
70. 7 
42.6 

-lrt.5 
1 15.4 
74. 7 
74.5 

-15.7 

-M. ••> 

-?0.3 

101.? 

-75.3 
-52.7 
-.1 *...!„ 

-11.4 17.3 
11 B.4 -132.3 
97.1 -9B.2 

92.5 95 
170.5 111 
23.7 -12 

U 3 . i . - i i i 

109.3 1C7.I 

26.2 -2J.1 

-10.0 
38.5 
72. I 

_1ZJ.J_. 

40.2 
70.7 

-10.6 

-44 .••) 
72.5 

-2B.1 

-10. Tl 
-?0. 1 
-57.7 

? 7.3 -35.3 

31.2 - ' 5 .7 

52. 7 
113.5 
55.1 

F01S FC*L 
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Table V. F i n a l p o s i t i o n a l parameters ( f r a c t i o n a l ) w i t h mean standard 
o 

d e v i a t i o n s (A), and thermal parameters and standard d e v i a t i o n s 
°2 °2 2 (B i n A , U.. i n A x 10 ). - - i i 

ATOM x L z mean a °2 
B (A^) a(B) 

P ( l ) 0.1201 0.3906 0. 1366 0.0066 1.81 0.12 
P(2) 0.1352 0.3397 -0. 0507 0.0067 1.90 0.12 
P(3) 0.2656 0.4525 -0. 0628 0.0073 2.59 0.14 
P(4) 0.3047 0.4068 0. 1307 0.0072 2.35 0.13 
N( l ) 0.1148 0.3248 0. 0584 0.020 2.21 0.40 
N(2) 0.1733 0.4215 -0. 0693 0.021 2.44 0.42 
N(3) 0.3253 0.4121 0. 0181 0.022. 2.70 0.44 
N(4) 0.2108 0.4298 0. 1528 0.020 2.09 0.40 
C ( l ) 0.0848 0.3494 0. 2406 0.028 2.97 0.55 
C(2) 0.0486 0.4674 0. 1110 0.028 3.02 0.56 
C(3) 0.2018 0.2649 -0. 0884 0.027 2.58 0.52 
C(4) 0.0386 0.3311 -0. 1132 0.028 3.06 0.56 
C(5) 0.3297 0.4389 -0. 1626 0.034 4.38 0.69 
G(6) 0.2600 0.5511 -0. 0433 0.033 4.34 0.67 
C(7) 0.3767 0.4674 0. 1863 0.031 3.76 0.62 
C(8) 0.3363 0.3110 0. 1616 0.031 3.72 0.62 

Cu 0.0572 0.2235 0. 0830 0.0033 
c i ( D -0.0740 0.2681 0. 0990 0.0088 
Cl(2) 0.1646 0.1722 0. 1597 0.0079 
CI (3.) 0.0248 0.1228 -0. 0058 0.0080 

mean 
ATOM " l l »12 »13 ^22 ^23 »33 a(U) 

Cu 3.10 -0.68 0. 17 3.41 0.16 3.54 0.17 
c i ( i ) 2.55 -0.59 0. 80 7.26 -0.89 7.94 0.47 
Cl ( 2 ) 5.21 0.29 •1. 09 4.31 0.45 4.70 0.41 
CI. (3) 3.35 -0.54 0. 61 4.92 -1.77 6.58 0.42 
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D i s c u s s i o n 

The eight-member p h o s p h o n i t r i l i c r i n g has the "tub" shape 

w i t h p a i r s of adjacent phosphorus and n i t r o g e n atoms a l t e r n a t e l y up 
40 

and down. This i s the conformation of the parent compound, [ N P N ^ ] ^ 
although i n the present s t r u c t u r e the molecular 4 symmetry i s destroyed 

by the CuCl^ adduct and by non-equivalent bond lengths. In common with 
17 42 

other t e t r a m e r i c p h o s p h o n i t r i l i c compounds ' the n i t r o g e n atoms are 
d i s p l a c e d s l i g h t l y more from the best plane through a l l the r i n g atoms 

° o (0.55 A) than are the phosphorus atoms (0.48 A). The methyl groups l i e 

on e i t h e r s i d e of the r i n g and those on neighbouring phosphorus atoms 

tend to be staggered. The CPC planes are approximately perpendicular 

t o the l o c a l r i n g (NPN) plane, the average angle being 86.5°. The 

CuClg adduct bonded to n i t r o g e n (1) has an unusual d i s t o r t e d c o n f i g u r a ­

t i o n . Although the m a j o r i t y of Cu(II) complexes have octahedral 

environments, i n the present case the arrangement of atoms about the 

metal atom i s between the t e t r a h e d r a l and square planar forms. 

Recent c r y s t a l l o g r a p h i c evidence f o r the e f f e c t of the pro-

t o n a t i o n of a t r i m e r i c p h o s p h o n i t r i l e has heen given f o r 

N ^ P g C ^ i N H P r 1 ) ^ H C l . ^ In t h i s s t r u c t u r e the hydrogen has been d e f i n i t e ­

l y l o c a t e d on one of the r i n g n i t r o g e n atoms and long P-N bond lengths 
o 

of 1.67'A are observed to t h i s protonated n i t r o g e n . Ring bonds are 
o 

reported of 1.67, 1.58 and 1.56 A, although the two l a t t e r lengths may 

be i n f l u e n c e d by the d i f f e r e n t c h a r a c t e r of the s u b s t i t u e n t s on the 

phosphorus atoms. The present study demonstrates that i n the case of 

a t e t r a m e r i c p h o s p h o n i t r i l e as w e l l , the formation of chemical bonds 
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Figure 3. Packing of the molecules in the unit c e l l viewed along 

the c-axis. 
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to the n i t r o g e n atoms markedly i n f l u e n c e the d e t a i l e d s t r u c t u r e of the 

p h o s p h o n i t r i l i c r i n g . Bond lengths and angles p e r t a i n i n g to the r i n g 

are shown on a diagramatic r e p r e s e n t a t i o n i n Figure 4, while the 

complete i n t r a m o l e c u l a r bond distances and angles are given i n 

Table VI. In a l l reported s t r u c t u r e s of c y c l i c p h o s p h o n i t r i l e s with 

s i m i l a r s u b s t i t u e n t s on the phosphorus atoms, the P-N r i n g bonds have 
9 39 

been found to be equal. Bond lengths vary from 1.51 A i n [NPF,,] 4 to 
40 

1.60 i n [NPMe^^ depending upon the e l e c t r o n e g a t i v i t y of the sub­

s t i t u e n t s . In the present s t r u c t u r e the a d d i t i o n of the CuCl^ group 

to a n i t r o g e n atom (with the corresponding p r o t o n a t i o n of the r i n g ) 

has broken the e q u a l i t y of the r i n g bonds. There appear to be four 

d i s t i n c t P-N bond lengths : 1.63 A, 1.60 A, 1.56 A and 1.67 A, 

(o = 0.01 A). 

These d i f f e r e n c e s i n bond length can be i n t e r p r e t e d i n terms 
22 

of the TT-bonding theory of C r a i g and Paddock f o r p h o s p h o n i t r i l e s . 
The TT and TT - n o t a t i o n ( f o r overlap i n v o l v i n g phosphorus d or d 

a s x z y z and d 0 0 or d o r b i t a l s r e s p e c t i v e l y ) and the a x i a l convention has — x l - y Z —xy r J 

already been described i n the I n t r o d u c t i o n . 

The p a i r s of d i s t i n c t P-N bonds are symmetrically arranged so 

as to imply that the p r o t o n a t i o n takes place on N(3) where the longest 
o 

P-N bonds of 1.67 A occur. The n i t r o g e n lone p a i r e l e c t r o n s are 
r e q u i r e d f o r bonding the proton and are thus l o c a l i z e d (presumably 

2 

i n an S £ h y b r i d o r b i t a l ) . The double bond character of the P-N bonds 

i s decreased by t h i s l o c a l i z a t i o n of the lone p a i r which now cannot be 

u t i l i z e d f o r donation i n t o the TT -bonding system. Some TT -bonding 
s a 



Figure 4. Bond lengths and angles w i t h i n the p h o s p h o n i t r i l i c r i n g . 



Table VI. Bond distances (A) and valency angles (degrees). 

P ( l ) - N ( l ) 1.631 P ( l ) - N ( l ) - P ( 2 ) . 123.2 
P(l)-N ( 4 ) 1.602 P(2)-N(2)-P(3) 131.5 
P(2)-N(l) 1.638 P(3)-N(3)-P(4) 127.3 
P(2)-N(2) 1.591 P(4)-N(4)-P(l) 134.0 
P(3)-N(2) 1.554 Mean P-N-P 129.0 
P(3)-N(3) 1.665 
P(4)-N(3) 1.670 N ( 4 ) - P ( l ) - N ( l ) 117.3 
P(4)-N(4) 1.563 N(l)-P(2)-N(2) 112.7 

N(2)-P(3)-N(3) 114.5 
P ( l ) - G ( l ) 1.768 N(3)-P(4)-N(4) 111.7 
P ( l ) - C ( 2 ) 1.804 Mean N-P-N 114.0 
P(2)-C(3) 1.775 
P(2)-C(4) 1.774 C ( l ) - P ( l ) - C ( 2 ) 107.0 
P(3)-C(5) 1.781 C(3)-P(2)-C(4) 106.3 
P(3)-C(6) 1.772 C(5)-P(3)-C(6) 107.0 
P(4)-C(7) 1.758 C(7)-P(4)-C(8) 106.3 
P(4)-C(8) 1.826 Mean C-P-C 106.6 
Mean P-C. 1.782 

C u - C l ( l ) 2.218 C l ( l ) - C u - C l ( 2 ) 143.2 
Cu-Cl(2) 2.217 C l ( l ) - C u - C l ( 3 ) 97.6 
Cu-Cl(3) 2.262 C l ( l ) - C u - N ( l ) 96.7 
Cu-N(l) 2.042 Cl(2)-Cu-Cl(3) 97.7 
Mean Cu-Cl 2.232 Cl(2)-Cu-N(l) 96.4 

Cl(3)-Cu-N(l) 133.9 

a(P-N) 0.02 A a(P-N-P) 1.4° 
a(P-C) 0.04 a(N-P-N) 1.2 
a(Cu-Cl) 0.01 a(C-P-C) • = 1.5 
a(Cu-N) 0.02 a(Cl-Cu-Cl) 0.5 

a(Cl-Cu-N) 0.7 
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would seem t o occur, however, with overlap from a phosphorus d_xz or 

d_ o r b i t a l i n t o a s i n g l y occupied p_z o r b i t a l on the nit r o g e n f o r the 
o 

bond length i s l e s s than the value o f 1.77 A f o r a s i n g l e P-N bond 
45 46 

di s t a n c e . ' The length i s very s i m i l a r t o the P-N bond lengths 
47 ° • 

i n the metaphosphimate s t r u c t u r e s N a ^ f N H P ^ ^ ^ r ^ O (1.68 A), and 
48 0 

(NH) ^P^Og^. 2H 20 (1.66 A) where only a s i n g l e system of TT-bonds 

can e x i s t . Adjacent t o t h i s long P-N bond i s the sh o r t e s t bond 
o 

d i s t a n c e i n the r i n g , 1.56 A. The shortness can be accounted f o r i n 

the f o l l o w i n g way. The absence of e l e c t r o n d r i f t from the N(3) lone 

p a i r e l e c t r o n s to the d o r b i t a l s of phosphorus (3) and (4) , and the 
s 

formal p o s i t i v e charge on N(3) would combine t o make these phosphorus 

atoms more r e c e p t i v e to ̂ " E ^ bonding v i a acceptance of the lone p a i r 

e l e c t r o n s from n i t r o g e n (2) and ni t r o g e n (4) r e s p e c t i v e l y . The next 
o 

bonds, 1.60 A between N(4) - P ( l ) and N(2)-P(2) are more l i k e normal 

p h o s p h o n i t r i l i c r i n g bonds. The e f f e c t of the anomalous N(3) i s no 

longer f e l t and the normal overlaps can occur once more. At N ( l ) , 

the lone p a i r i s again r e q u i r e d f o r bonding an e x o c y c l i c atom. H y b r i d i -
2 

z a t i o n at n i t r o g e n i n t o sp_ o r b i t a l s again i s l i k e l y both from the 

P ( l ) - N ( l ) - P ( 2 ) angle of 123° and from the f a c t that the n i t r o g e n i s 

only 0.1 A o f f the P ( l ) P ( 2 ) C u plane. The P-N bond distances show an 
o 

increase to 1.63 A as the double bond character ( e s p e c i a l l y the 

TT^-component) i s once more decreased. I t would seem that the copper i s 

not as strong an acceptor as i s the proton, however, f o r here the e f f e c t 

on the bond length i s l e s s severe. 
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The interbond angles i n [NPN^]^H.CuCl^ a l s o tend to support 

t h i s bonding scheme, the angles at n i t r o g e n being the most i n d i c a t i v e . 

At N ( l ) and N(3) where the lone p a i r e l e c t r o n s are required f o r bond­

i n g , the angles are 123° and 127° r e s p e c t i v e l y . These approach the 

e q u i l i b r i u m angles expected f o r three co-planar bonds and suggest that 
2 

the p o s t u l a t e d sp_ h y b r i d i z a t i o n i s not unreasonable. The angles are 

s i m i l a r to the P-N-P angles i n t r i - and tetrametaphosphimates (123° 

and 126°) where the n i t r o g e n atom i s a l s o protonated. The angles at 

N(2) and N(4) (131.5° and 134°) which are bonded only to phosphorus 

atoms, are s i m i l a r t o values observed i n other tetrameric p h o s p h o n i t r i l e s . 

The l a r g e r angle i s c o n s i s t e n t w i t h some donation of e l e c t r o n d e n s i t y 

from these n i t r o g e n atoms i n t o the ̂ - s y s t e m . These angles are gre a t e r 

than at N ( l ) and N(3) because of the increased e l e c t r o n i c r e p u l s i o n s 

between the bonds. The angles at phosphorus are considerably d i f f e r e n t 

from those of the parent compound [NPIV^]^. The average N-P-N angle 

here i s 114° compared t o 119.8°; the e x o c y c l i c angle i s l a r g e r , 106.6° 

compared to 104°. In no unperturbed p h o s p h o n i t r i l i c s t r u c t u r e has the 

endoc y c l i c angle deviated f a r from 120°, nor the e x o c y c l i c angle exceeded 

104°. The r i n g angles, on the other hand, are l a r g e r than those of the 

metaphosphimates (104.5° and 107°) where the secondary ^ - s y s t e m i s not 

p o s s i b l e . The angles at phosphorus i n [NPN^] ̂ H.CuCl^ are thus about 

midway between these two cases. The e f f e c t t h i s decreased angle w i l l 

have on the p h o s p h o n i t r i l i c bonding system i s d i f f i c u l t t o assess, but 

i t i s probable that the overlap of bonding o r b i t a l s would not be as 

great here as i t i s i n the case of normal p h o s p h o n i t r i l i c r i n g s . 
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Considerable a t t e n t i o n has been given to the shape of t e t r a ­

meric p h o s p h o n i t r i l i c r i n g s w i t h the purpose of d i s t i n g u i s h i n g the 
17 r e l a t i v e importance of the TT and TT -bonding systems . Paddock 

c l S 

has demonstrated that the "tub" c o n f i g u r a t i o n permits strong 

T T - i n t e r a c t i o n s between adjacent atoms d i s p l a c e d on the same s i d e of the 
49 

molecular plane. The organic analogue of t h i s , c y c l o - o c t a t e t r a e n e 

i l l u s t r a t e s the l i m i t i n g case where double bonds between two such 

atoms a l t e r n a t e w i t h s i n g l e bonds. While t h i s treatment has been use­

f u l w i t h unperturbed p h o s p h o n i t r i l e s i t i s not as f r u i t f u l i n the 

present case. As can be seen i n Figure 4, equivalent bond lengths 

occur on e i t h e r s i d e of the molecule. This cannot t h e r e f o r e be used 

t o support stronger bond formation between adjacent phosphorus and 

n i t r o g e n atoms d i s p l a c e d i n the same d i r e c t i o n . I t would seem that the 

"tub" conformation i s adopted (at l e a s t i n the present case) mainly f o r 

s t e r i c reasons. This shape, although somewhat c o n s t r a i n i n g the CuCl^ 

group, permits the methyl groups on adjacent phosphorus atoms to be 

approximately staggered. 

The arrangement about the copper atom i s a d i s t o r t e d one. 

The d e v i a t i o n from a t e t r a h e d r a l environment i s considerably g r e a t e r i n 

t h i s case than i n the t e t r a h e d r a l l y co-ordinated C s ^ C u C l ^ . T h e r e 

the angles around the c e n t r a l copper atom are 124.9°, 123.3°, 102.5° 

and 102.9°, but i n the present compound the corresponding angles are 

143°, 134°, 98° and 96° i n d i c a t i n g that the tetrahedron here i s much 

more f l a t t e n e d . The d i s t o r t i o n i s much greater than that expected 
52 

from the Jahn T e l l e r e f f e c t . T h e o r e t i c a l c a l c u l a t i o n s based on 
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changing the screening constant of Cu(II) and v a r y i n g the p o l a r i z a -

b i l i t y o f the ligands i n C ^ C u C l ^ have i n d i c a t e d that 122.4° and 
53 

103.4° are the angles expected i n the d i s t o r t e d tetrahedron. I t 

seems more appropriate t o consider the arrangement as a d e v i a t i o n 

from square p l a n a r c o - o r d i n a t i o n , which although l e s s common than 

an octahedral environment i n Cu(II) complexes i s found i n the complex 

C u ( p y O ) 4 ( C 1 0 4 ) 2
5 4 and i n ( N H 4 ) 2 C u C l 4

5 5 where the Cl-Cu-Cl angle i s 

r e q u i r e d by symmetry t o be 90°. (There are no atoms about the copper 

i n the present s t r u c t u r e which could complete the four short and two 

long bonds o f a d i s t o r t e d octahedron.) To i n v e s t i g a t e the s t e r i c 

i n t e r a c t i o n s that would a r i s e i n a square planar arrangement, p o s i t i o n s 

f o r atoms Cl(2) and C l ( 3 ) were c a l c u l a t e d on the C l ( l ) C u N ( l ) plane 

using the observed bond distances from the copper. This plane seemed 

a l i k e l y one from a model and was almost perpendicular to the r i n g . 

S e v e r a l unacceptably c l o s e contacts occur. The distance from CI(2) to 
o 

C(3) of the same molecule i s about 2.7 A and C(6) of the molecule 
o 

at 1/2 - x, y - 1/2, z there i s a contact of 2.9 A. Between CI(3) and 

C(5) of the molecule at x - 1/2, 1/2 - y, -z there i s a distance of 
o 

2.8 A. These distances can be compared with the sum of the van der Waals 
o 

r a d i i o f 3.8 A. The d i s t o r t i o n of CI(2) and CI(3) away from the plane 

increases a l l these non-bonded contacts and presumably leads to a more 

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

There are, however, s e v e r a l i n t e r m o l e c u l a r distances remaining 

which are somewhat l e s s than the sums of the van der Waals r a d i i . The 
o 

s h o r t e s t of these, a C1(3)...N(3) d i s t a n c e of 3.20 A (van der Waals 
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sum = 3.3 A ) , and a C l ( l ) . . . C ( 3 ) d i s t a n c e of 3.57 A occur between the 

standard molecule and the one at x - 1/2, 1/2 - y, -z. The f i r s t of 

these, the C1(3)...N(3) d i s t a n c e very l i k e l y i n v o l v e s a hydrogen bond. 

The P(3)N(3) . . .Cl(3) angle i s 126°, and the P(4)N(3)...Cl(3) angle i s 

104° so the molecular arrangement i s s u i t a b l e f o r such a bond. 

Although the hydrogen atom could not be located on the d i f f e r e n c e map 

the observed N(3)...C1(3) d i s t a n c e i s the expected value f o r a N-H...C1 

hydrogen b o n d . ^ As w e l l as these, there are s e v e r a l methyl...methyl 

i n t e r a c t i o n s l e s s than the sum of the van der Waals r a d i i (4.0 A). 

Those l e s s than 3.8 A are 3.69 A from C ( l ) to C(3) at x, 1/2 - y, 

1/2 + z, and 3.75 A from C(2) to the corresponding C(2) i n the mole­

cu l e at -x, 1 -y, -z. These are not to be considered unduly compressed, 
o 

however, si n c e C...C contacts of l e s s than 4.0 A are not uncommon. 

Recently Hanson has reported contacts between methyl groups of adjacent 
o 57 

molecules to be as small as 3.13 A. With n o n - r o t a t i n g methyl groups 

these need not i n v o l v e unreasonably small H...H d i s t a n c e s . 
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C. THE STRUCTURE OF BIS-(OCTAMETHYLCYCLOTETRAPHOSPHONITRILIUM) 

TETRACHLOROCOBALTATE(II) 

Experimental 

[(NPMe2)4H J 2CoCl 4 c r y s t a l l i zes as pale blue platelets 

from methyl ethyl ketone. The platelets are elongated along £ with 

the (010) face developed. Space group and unit c e l l information were 

obtained in the usual manner from oscillation and Weissenberg photo­

graphs. Some thirty diffractometer-measured 29 values were used in 

a least squares technique to refine the c e l l parameters. 

Crystal Data (X, Mo-K^ = 0.7107 A) 

[(NPMe 2) 4H +] 2CoCl 4
2 _, M= 803.17. 

Monoclinic, a. = 10.435 ± 0.01 A, b = 32.83? ± 0.02 A, £ = 11-174 ± 

0.01 A, 6 = 102.29 ± 0.1°. (Here ± refers to a). 

U = 3740.7 A 3, D = 1.45 g.crn."3 (flotation), Z = 4, D = 1.43 g.cm."3. — ~_\ — —c 6 

F(000) = 1668. 

Absorption coefficient, ufMo-K^) = 11.6 cm 

Absent reflexions : hOE when h + £ = 2n + 1, and OkO when k = 2n +1. 

Space group P2^/n. 

Considerable d i f f i c u l t y was encountered during the data c o l l ­

ection because of the small crystalline size of the sample and the long 

b-axis of the unit c e l l . Numerous attempts to prepare larger crystals 

by varying solvents and crystallizing conditions were unsuccessful. 

After a systematic examination of the entire sample, the crystal having 
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the g r e a t e s t t h i c k n e s s was s e l e c t e d f o r the i n t e n s i t y measurements. 

This c r y s t a l , however, was s t i l l very small and measured 0.2 mm. i n 

leng t h , 0.1 mm. i n breadth, but only 0.02 mm. i n t h i c k n e s s . The small 

s i z e of the c r y s t a l r e s u l t e d , u n f o r t u n a t e l y , i n a large number of weak 

and b a r e l y detectable i n t e n s i t i e s . A l s o the long b-axis caused 

c e r t a i n types of r e f l e x i o n s to f a l l c l o s e together i n r e c i p r o c a l 

space. R e f l e x i o n s of the c l a s s Okt, i n p a r t i c u l a r , overlapped badly 

when measured on the d i f f r a c t o m e t e r w i t h Ôk + 1, £ r e f l e x i o n s s i n c e 

t h e i r 28 values were c l o s e together and the d i f f e r e n c e s i n X were not 

great enough to p r o p e r l y separate the i n t e n s i t i e s . 

The seriousness of these problems was not f u l l y appreciated 

u n t i l midway through the a n a l y s i s . The i n t e n s i t i e s were recorded 

i n i t i a l l y on a card-automated General E l e c t r i c XRD-6 Spectrogoniometer 

equipped w i t h a s c i n t i l l a t i o n counter and a pulse height analyser. 

Z i r c o n i u m - f i l t e r e d Mo-K r a d i a t i o n was used with a 8-20 scan. The 
—a 

measurements were co r r e c t e d f o r background, Lorentz and p o l a r i z a t i o n 

f a c t o r s were a p p l i e d , and the three-dimensional Patterson f u n c t i o n was 

summed. 

As w i l l be explained i n the S t r u c t u r e A n a l y s i s s e c t i o n , the 

r e l i a b i l i t y of these i n t e n s i t y measurements l a t e r became questionable. 

Consequently i t became necessary to r e c o l l e c t l a rge p o r t i o n s , i f not 

a l l of the data, i n a d i f f e r e n t manner. A c o n s i d e r a t i o n of the choices 

of X-ray r a d i a t i o n a v a i l a b l e i n d i c a t e d that Mo-K^ was probably s t i l l 

p r e f e r a b l e . The l i n e a r absorption c o e f f i c i e n t f o r Mo-K^ (u = 11.6 cm. ^) 

i s much s m a l l e r than f o r other r a d i a t i o n s : f o r Cu-K , u = 95.8 cm. 1, 
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for Fe-K , u = 127.6 cm." , and for Cr-K radiation, y = 204.7 cm. . —a' ' —a 
Copper radiation was especially unsuitable since the compound con­

tained cobalt atoms which would probably fluoresce. Since iron 

radiation might have proved useful, a study was made of the character­

i s t i c s of this radiation diffracted by the crystal. Although the 

reflected radiation was more intense than with molybdenum, and there 

was far less overlap of reflexions, the absorption was much more serious. 

At x = 90°, a reflexion of the type 00£ was found to vary in intensity 

by a factor of ten as the crystal was rotated about the (j) di a l . With 

filtered molybdenum radiation, by comparison, there was l i t t l e detect­

able variation. 

For recollecting the intensity measurements manual operation 

of the diffractometer seemed desirable. This would permit operator 

intervention where necessary to reduce overlapping of reflexions. The 

20 scan increment was reduced to 1° and the entire set of intensity data 

was recollected on a manual General Electric diffractometer. In an 

effort to compensate for the weak reflexions the scanning speed was 

reduced to 2° a minute from the usual 4° per minute. This, however, 

was not as beneficial as had been hoped for the general background from 

the molybdenum radiation was often comparable to the peak height. Once 

again this resulted in a large number of weak and unreliable intensities. 

As w i l l be explained later, many of these were included in the analysis 

only as "unobserveds". These were assigned a value of F Q = 

0.6 F(threshold), and because of the relatively large scaling factor 

(about 20) required to place the observed structure factors on the same 
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scale as the calculated ones, have f a i r l y large magnitudes in the 

final structure factor table. Of the 3483 reflexions measured with 

20 < 40°, only 1324 (38%) had total counts greater than 1.5 times the 

minimum background count. 

Structure Analysis 

The incorrect starting formula made the three-dimensional 

Patterson function more d i f f i c u l t to interpret than had been anticipated. 
-3 

The measured density of 1.45 g.cm. implied that there were probably 

eight molecules of the postulated [NPMe 2] 4CoCl 2 in the unit c e l l . 

(The calculated density for this assumption is 1.53 g.cm. .) With 

two molecules per asymmetric unit a strong Co-Co vector should occur 

between non-equivalent cobalt atoms in the Patterson map. This was not 

apparent. In addition, neither the Harker line at 1/2, 2y, 1/2 nor 

the Harker section at y = 1/2 contained well resolved unambiguous peaks. 

However, the orientation of a set of two chlorines about a cobalt atom 

could be determined from the near-origin region and when this same 

orientation was found about the Harker positions, the co-ordinates of 

one cobalt (and then two chlorine atoms) were tentatively determined. 

A structure factor calculation based on this possibility using the 

appropriate scattering factors from the International Tables and 
°2 

assuming isotropic temperature parameters of 4.0 A , gave an encourag­

ing residual of R = 0.63. A three-dimensional Fourier summation based 

on these positions indicated that the postulated formula was incorrect: 

there appeared to be two eight-membered phosphonitrilic rings but only 
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one cobalt atom in the asymmetric unit. Positions for the eight 

phosphorus atoms were obtained and a second Fourier was summed although 

the residual factor was s t i l l 0.59. From this the co-ordinates of the 

nitrogen atoms in the phosphonitrilic rings could be located. In addi­

tion, i t became clear that two other chlorine atoms completed a 

tetrahedral arrangement about the cobalt. The presence of these atoms 

discredited the i n i t i a l assignment of two molecules per asymmetric 

unit: instead of two molecules each containing one phosphonitrilic ring 
-2 

and a CoCl 2 .group, the actual unit consists of two rings and a CoCl^ 

ion. Each formula has approximately the same chemical composition and 

without a chemical analysis for the percentage of cobalt in the sample, 

i t is d i f f i c u l t to distinguish between the two. The partial chemical 

analysis together with the chemical composition of the postulated and 

actual structures are compared in Table VII. 

Table VII. Comparison of the postulated and actual composition of the 

compound with the chemical analysis. 

Element Analysis*(%) Theoretical Composition (%) 

Postulated 2-[NPMe 2] 4CoCl 2 

P 
N 
C 
H 
CI 

29.03 
13.56 
23.29 
6.03 
17.07 

28.81 
13.03 
22.34 
5.63 
16.49 

30.85 
13.95 
23.93 
6.27 
17.66 

J. Dyson. Ph.D. Thesis, Victoria University of Manchester, 1964. 
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One fi n a l Fourier summation was required to locate the 

methyl carbons. This was based on the positions of one cobalt, four 

chlorine, eight phosphorus and eight nitrogen atoms, the residual 

being 0.44. The sixteen methyl carbons were readily located and 

least squares refinement was commenced with R = 0.28. Refinement of 

the positional and isotropic thermal parameters began normally, but 

converged quickly. In successive cycles the residual decreased from 

0.28 to 0.24, to 0.23 and to 0.225. The relatively poor agreement 

between the observed and calculated structure factors was surprising 

since a l l non-hydrogen atoms had been located on the electron density 

map. Also the structure was chemically feasible and the density 

calculated from i t was in good accord with the measured density. 

Furthermore a Difference Fourier summed at this stage showed general 
o_3 

fluctuations of up to 2 e.A but no regions having large excesses of 

electron density. 

At this time an examination of the worst discrepancies 

between the measured and calculated structure factors indicated that 

sections of the observed data were unreliable. Some serious differ­

ences between the amplitudes measured on the automated-diffractometer 

and the corresponding spot intensities on the photographs were noticed. 

In some cases, also, backgrounds measured on the counter were 

unreasonably large. The crystal was remounted on the diffractometer 

and a more thorough study of intensity profiles indicated some serious 

overlapping of reflexions. For example, within the 20 scan of 1° either 

side of the weak 061 reflexion (20 = 8.33°), significant contributions 
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from the 051 (26 = 7.24) and the 071 (26 = 9.45) reflexions were 

included even though the x values differed by a minimum of 2.4°. 

This problem was worsened by the white radiation streaks accompanying 

the molybdenum radiation. In addition, the presence of intensities 

only slightly above the background - some of which were apparent on 

the Weissenberg photographs - prompted remeasurement of the entire 

data. As described earlier this was undertaken, and the intensity 

estimates then appeared to be more reasonable. The remainder of the 

analysis was carried out using these new manually-collected measure­

ments. At a later stage, a number of reflexions for which the observed 

intensities disagreed radically with the calculated structure factors 

were remeasured. In most cases a missetting of the angles on the 

manual diffractometer was responsible, since the remeasured values 

were more r e a l i s t i c . For some reflexions an anomalously high back­

ground or the residual of an extraneous peak were detected and the 

count was adjusted accordingly. For one reflexion, 032 (26 = 8.34) 

an accurate intensity could not be assigned because the streaking 

from the strong 022 reflexion (20 = 7.87) almost completely masked i t 

even though the difference in x w a s 8.1°. A value for this reflexion 

was estimated by visual comparison with neighbouring spots on the 

second level Weissenberg film. 

The overall agreement of this second set of data appeared 

substantially better than the f i r s t . The i n i t i a l R using the previously 

determined coordinates was 0.20 and decreased to 0.16 in a few least 

squares cycles. At this stage the treatment of weak reflexions was 



43 

reconsidered. Until this point a somewhat arbitrary figure of 3 counts 

had been taken as the minimum observable count. In view of the high 

random background present this seemed unreasonably low. The standard 
58 

deviation of a peak count given by counting statistics takes into 

account the magnitude,of the background as well as the scan count 

a = /B1 + scan + B 2 

where the backgrounds B̂  and are counts for half the scan time. On 

the basis of a minimum background of 120 counts (measured as 12), 

intensities' were classified as "unobserveds" i f they were less than 

three times their standard deviation. This is approximately equivalent 

to eliminating reflexions having net intensities below a threshold 

value of 6 measured counts. Unfortunately, this procedure resulted in 

a greatly depleted number of observed intensities. The least squares 

refinement was continued, however, for even in the fi n a l stages of 

refinement when a total of sixteen atoms were refined anisotropically 

there were s t i l l more than five observed reflexions per parameter. 

The weighting scheme used in the least squares refinement was 

varied slightly during the course of the refinement. This was chiefly 

to adjust the weights applied to the unobserved reflexions. These 

were given weights varying from 0.0 to 0.5 and f i n a l l y set at 0.2 which 
2 

made their wA comparable to the f i r s t range of observed reflexions. 
2 

In keeping wA approximately constant for ranges of F q the weights 
applied to the observed reflexions were of the form /w = |F | / F * for 

|F I < F * and /w = F * / | F I when I F I > F * with F * f i n a l l y set at 80. 1 o1 o1 1 o1 
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A f t e r r e c l a s s i f i c a t i o n o f the unobserved r e f l e x i o n s , and 

with very l i t t l e change i n the parameters the r e s i d u a l became 0.11. 

Three c y c l e s o f refinement o f the a n i s o t r o p i c thermal parameters of 

the c o b a l t , c h l o r i n e , phosphorus and n i t r o g e n atoms reduced R to 

0.089. At t h i s stage- a three-dimensional d i f f e r e n c e map i n d i c a t e d 

the p o s i t i o n s of most of the methyl hydrogens which had peaks of 
o_3 

0.3 to 0.5 e.A . F o r t y - f o u r of the f o r t y - e i g h t p o s s i b l e methyl 
o 

hydrogen atoms were located having C-H bond lengths between 0.8 A 

and 1.2 X, but the hydrogen atoms on each of the p h o s p h o n i t r i l i c 

r i n g s were not apparent. I n c l u s i o n of the f o r t y - f o u r hydrogen atoms 

i n 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 f u r t h e r reduced the r e s i d u a l to 

0.082 i n d i c a t i n g t h a t the assigned p o s i t i o n s were probably v a l i d . 

No l e a s t squares refinement o f the hydrogen atom p o s i t i o n s was a t t ­

empted. Refinement o f the heavier atoms was e s s e n t i a l l y complete a f t e r 

one f u r t h e r c y c l e at which time the i n d i c a t e d s h i f t s were a l l l e s s than 

the standard d e v i a t i o n s . The f i n a l r e s i d u a l was 0.077 f o r the observed 

r e f l e x i o n s . A l i s t of 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 i s 

given i n Table V I I I , and the f i n a l atomic co-ordinates and thermal 

parameters are l i s t e d i n Table IX, the hydrogen atom p o s i t i o n s being 

i n Table X. In Figure 5 s e c t i o n s of the f i n a l e l e c t r o n - d e n s i t y d i s t r i ­

b u t i o n are shown and i n Figure 6 there i s a drawing o f the s t r u c t u r e 

viewed along the c * - a x i s . 



Table VIII. Measured and calculated structure factors. The columns are 

45 h, k, Z, F , and F 1 . 
obs cal 

Unobserved reflexions have I F I = 0 . 6 
' o1 

F(threshold) and are indicated by a negative sign. 

(.6. 1 -61.7 

-?5. 3 
135. 3 
-?6.2 

-24.0 
4B.2 

-24.7 
-?5 . f l 
47 . 3 
52.2 

-28.13 
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-71.2 
-76.0 

90.3 
II?.9 
-16.5 

58.6 
-1 T. 5 
127. I 
108.7 -
-70.9 
-20. 3 
1*4. I 
51.2 

-21. 1 
-75.5 
-29.0 

175.9 • 
36. 7 

-20. 7 
-73.C 

-27.6 
**.5 

-29.5 

151.1 160.' 

-79. I 
-76. 1 
-7« .9 

-25.5 
-75. I 
-29.5 
-26.1 
-3C.C 

75.5 
-30.2 

*5.0 
101.7 -IPS.' 

Table VIII (continued) 

136.0 
-23.5 

5*.0 
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Table VIII (continued) 

- 5 . ? 

I 2. 3 

-.'0.1 

?•> .2 
SS.O 

- 7 0 . 5 
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Table VIII (continued) 

-3 11 6' 67 . 7 -67.3 - 1 23 6 -29 . 4 - 15.5 -3 9 7 -25.9 22 .9 0 23 7 -29.5 19.5 -7 11 a -11.2 72.9 0 7 „ -26. a -70. e 
I 1 6 -76.6 -70 . 4 2 23 6 -78.9 - 18 .4 50 . 2 54.7 -1 23 7 -30.6 -17.7 0 12 a 0 . 9 9 79.7 f>9.S 

- 4 11 e> -75. 7 31 .4 -2 23 6 -29.8 14 .9 - 4 9 7 -76.4 33.6 -7 23 7 -31.0 -6.0 1 12 e 6 1.7 59.4 -1 7 9 -7B.6 -11.6 
5 1 1 6 -27.8 10.5 - 3 6 -29,9 -18.5 5 9 7 -31.3 12 .4 -1 21 7 -31.1 - 4 4 . 7 -1 12 -78. 1 9 -16.7 

-5 -76.5 -7B.7 6 -30.7 -31 . 9 4 b . 6 51.4 0 0 - ? 5 . a -70 . 7 2 12 a -23.0 -74 . 1 -2.6 
-11.7 -2.6 -5 6 -31 . 4 10. 7 -6 9 7 23.4 7 0 8 -27.1 3 . 4 -2 12 a 94. 1 97 . 6 
-27. 7 - 4 4 .7 C b -26.B 20.0 -7 9 7 - 2 c a 60. 1 -71.2 3 12 a -28. 3 13,4 

- 7 1 1 6 .- 2 9 . C 24.7 I b 76 . 6 7 4 . 1 -8 9 7 -30. 3 -4. 7 c 8 .-29.3 4 4 . 1 -3 12 8 5. 7 -29 . 2 10. 1 
-8 1 1 6 -29.8 -12.5 -I 24 6 51.1 52.2 0 IC 7 -24 . 4 -16.5 -4 0 8 -76. 7 29 , 7 -4 12 a 49. 1 4 4 . 1 -5 7 9 -79.2 15 .9 

0 -21 . 4 -13.4 ? b -29.8 -13.9 I 10 7 -25.2 -4.0 -6 c a- 5B.0 - 4 5 .2 -5 12 a -79.5 -10.0 -5,4 
1 12 b - 2 * . 1 -45.1 -7 ?4 b -30.1 -14,4 -1 10 7 -25.6 29.0 -B c 8 93,6 - 109.H -6 12 8 -30.4 -0.2 0 8 9 -27 . 4 74. 7 

-1 -36.1 -3 b -30.4 10.0 2 IC 7 -26.7 - IB. ' 0 8 -24.5 5.5 0 1 3 a -26.9 4.6 1 8 9 -23.1 
12 b -25.0 38.1 b -31.7 18.0 -2 10 7 59.0 8 -76.0 12.5 1 13 a -77. ! -1 a -78.,1 14.1 

-7 1 Z 6 -2 * .e 40 . 6 0 25 b - 7 9 . 7 -5.1 3 10 7 -27.4 -74,6 -1 1 8 91.5 - 9 4 . 1 -1 13 s - ? « . 4 - 19,5 2 a 9 -79.8 1 .6 
1 -7t,b 78.5 1 6 -29. ) 7.9 - 1 10 7 -25.9 40.9 8 -76 . 1 - 8 . 9 8 -78.4 -74. 1 •7b. 7 

- 3 1 ? b -75. 1 - 4 5 . 2 - 1 25 b -10.5 9,2 4 IC 7 - 7 7 , 9 14. * -2 1 8 5 1 .4 54 .6 -7 11 8 9] . C »0.4 - i a 9 -74. 1 1 (• 
1 1 .7 - 2 6 -3C.4 - 1 9.4 - 4 10 7 1.5 B -77. e 3 1 3 a - 'C. 1 - 4 a -7 . $ 

-7b. Q - 1 6 - H . J -76 . 2 5 IC 7 -31.5 4 7 .5 8 - 7 6 . 4 16. 0 -1 13 a -78 . 6 •8.1 -5 H - i c . ; - '• c . ; 
-78.0 6 -31.0 -78 . 4 -5 IC 7 -7 7.5 8 Bh. 1 -4 I 1 - 6 B - JC. 7 ?«.. i 

-5 I i h -26. l 75 . i -7 26 6 -31.4 -5.7 - 6 IC ' ec. 4 -80.0 - 4 1 8 - 7 7.0 2.-J -5 1 1 8 -7'1. J. d . 5 0 ' 9 1 - 2 7,6 - 7 . 7 
-17. C 74. 3 C 7 - 7 - .4 47 . 2 -79.1 8 -77 . 7 75.4 e - n.6 1 9 

- 6 17 b 5 4 . 2 - 1 7 . 6 - 1 0 ' 7 IOM.) -101.1 - e t c 7 65. J -71.8 - 6 [ a -78 . 7 -76.5 0 14 i -77.2 2.0 -1 9 9 •7 l.C -7 6 . 1 
56. 7- -61 .7 1 c 7 173 .9 -126. ' 8 - 7 9 . 6 40 . 4 a 14. a 2 ') 77.4 

-e -30. 3 -41 . 7 - 1 c 7 67.9 -62. 3 4 3.5 - 18.7 -3C . 9 19.C 6 4 9 . C -46 . 2 - ." 5 . i' 
c 1 3 6 87.-. -15.C -5 0 ' 132.) -143.0 -26.0 a -7415 -76.1 a -25 . 9 - 1 9 
i 1 3 6 64.2 61.9 -7 c 7 60. i -54.2 2 11 7 50. e 47.1 1 8 -77.7 45. 7 -2 14 e -26 . 5 - ICO -4 t 9 -2Kb ?4 . 1 

13 t> -25. 1 - 2 . 6 C 7 -22.7 • 10 .7 -21.5 8 -76.2 11.3 8 -1C . 4 -78.6 •\C.7 
2 4 6 . 7 -31 . 4 1 7 46, 7 - 4 9 .0 -27. 7 -13.1 8 -76.8 -9.1 i -29.0 -41,9 -8.7 
-2 11 6 -75.0 - 15.4 - 1 1 7 -23.7 -8.1 -3 11 -7 69.3 71.0 -2 2 a 64. 0 -57.0 -4 14 a 54 . 6 70 .7 0 IC 9 -77.] >? . 5 

3 13 6 55.0 64 . 4 7 7 -25.0 -23.7 •7.7 a 64. 7 63.7 -5 14 H -3C. 1 I IC -26. 7 1 7 , f l 
-3 13 6 B4. 1 -101.9 -2 7 - 7 4.3 10.1 -22. 8 a -76.5 -8.9 -30 . 9 30 .2 -1 10 -29 . 2 -2. 7 

1 3 6 -10. 1 3 7 -26.C 17 . 6 -29.7 -19.? 8 56.1 48.6 0 15 8 32.H 7 IC - 1 r,. ? 
44.3 -3 7 67.4 69.9 -77,8 8 46.1 - 4 4.4 1 15 B -7 7 . 9 - 2 . 4 - 2 IC •2 1 

5 13 6 48.6 -56.7 7 47.2 -38.3 66.9 a -77.8 -39 , 4 R -79. 1 -2.0 -1 IC 18.5 
-5 13 6 -27.3 18.5 - 4 1 7 95.2 - 9 5 .2 - 7 11 7 -3C.0 -0.1 -b 2 8 -78.a 11.7 2 15 a -28.8 9 . 4 -4 IC 9 -79. ) 48.5 

-78.3 2.1 5 7 - 2 5 . 6 - lb.O -30. 7 19.8 8 -29 . 9 15.1 -2 15 B -78.9 45 .4 -5 10 -3C.5 - 7.4 
- T 78. d 83.3 7 -26.2 4.3 -42. 1 8 -31.3 12.1 1 15 B -3C. 7 - ! 1.5 -6 10 - 11 . 1 -79 . 9 
-8 -31.0 5.2 b 7 -30.5 -9.0 -25. 7 30.5 8 -74.6 -15.8 -3 15 8 84.6 9 -78.0 8 . 4 

C -24.1 38.5 7 -27.4 22.P 45.0 5C.4 8 -25.7 -2.1 - 4 15 6 -29.5 - 4 | . l 9 -?P. P 
-24.5 13.2 T -2B . 4 31 .8 -26. 5 30.9 8 -26 . 4 -1.8 - 5 15 8 -10. 5 1.4 - 4 4.1 

14 b -25.5 2.1 -8 7 -29.B -23.5 5.2 8 55. 7 -56.1 -6 15 B -11. 1 -23.1 9 -79 . 6 
2 1 4 6 102.C 103.5 0 7 -72.7 7. 1 61.8 8 -76.3 26.1 8 -27,B 24 . 5 -79 . 6 -15 . 4 
-7 I*. 6 103.8 -100.9 1 7 -25.7 -40.3 -26.5 24.0 B -27.9 9.3 8 -78.2 -1.7 
3 14 6 55, 7 59 . 6 - l 2 7 -24.3 -18.0 4 12 7 -28 . 4 - 1.1 - 3 i 8 44.3 -40.9 -1 16 8 -29,4 2.7 -4 | 1 9 -10 , 2 -49.4 

- 3 -26.C 5.5 2 7 46,4 48,3 -21.7 8 -29.0 a -79. 1 -34, 1 56.0 -58 . 1 
14 6 57 . 4 62.2 -2 7 70.3 -62.5 53. 7 49. 7 8 -77. 1 1.2 8 -29,2 19,0 9 -?»;.; -o.c 
1* 6 -26.5 -41.3 3 7 58.2 -68. 7 12.6 8 -27.B -13 . 6 a 16. 5 -41.6 

5 1 4 b -78. 7 13.2 -3 7 -24 . 7 - 9 . 1 5.8 8 -7B. B - 9 .2 a 57.8 9 5 7 . a -54.5 
-5 1* 6 87. 1 88.6 7 -27.1 12.1 -30.3. 9.2 8 -30.0 8 -10.5 -16.0 9 -79.6 5. 1 
-6 1 4 6 -2B.6 -10.4 -4 2 7 49. 1 -49.9 0 13 7 -75. 1 -2B.I -a 3 8 -31.3 18.6 0 17 a -78.2 -74 . 4 -2 12 9 -79. fl -42.5 
-7 14 b -29.9 -19,2 5 7 52. 3 -44.9 -25. 7 -0.5 e -24.7 11.3 1 17 8 -28.5 -2.? 9 -79. B - 4 7.1 
-8 14 6 -31.3 -0.4 -5 7 - 2 6 . 3 -50.4 73.2 76. 7 8 -26.T 32.4 -1 17 a -29.8 8.0 9 -10 . 4 - 7 . a 

0 15 6 -24.7 -19.4 6 7 -30.1 24.1 -76. 8 -39.0 8 67.8 61.7 2 • 17 a -29.5 -7.1 9 -30 . 9 19.B 
1 16 6 40.1 -6 7 -27.4 -49. 7 -26.b> 25.2 a T26.4 - 9 . 5 -7 17 a -79.6 -2.2 9 -7B.5 11.1 

-1 15 6 -25 . 9 9.4 -7 7 -2B.7 -19.4 -28.5 -43.1 8 -76.4 -12.1 -3 17 a -30.0 25. 3 9 -78.9 1 3.4 
? 15 6 -75.8 -3.7 -8 2 7 -30.2 -22.5 -3 13 7 72.1 -75.1 3 4 8 -28.4 -13.2 -4 17 8 -30.5 -5.3 -1 13 9 -10. 1 -11,1 

-? 15 6 55. 3 -52.8 0 7 80.5 -79.0 -29, 3 -1.5 8 67.2 b7.0 -5 1 7 8 -30.9 23.3 9 -29 . 9 7.6 
3 -27.6 -24.2 1 7 -23.8 -10.b 11.3 B -29.1 -15.8 0 18 a -2B.5 70.0 9 -30. 3 9. 1 

-3 15 b -26 . 4 38.4 -1 3 7 87.8 87.5 -5 13 7 .-78,5 25.2 - 4 (, 8 85.7 77.5 1 18 B -28 . 9 -18.4 - 4 13 9 -3C . 4 -11.1 
15 6 -28.5 -15.1 2 7 -25.4 14.1 -3,1 a -27.9 26.1 -1 18 8 -30 . 7 -35 . 4 -11.3 11.0 

- 4 - 5 . 1 -2 7 62.9 -58,4 -30.6 -29.2 8 -28.9 45.7 -2 18 8 -30.0 -1 . 5 9 -2a. B B.O 
5 15 6 -79,0 16.3 3 7 60.8 -70.6 -25.6 -1 . 9 8 -30. 1 -7.5 -3 18 a -30.4 -IB.3 -79.2 

-5 15 6 -28.0 23.2 - 1 ) 7 41.3 8.2 1 1 4 7 -76.0 21.4 -8 8 -31.4 12.0 -4 ia a -1C.9 8 . 1 -1 14 9 -3C . 4 -7.4 
-6 -79.1 -20.6 4 7 -77.3 -34.8 -27.1 43.9 B 55.4 59.b 8 -11.2 - i e . i -30.7 -73.1 
-7 -30.2 -33.1 -4 7 95.7 -105.1 -27. 1 24.4 8 54.6 52 . 4 0 19 B -45.0 -10 . 6 -79.0 

0 It 6 -25. 1 -18.4 5 7 -78.7 -32.3 -76,9 10.6 8 95.5 -101 .1 1 19 B - ? 9 , l 18.4 -30. 7 
1 lb b -75.2 19.1 -5 3 7 -2b.3 -51.8 3 14 7 -2B.6 - l b .5 2 5 B 68.1 58.8 -1 19 8 -10.6 b. 3 0 15 9 - ? 9 . | 7 7.4 

-I 1C 6 -26 . 4 24.0 7 -27.5 -2.4. 73.5 B 59.5 6b. 3 8 -10.4 -19,2 9 -3C. 7 
? 16 6 -26.2 -5.1 -T 3 7 -28.B 21.6 4 14 7 -29.6 -46.5 3 ; a -2B . 5 12.3 -3 19 8 -30.8 3. 1 -2 15 9 -10. 5 - 15 . C 

-2 IC 6 53.6 55. 1 -a 7 -1C.2 4.0 -77.8 3.9 8. -26.7 -27.6 - 4 19 a -31.2 7 . 5 9 63.0 6S . 5 
3 16 6 52.8 42. 7 0 7 41.8 19.2 -28.8 - 0 . 9 . a -29.6 - 16. ) a 2C 6 -24 . 4 -31.0 -11.1 

- 3 -2b.8 39 . 2 i 7 89.0 92.5 -29. 7 7b,9 8 89 . 4 -H5.7 -1 20 a -31.0 -18.7 -29 . 4 -16.5 
4 lb 6 -28.3 7.8 - l 4 7 -24,1 37,4 -7 14 7 -30.9 -14.H -5 5 8 -?7.4 -1 1.0 -2 2C a -30.8 40. 3 -1 16 9 -31.1 10. ^ 

16 6 -27.1 -46. 1 2 7 -24.6 -15.6 58.0 -54.5 8 -29.C -49.7 -1 20 a -31.C 13 .4 -30.a -14 . 6 
5 -3C.0 -17.3 -2 7 52.4 -55.7 -26. 1 -2.1 8 -30.2 7.5 -1 21 a 25.5 -31.2 -77 .5 

-5 U 6 -?B. 1 29.7 3 7 -76.6 -13.6 -8.7 8. 75.5 81.1 -2 71 a -31 , 4 -36.2 -31 . 4 7.7 
lb* 6 57.0 64.6 -3 7 47.0 -31.1 -77.3 13.6 8 50. 7 42.8 1 0 9 -78.2 41.0 9 -31.2 - 5 .8 

-30.6 26.8 7 -27.4 b.e -27.3 -9 . 7 8 59. 8 -58. 7 -1 0 9 10 
0 17 b -25.5 34.9 -4 • 7 75.5 -77.7 -29. 1 11.3 B -2b.8 -13.7 1 0 89.b 81.b 10 -29. 7 17.1 
1 17 6 -25.6 5.7 5 7 -78.8 31.8 -27.1 -74,2 6 B -26. 7 -2.2 -1 C 9 47.8 42.7 10 61.5 61.1 

- 1 17 6 -26.8 -16 . 4 -5 7 -26 . 4 -20.7 57 . 9 66.8 B -25 . 9 -73.5 -5 0 9 -29.C 8.3 10 -28.1 10.1 
2 1 7 6 -26.6 22.6 7 -27.6 8.1 -28. 1 -32.5 8 -2b.9 -20. 1 -7 0 -30. 9 -7.3 10 -12 . 2 

-2 I 7 6 -76. 7 -16.9 -7 7 -28.9 2b.3 53.2 -54.8 6 B -29. 7 6.2 9 56. 1 45.0 10 bC. 1 65.'i 
1 17 6 92,7 57,8 -8 4 7 -3C.3 - 15.2 -6 15 7 -30. 1 26. 3 -1, 6 a -27 , 4 -33.8 1 I 9 -27.9 -28.4 -2 1 10 -10.0 70.0 

-3 78.8 -BO. 5 0 T 4 9 . 2 -56 . 4 -31.2 -42.9 8 4 7 . C -32 . 9 9 -77 . 5 -75.7 10 -30.1 -15 . 9 
1 7 b -79.5 45.5 7 60. 1 -56.5 -76.3 -2B. 1 6 8 -28,5 - 10 .6 58.5 -40.2 10 -30.5 - 6 . 1 

69. 7 76, 1 7 -24.7 - 9 . 4 -26. 7 3.5 8 55. 3 52 . 9 9 -28. 1 -12.2 10 -31.0 -12 . 1 
5 17 6 -30.4 54. 1 2 5 7 45.4 -40.5 - l i b 7 69. 6 -7B.7 7 8 -75.5 28.1 1 1 9 66, 8 50.8 0 2 10 -28 . 7 4 1.5 

-5 1 7 6 63 . 7 -85,0 -2 7 -24.7 - 6 . 4 25.9 8 -76 . 4 -15. 1 9 -2B. » -5.1 10 -70.1 
- 6 -79.8 8 . 4 3 7 -26.7 19.2 -77.7 -0.4 a -26.7 O.B -78. 7 37.6 10 -30. 1 -7 1,0 
- 7 17 6 -3D.9 -27 . 4 - 3 7 -75.0 -17.7 -28. T -2.9 8 79.5 79.9 9 -79.4 -27 . 4 10 56. 8 50.5 
0 18 6 -25.9 4 7 -27.9 -30.a -3 16 7 -78.2 6.'7 8 77.0 B1.9 9 -30.2 -2.1 10 64. 5 -58.0 
1 18 6 -76. 1 -?4.9 7 -75.1 -8 . 7 -30.5 -48.4 -8 -27. 7 0.5 -30 . 9 12 .7 10 -30. 5 

- 1 18 6 -27. 3 31 .1 5 5 7 67.2 71.1 -4 16 7 -7B.5 -22.7 _ j 7 8 -27.1 24.1 0 2 9 -26. 1 - 7,3 -5 2 10 -31.0 30.7 
7 18 6 -5 7 -26.C 20. 1 B -31.3 18.5 -59, J 10 -78.2 
-7 10 6 -2 7. ? -10. 1 -6 5 7 -27 . 7 -6 . ( -6 16 7 -30.5 45.7 -t 7 8 -77,6 )9.2 -1 2 9 -78.2 20.2 1 3 10 -29. 1 14.1 

i u 6 -78.0 5 . 6 - 7 7 -29.0 -38.8 - 4 4 .2 a -27.7 -70.0 -28,7 2b. 1 10 57." 
- 1 18 6 -77. 7 -11. 1 -8. 7 -30 . 4 7.9 -2 7.0 -40.2 e 64. 0 59 .4 9 -77 . 5 10 - 30. 1 

le b -29.6 -35.1 0 7 -23.2 -41.7 -28. 1 74.7 8 60.7 66.7 57. 3 10 -29.5 
id 5 53.7 7 68.2 64. 7 -78.0 8 B -25.6 -3.1 -28. J 11.0 10 -30. 5 

-5 -21 . 9 26.3 7 42.4 -42.3 48.0 49.0 e 8 -76 . 4 21.0 90, 8 92.B 10 
-b 1 fc 6 -30 . 2 32 . 6 2 6 7 -25.0 26.6 3 17 7 -29.0 -9.6 - | B 8 -7b. 9 71.8 -5 2 9 7 1.5 77 .2 0 4 10 -2B. I -76.6 
- 7 le 6 - 9 . 7 -2 7 124.5 130.3 -10 . 5 8 8 70.0 -66. B 9 -30.7 17.3 10 -30 . 4 

76 . 2 Bl . 7 3 7 -28.1 2.9 5B. 1 8 a -26.9 -15.7 9 -31.3 10 
1 1 9 6 -26.5 3. 1 - 3 7 -75.2 - 16. 1 42 . 6 8 B -2a.o 9 - 4 .3 10 11.8 

-1 19 6 - 7 7 . 7 -1.7 4 6 7 -78.1 -25.0 -6 17 7 -30. a 35 . 6 . 3 8 8 -27 . 4 - 0 . 1 1 3 9 -27.5 22.1 -3 4 10 -79 . 6 -7 7.1 
-27.1 7B .4 7 -25.8 -10.6 0 IB 7 8 8 -31 . 4 11.4 9 -28. 3 -17.2 10 
-7 7 .7 6.3 5 7 - 7 9 . 4 23.2 1 1 8 7 -27.4 -35.9 8 B -27.B -11.9 9 -79.7 19.9 10 

3 15 6 - 1 . 9 - 5 7 5C.5 44.6 - 1 18 7 -28. 7 -46 . 6 8 8 -28.5 -41. 1 9 48. 1 lb.5 1 0 
- J 11 6 - 7 " . 2 40.7 -6 6 7 49 . 6 - 4 7.5 2 16 7 -28.5 24. 1 -6 a B -28.8 24.6 1 3 9 -29 . 6 8.3 1 5 10 - 10. 5 78. 1 

1 ? 6 -10. 2 - 7 6 7 -29.1 17.5 -2 18 7 -2B.5 - 1.6 e 8 -29.9 1.7 9 -77 . 7 -5.5 10 -30.4 
-i . 19 b 58. 7 55.8 -8 6 7 -30.5 17.1 3 18 7 -29. 4 75.0 9 8 -25.8 lb.4 - 4 3 9 -28. a 33.0 - 2 5 10 -30.4 - 16 . 1 
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Table IX. Final fractional positional and thermal parameters. 

X y z mean a 
°2 B (A ) a(B) 

Co 0. 4613 0.1178 0. 2881 0 0054 
c i ( i ) 0. 3034 0.1298 0. 1126 0 0101 
Cl(2) 0. 5639 0.1762 0. 3666 0 0111 
Cl(3) 0 6009 0.0733 0. 2321 0 0117 
Cl(4) 0 3590 0.0927 0 4368 0 0108 
P(D 0 0780 0.3327 0 3794 0 0098 
P(2) 0 2942 0.2883 0. 5231 0 0097 
P(3) 0 1348 0.2186 . 0 4595 0 0099 
P(4) -0 0907 0.2677 0 4571 0 0099 
P(5) 0 2628 -0.0149 0 2350 0 0096 
P(6) 0 1131 -0.0823 0 3057 0 0102 
P(7) -0 1147 -0.0318 0 2865 0 0097 
P(8) 0 0201 0.0379 0 2146 0 0096 
N(l) -0 0329 0.3157 0 4597 0 027 
N(2) 0 2110 0.3126 0 4032 0 028 
N(3) 0 2327 0.2462 0 5494 0 028 
N(4) -0 0020 0.2384 0 3992 0 028 
N(5) 0 1807 0.0247 0 2748 0 025 
N(6) 0 1903 -0.0552 0 2209 0 026 
N(7) 0 0007 -0.0618 0 3572 0 025 
N(8) -0 0764 0.0010 0 1942 0 025 
C(l) -0 0002 0.3268 0 2173 0 044 5.25 1.06 
C(2) 0 0857 0.3842 0 4144 0 042 4.52 0.96 
C(3) 0 3138 0.3213 0 6606 0 049 4.03 0.90 
C(4) 0 4552 0.2813 0 4930 0 042 4.58 1.01 
C(5) 0 2016 0.2036 0 3291 0 042 4.66 1.03 
C(6) 0 1191 0.1718 0 5369 0 044 5.16 1.04 
C(7) -0 1005 0.2582 0 6085 0 038 3.60 0.89 
C(8) -0 2482 0.2703 0 3654 0 040 4.43 0.94 
C(9) 0 3150 -0.0032 0 0955 0 038 3.69 0.88 
C(10) 0 4135 -0.0143 0 3524 0 042 4.70 0.97 
C(ll) 0 2275 -0.1031 0 4407 0 035 ' 3.04 0.81 
C(12) 0 0526 -0.1248 0 2112 0 044 5.01 1.03 
C(13) -0 2479 -0.0606 0 1966 0 048 3.76 0.88 
C(14) -0 1847 -0.0092 0 4051 0 051 2.89 0.79 
C(15) -0 0041 0.0759 0 3215 0 036 2.98 0.82 
C(16) 0 0051 0.0615 0 0686 0 039 3.89 0.93 

./continued 
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Table IX (continued). Anisotropic thermal parameters (U.. i n A x 10 ). 

hi »12 ^13 »22 »23 ^33 mean a(U) 

Co 3.69 -0.39 1.24 3.06 0.44 5.11 0.28 
c i ( D 3.68 -0.14 0.81 4.53 0.10 5.04 0.57 
Cl(2) 5.13 -0.54 1.35 4.04 1.00 7.83 0.61 
Cl(3) 6.17 3.15 1.84 5.52 0.65 8.21 0.68 
Cl(4) 5.83 -0.94 1.69 4.37 0.53 5.49 0.60 
P(D 1.87 0.17 1.49 3.17 0,72 5.12 0.54 
P(2) 2.56 -0.01 1.16 3.17 0.90 4.00 0.52 
P(3) 2.99 0.14 1.52 2.46 0.74 4.55 0.53 
P(4) 2.91 -1.06 1.56 3.77 - 1.37 3.44 0.54 
P(5) 2.46 0.00 0.45 3.61 0.19 2.44 0.52 
P(6) 3.76 -0.19 1.84 2.79 0.12 3.85 0.54 
P(7) 3.63 -0.86 0.68 3.28 0.33 2.05 0.52 
P(8) 2.45 0.21 0.83 3.00 0.30 3.05 0.51 
N(l) 2.78 -1.69 1.25 1.09 1.70 6.01 1.61 
N(2) 4.29 0.91 1.00 2.84 -0.03 3.21 1.63 
N(3) 2.99 -1.61 -0.38 3.06 1.35 3.87 1.65 
N(4) 3.28 0.06 1.43 1.91 ^0.95 5.31 1.62 
N(5) 1.63 1.70 1.73 1.86 0.94 4.03 1.40 
N(6) 2.96 0.47 0.68 3.11 -0.41 1.32 1.48 
N(7) 0.99 0.68 -0.49 1.04 -0.24 2.84 1.40 
N'(8) 3.31 0.54 0.93 2.79 0.91 1.23 1.45 



Table X. Hydrogen atom positions located on difference map. 

°2 X y z 

H(l-l) -0.061 0.317 0.167 
H(l-2) 0.086 0.302 0.217 
H(l-3) 0.000 0.353 0.200 
H(2-l) 0.086 0.384 0.483 
H(2-2) 0.000 0.399 0.400 
H(2-3) 0.077 0.384 0.317 
H(3-l) 0.374 0.308 0.733 
H(3-2) 0.335 0.298 0.617 
H(3-3) not located 
H(4-l) 0.431 0.253 0.450 
H(4-2) 0.374 0.298 0.500 
H(4-3) 0.489 0.268 0.583 
H(5-l) 0.134 0.183 0.283 
H(5-2) 0.172 0.201 0.400 
H(5-3) 0.297 0.207 0.333 
H(6-l) 0.182 0.149 0.550 
H(6-2) 0.201 0.198 0.550 
H(6-3) 0.058 0.164 0.604 
H(7-l) -0.134 0.225 0.600 
H(7-2) -0.201 0.274 0.600 
H(7-3) T0.067 0.250 0.700 
H(8-l) -0.262 0.247 0.392 
H(8-2) -0.214 0.283 0.292 
H(8-3) -0.339 0.295 0.367 
H(9-l) 0.364 0.030 0.100 
H(9-2) 0.240 0.000 0.050 
H(9-3) 0.402 -0.015 0.075 
H(10-l) 0.402 -0.030 0.417 
H(10-2) 0.460 0.015 0.350 
H(10-3) 0.364 0.015 0.383 
H( l l - l ) 0.230 -0.131 0.375 
H(ll-2) 0.192 -0.116 0.500 
H(ll-3) not located 
H(12-l) 0.000 -0.116 0.142 
H(12-2) 0.125 -0.134 0.233 
H(12-3) 0.019 -0.146 0.283 
H(13-l) -0.192 -0.070 0.150 
H(13-2) -0.316 -0.040 0.183 
H(13-3) not located 
H(14-l) -0.240 -0.030 0.383 
H(14-2) -0.125 0.003 0.450 
H(14-3) -0.240 0.009 0.350 
H(15-l) -0.096 0.082 0.333 
H(15-2) 0.096 0.085 0.325 
H(15-3) 0.038 0.046 0.317 
H(16-l) 0.067 0.082 0.092 
H(16-2) -0.058 0.067 0.133 
H(16-3) not located 



52 

Discussion 

The structure of [NPMe2]^.CuCl^ showed that a phospho­

n i t r i l i c ring could be associated with a transition metal atom by 

means of a covalent bond between the metal and a nitrogen atom of 

the ring. In [(NPMe2)^H+]^CoCl^^ by contrast, the association is 
2 -

an ionic one with the CoCl 4 ion hydrogen-bonded, to two protonated 

phosphonitrilic rings. In both compounds the addition of a proton 

to a ring nitrogen atom destroys the equality of the P-N bond lengths 

and causes them to deviate from the ideal values found in the symmetric 
40 • 

parent compound, [NPMe2]4-

The phosphonitrilic rings in [NPMe2]4 and [NPMe2]4H.CuCl3 

approximate the "tub" conformation. It is interesting, therefore, to 

note that i n [(NPMe 2) 4H +] 2CoCl 4
2~ one of the rings approaches the 

"saddle" shape. The two conformations can be distinguished on the 

basis of the deviation of the phosphorus and nitrogen atoms from the 

best plane through the ring atoms as well as from the dihedral angles 

between successive NPN/PNP planes. In the "tub" form, as has been noted 

previously, the ring atoms occur in pairs alternately above and below 

the ring. The dihedral angles in this conformation would then vary 

around the ring as. the atoms alternatively have their z-axes approx­

imately aligned (when the atoms are on the same level) or mismatched 

(when they are not). In the idealized "saddle" conformation on the 

other hand, the phosphorus atoms are planar with successive nitrogen 

atoms deviating in opposite directions from the plane. This 



Figure 5. Superimposed sections of the final Qthree-dimensional electron density distribution. 
Contours are ^rawn at 1,2,3 ... e.A 3 for the nitrogen and carbon atoms, and at 
1,5,10 ... e.A ^ for the copper, chlorine and phosphorus atoms. on 
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arrangement requires the dihedral angles to he approximately equal 

around the ring. Ring I (P(l)-P(4)) is similar to the unperturbed 

parent compound and has adjacent P-N segments alternately up and 

down. In common with most phosphonitrilic structures (a recent 
59 

exception being [NPfNM'e^]^ ) the nitrogen atoms are displaced more 
o o 

from the ring plane (0.59 A) than are the phosphorus atoms (0.40 A). 

The dihedral angles between successive PNP/NPN planes are 59.7°, 25.0°, 

68.1°, 21.5°, 60.0°, 38.9°, 80.1° and 15.0° beginning from the 

protonated nitrogen atom and progressing clockwise around the ring. 

In ring II (P(5)-P(8)), however, the phosphorus atoms are very nearly 

planar with the mean deviation from the plane being only 0.02 K. The 

nitrogen atoms are displaced alternately above and below the plane an 
o 

average distance of 0.61 A. In this ring the dihedral angles are more 

regular. Around the ring they are 39.0°, 63.1°, 60.2°, 42.6°, 45.1°, 

52.5°, 54.2° and 43.1°. On the basis of the atomic displacements and 

the trends in the dihedral angles, ring II tends more toward the 

"saddle" shape although i t lacks the symmetry required to equalize the 

T r-interactions. It would seem from this analysis that the distinction 

between the two conformations can not be very great, for there is no 

indication of an overall preference towards a shape which favours pre­

dominantly TT or TT -bonding within the compound. 
3. S 

In the crystal structures of N^P^C^(NHPr1)^, HC1 3 5 and 

[NPN^] ̂ H.CuCl^ the protonation of the phosphonitrilic ring was shown 

to have a marked effect on the ring bond lengths and angles. The 

phosphonitrilic rings in both these compounds had other perturbing 
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features: in the f i r s t , the ring bond lengths were probably influenced 

by the different substituents on the ring, and in second, the bond to 

copper would disrupt the Tr-electron system. [ (NPMe2)^H+] ̂ CoCl^ 2 would 

appear to be a good structure in which to see the effect of disturbing 

the ring bonding systems only by the addition of a single proton. 

Although the present analysis i s not as accurate as the other two, 
o 

(the standard deviation of the P-N bonds being about 0.03 A) some con­

clusions can be based upon the intramolecular bond lengths and angles 

listed in Table XI. 

The phosphorus-nitrogen bond lengths vary considerably 

within the rings and i t is surprising that corresponding bonds having 

the same relationship to the protonated nitrogen are not more nearly 

equal. Rather than considering individual bond lengths in detail, i t 

would seem more appropriate to examine averaged values for these are 

more regular in the two phosphonitrilic rings. In each ring the pattern 

is the same: moving from the protonated nitrogen, the longest P-N bond 

is followed by the shortest, then a longer one is followed by a shorter. 

The mean values averaged over four chemically equivalent bonds are 

1.695 A, 1.538 A, 1.614 A, and 1.582 A, (a = 0.02 A). This is the same 

sort of order found in [NPN^] ̂ H.CuCl^ except that there the fin a l pair 

of bond lengths is longer because of the attached copper atom. A 

pattern of this nature cannot arise from inductive effects, and would 

appear instead to be a phenomenon associated with-the interactions of 
60 

the Tr-electron system. 



o 
Table XI. Bond lengths (A) and valency angles (°). 

P-N bond lengths (a = 0.03 A) 

Ring I 

N(l)-P(l) 
P(l)-N(2) 
N(2)-P(2) 
P(2)-N(3) 

= 1.702 
= 1.509 
= 1.641 
= 1.576 

N(l)-P(4) 
P(4)-N(4) 
N(4)-P(3) 
P(3)-N(3) 

1.686 
1.565 
1.583 
1.561 

Average 
1.694 
1.537 
1.612 
1.568 

Ring II 

N(5)-P(5) 
P(5)-N(6) 
N(6)-P(6) 
P(6)-N(7) 

= 1.668 
= 1.516 
= 1.632 
= 1.565 

N(5)-P(8) 
P(8)-N(8) 
N(8)-P(7) 
P(7)-N(7) 

1.723 
1.559 
1.600 
1.624 

1.696 
1.538 
1.616 
1.594 

P-C bond lengths (o = 0.04 A) 

P(l)-C(l) 
P(2)-C(3) 
P(3)-C(5) 
P(4)-C(7) 
P(5)-C(9) 
P(6)-C(ll) 
P(7)-C(13) 
P(8)-C(15) 
mean P-C 

1.831 
1.855 
1.813 
1.745 
1.799 
1.845 
1.801 
1.782 
1.795 

P(l)-C(2) 
P(2)-C(4) 
P(3)-C(6) 
P(4)-C(8) 
P(5)-C(10) 
P(6)-C(12) 
P(7)-C(14) 
P(8)-C(16) 

1.733 
1.797 
1.789 
1.745 
820 
782 
804 
783 

Co-Cl bond lengths (a = 0.02 A) 

Co-Cl(l) = 2.311 
Co-Cl(2) = 2.280 
Co-Cl(3) = 2.246 
Co-Cl(4) = 2.308 
mean Co-Cl = 2.286 

./continued 
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Table XI (continued) 

Angles at nitrogen (a = 1.8°) 

P-N-P P-N-P Average 

N(l) 125.3 N(5) 127.1 126.2 
N(2) 131.6 N(6) .135.5 ) 
N(4) 129.4 N(8) 132.1 ) 
N(3) 128.7 N(7) 128.2 128.5 

132.2 

Angles at phosphorus 

N-P-N (a = 1.5°) C-P-C 

P(l) 117.8 108.4 
P(2) 114.4 106.7 
P(3) 116.3 104.2 
P(4) 109.9 109.6 
P(5) 115.8 104.3 
P(6) 118.7 106.3 
P(7) 117.4 104.0 
P(8) 114.0 108.1 
mean 115.5 106.4 

Angles at cobalt (a = 0.5°) 

112.0 
105.2 
108.4 

CI(2)-Co-Cl(3) 
Cl(2)-Co-Cl(4) 
CI (3)-Co-Cl(4) 
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As was the case in [NPMe2] ̂ H.CuCl^, the longest P-N bonds 

are those involving the protonated nitrogen atoms. The mean value 
o 

of 1.695 A again suggests only weak Tr-overlap. With the nitrogen 

lone pair electrons required for bonding the hydrogen atom, only the 

TT -system can be operative. The bond length i s again similar to 
47 48 

those found in the metaphosphimate compounds ' where the bonding 

system is analogous. It is significant also that the smallest 

P-N-P angle in each ring occurs at the protonated site suggesting 

weaker inter-bond repulsions and hence less electron density in 

these links than in any of the other P-N bonds. 

The parameters which are unaffected by the perturbation 

are very similar to those in [NPMe2]^H.CuCl^ when averaged values are 

considered. The angles at phosphorus, N-P-N = 115.5° and C-P-C = 

106.4° are close to the values of 114.0 and 106.6° found in the copper 

compound. Also, although the phosphorus-carbon bond lengths vary 

somewhat, the mean value 1.795 A is in good accord with the 1.782 A 

in [NPMe'2]4H.CuCl3 and the 1.805 A value for the P-C bond length in 

[NPMe 2] 4. 4° 
The phosphonitrilic rings are linked by hydrogen bonding to 

2-

the tetrahedral CoCl 4 ion in much the same way as different molecules 

of [NPMe2J4H.CuCl3 were connected. The distance between Cl(l) of the 

standard unit and the protonated N(l) atom of ring I at position 

x + 1/2, 1/2 - y, z - 1/2 is 3.21 A; similarly, the separation between 
o 

Cl(4) and N(5) of ring II is also 3.21 A. These distances correspond 
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to the average N+-H...C1 separation usually reported. The distance 

can be compared with the sum of the van der Waals radii for nitrogen 
o 

and chlorine of 3.3 A. The angles around these nitrogen atoms also 

support the hydrogen bond assignment. In the f i r s t instance the 

P(1)N(1)...Cl(l) angle is 126.6° and the P(4)N(1)...CI(1) angle is 

107.6°. In the second case the P(5)N(5)...CI(4) angle is 115.1°, the 

P(8)N(5) . . .Cl(4) angle, 116.4°. The hydrogen bonding i s shown in 

Figure 7 where the packing in the unit c e l l is drawn viewed down the 

c-axis. 

Apart from these hydrogen-bonded distances the shortest 

intermolecular contacts occur between the nitrogen and carbon atoms. 
o 

The shortest of these i s a distance of 3.44 A between N(6) and C(16) 
o 

at -x, -y, -z. There are two other contacts less than 3.6 A: that 

between N(4) and C(3) at x-1/2, 1/2 - y, z - 1/2 of 3.53 A; and 

that between N(3) and C(8) at x + 1/2, 1/2 - y, z + 1/2 of 3.54 A. 
o 

In addition there is an approach of 3.53 A between C(10) and the 

centrosymmetrically related atom translated a unit c e l l in the x and 

z directions. As was mentioned in the discussion of [NPMe2]^H.CuCl^, 

none of these distances are unreasonably small. 





PART II 

THE STRUCTURE DETERMINATION OF 

HEXADECAMETHOXYCYC LO-OCTAPHOSPHONITRILE 
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A. INTRODUCTION 

In the Introduction to Part I, the crystal structure 

determinations of six- and eight-member phosphonitriles were reviewed. 

The major structural features were mentioned, and in some cases 

explanations for these were attempted in terms of the bonding theory 

described. While many of the same principles hold for larger rings, 

there are also differences which should be examined. Before discussing 

the present analysis of a sixteen-member ring i t would be wise to 

complete the survey of structural information available for the 

phosphonitriles by reviewing the X-ray work which has been published 

on compounds greater than the tetramer in size. In this way, features 

which are peculiar to the larger rings may be anticipated and looked 

for in the structure of [NP(OMe)„]_. 
2 o 

Very few X-ray studies have been carried out on the larger 

phosphonitriles, the conformations of the trimers and tetramers having 

received the most attention. The two structures which have been 

reported are summarized in Table XII. With the larger rings, planar 

Table XII. X-ray structure determinations of the larger phosphonitriles. 

Compound P-N(A) Angle PNP(°) Angle NPN(°) Ring Shape Reference 

[NPClJ,. 1.49 to 148.6 118.4 nearly planar, 62 
1.55(.015) re-entrant 

nitrogen atoms 

120.0 puckered, 59 
T, (tub) 

[NP(NMe ) ] 1.56(.01) 147.5 
1.67(exo.) 
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shapes with equal angles are not readily attainable because the angles 

at phosphorus and nitrogen would have to become unreasonably large. 

This obstacle is overcome in the pentameric chloride by means of 

re-entrant nitrogen atoms and the molecule is able to remain nearly 

planar. As a consequence of this, the average angle at nitrogen (148°) 

is rather large. Although the range in individual bond lengths is 
o 

considerable, the average P-N bond length (1.52 A) is shorter than in 

the corresponding trimeric and tetrameric chlorides suggesting that 

a planar shape and large P-N-P angles permit maximum TT-interactions. 

In addition, Molecular Orbital theory predicts that T r-electron energies 
21 

per electron increase slightly with increasing ring size. Thus i f 

the ligands on phosphorus are the same, larger rings are likely to be 

more strongly bound. This tendency is also found to a smaller extent 

in the hexameric dimethylamide. The twelve-member ring has a puckered 

conformation with pairs of adjacent phosphorus and nitrogen atoms 

alternately up and down. This is reminiscent of the "tub" conformation 

found in the tetrameric series and i t would seem that in this case also 

the steric requirements of the exocyclic groups are the major factor in 

determining the shape. In common with i t s tetrameric analogue, some 

secondary bonding occurs between the ring and the exocyclic nitrogen 

atoms. 

The structure of [NP(0Me)„]o was undertaken to extend the 
2 o 

information available about cyclic phosphonitriles to larger rings. 

The sixteen-member ring is the largest phosphonitrile to have been 

analyzed by X-ray diffraction to the present time. The octameric 
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methoxy compound is prepared by replacement of the chlorine atoms on 
6 3 

the corresponding chloride. 

benzene 
[NPCl 2] g + NaOMe > [NP(OMe)2]g 

The geometrical shapes which a phosphonitrilic ring might 

assume increase rapidly with increasing ring size. In the present 

octameric compound the steric interactions of exocyclic groups might 

well have less influence upon the resulting conformation than in the 

smaller rings since the diameter of the ring w i l l probably be large. 

The actual shape which is found may be determined primarily by 

Tr-bonding preferences and thus the structural principles observed in 

the tetramers might apply again. Also, the geometric freedom of the 

large ring may permit regions of local planarity which would aid 

Tr-overlap. It might be hoped that accurate structural information for 

larger rings w i l l permit the bonding theory for phosphonitriles to be 

developed s t i l l further. 
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B. THE STRUCTURE OF HEXADECAMETHOXYCYCLO-OCTAPHOSPHONITRILE 

Experimental 

Crystals of [NP(0Me)„]o from carbon tetrachloride are colour-
2 o 

less needles elongated along a. Crystallographic data were obtained 

from various rotation, Weissenberg and precession photographs. The 
64 

data refer to the primitive reduced c e l l . 

Crystal Data (A, Cu-rX^ = 1.5418 A; X, Mo-K^ = 0.7107 A) [NP(0CH3) 2] g , 

M = 856.4 

T r i c l i n i c , a = 8.40, b = 11.07, c = 11.67 A ( a l l ± 0.01 A), a = 62°7' , 

3 = 84°18', y = 76°14' ( a l l ± 5') 

U = 931.6 A 3, = 1.52, 1 = 1 , ^ = 1-53 g.cm."3, F_(000) = 448. 

Absorption coefficients, u(Cu-K ) = 41 cm. u(Mo-K ) = 4.5 cm. 1 

No systematically absent reflexions. Space group PI or PI. PI from 

N(Z) plot and structure analysis. 

Three-dimensional data were collected on a General Electric 

XRD-5 Spectrogoniometer with a s c i n t i l l a t i o n counter, Mo-K^ radiation 

(zirconium f i l t e r and pulse height analyser), and a 6-28 scan. Of the 

2368 reflexions with 28 < 45° (corresponding to a minimum interplanar 
o 

spacing d = 0.92 A), 1786 (75%) were observed. After correcting for 

background, Lorentz and polarization factors were applied, and the 

structure amplitudes were derived. Reflexions with intensity less than 

1.5 times background were classified as unobserved and given | F Q | = 

/0.4 F(threshold). The crystal used for recording the intensities was 
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mounted with a* parallel to the (f> axis of the goniostat and was approx­

imately cylindrical with length 0 . 6 0 mm. and diameter 0 . 2 0 mm. No 

absorption corrections were applied. 

Structure Analysis 

A s t a t i s t i c a l N(Z) plot suggested that the intensities approx­

imated a centric distribution, and with one molecule per unit c e l l this 

implied that the molecule possesses a centre of symmetry. Full details 

and a l i s t i n g of the Fortran program written ;for the N(Z) test are given 

in the Appendix. The results of the N(Z) test and the Wilson Ratio test 

are tabulated in Table XIII together with the theoretical values. The 

actual N(Z) plot i s shown in Figure 8 . The centric distribution was 

confirmed by the appearance of the three-dimensional Patterson function 

which contained a number of strong peaks consistent with a centrosymmetric 

structure. The positions of the phosphorus atoms were determined from 

the P-P vectors in the Patterson function. Structure factors were cal­

culated based on these phosphorus positions and the i n i t i a l R was 0 . 4 6 . 

The nitrogen, oxygen and carbon atoms were located from a three-

dimensional Fourier synthesis. Structure factors were calculated for a l l 

° 2 

the reflexions with the usual scattering factors, with B = 4 . 0 A , and 

R was 0 . 2 6 . 

Refinement of the positional and thermal parameters proceeded 
2 

by block-diagonal least-squares with minimization of E W ( F Q - F c ) with 

i/w" = I F | / 1 2 when IF I < 1 2 and /w = 1 2 / 1 F I when I F I > 1 2 . Unobserved 1 o1 o' ' o1 o' 
2 

reflexions were given /w" = 0 . 5 0 . Analysis of the values of w(F -F ) at 
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Table XIII. Results of s t a t i s t i c a l tests to distinguish between centric 

and acentric distributions of intensities. 

N(Z) Test 

Fraction of local Experimental N(Z) Theoretical N(Z) 
average (Z) centric acentric 

0.1 .2240 .2481 .0952 
0.2 .2954 .3453 .1813 
0.3 .4002 .4187 .2592 
0.4 .4612 .4738 .3297 
0.5 .5129 .5205 .3935 
0.6 .5519 .5614 .4512 
0.7 .5834 .5972 .5034 
0.8 .6158 .6289 .5507 
0.9 .6426 .6572 .5934 
1.0 .6642 .6833 .6321 

Ratio Test 

Experimental Ratio Theoretical Ratio 
centric acentric 

0.682 0.637 0.785 
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each stage of refinement indicated that this weighting scheme was 

appropriate. Six least-squares cycles with isotropic thermal parameters 

reduced R to 0.089. At this stage an (P 0
_F C) synthesis was computed and 

nineteen of the twenty-four independent hydrogen atoms were located, 

with peak heights O.6.- 0.8 e.A and C-H bond distances 0.7 - 1.3 A. 

These were included in the structure factor calculations, but the hydrogen 

positions were not refined. Two further least-squares cycles with an­

isotropic temperature factors for the ring atoms N and P, and isotropic 

temperature factors for the 0, C and H atoms gave a f i n a l R of 0.079. 

Measured and calculated structure factors are compared in Table XIV. 

Sections of the f i n a l three-dimensional electron-density distribution 

are shown in Figure 9, and i n Figure 10 there is a drawing of the mole­

cule, giving the atom numbering. A fi n a l difference synthesis had 

maximum fluctuations of ± 0.5 e.A 

The f i n a l positional and thermal parameters and their standard 

deviations are lis t e d in Table XV. The hydrogen atoms are numbered 

according to the carbon atoms to which they are bonded; the hydrogen 

positions are not to be considered accurate. The bond distances and 

angles are given in Table XVI. Figure 11 shows the molecular packing 

arrangement viewed along the £-axis. A l l the shorter intermolecular 

distances involve contacts between the methoxy groups, which cover the 

outside of the molecule, and a l l the separations correspond to 

van der Waals interactions. The shortest distance is an 0...C contact 

of 3.20 X, between 0(1) of the standard molecule and C(8) of the mole-
o 

cule at (x, 1 + y, z). The shortest 0...0 and C...C contacts are 3.70 A 
o 

and 3.67 A respectively. 



Table XIV. Measured and calculated structure factors. Unobserved 

reflexions have | F Q | = 0 . 6 F(threshold) and are indicated by a 
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negative sign. 

h k I F- F, 0 9 10.9 -11.2 

o c 0 12.7 -14.9 
0 0 65.4 55.0 0 5.T 3.3 
0 0 101. 1 -97.3 0 12.4 - I K * 
0 0 65. 7 -63.0 0 14.a -15.5 
0 0 4 LJ.4 -21.2 0 -1 16.1 U.O 
0 0 e.o 15.7 0 -4.1 4.2 
0 0 34. 2 38.7 0 13.9 13.6 
0 0 12.7 12.2 0 9.a 5.4 
0 0 -4.3 -6.4 0 10.6 -11.2 
0 0 28.0 29.0 0 48.6 48.6 
0 0 10 -5.0 8.6 0 -4 10.4 -10.6 
0 0 11 9.7 -9.9 . 0 5 -4.1 3.4 
0 46.0 37.0 0 5.9 T. 1 
0 42.2 36.9 0 40.2 -42.0 
0 80.1 -71.2 0 35.7 -36.6 
0 14.4 16.8 0 12.6 13.4 
0 1 -2 35.1 30.4 0 9 26.2 25.7 
0 56.4 36.3 0 13.0 11.0 
0 37.8 -36.0 0 10.9 10.T 
0 B.5 7.5 0 14.9 -18.8 
0 30.9 -33.3 0 11.0 -10.0 
0 19.2 -15.1 0 12.6 -12.9 
0 1 14.8 -IT.3 0 13.5 15.1 
0 12.9 -12.0 0 8.6 - 6 . A 
0 42.7 43.4 0 -4.4 -1.9 
0 11.2 10.6 0 a 7.5 -6.4 
0 13.6 12.4 0 8 -4.4 5.8 
0 42.8 -42.8 0 B 11.5 13.2 
0 1 -6 8.7 -6.9 0 8 5 9.0 7.2 
0 -4.5 -1.0 0 s 18.2 -17.9 
0 1 -9 13.5 14.5 0 T 28.3 -29. 1 
0 18.8 19.1 0 -4.7 -1.1 
0 10.6 -9.T 0 5.5 7.1 
0 15.0 12.3 0 12.1 -12.T 
0 2 76.8 -T4.T 0 11 11. 1 10.6 
0 2 95.B -85.6 0 -3.1 -0.T 
0 2 104. I -94.2 0 9.0 7.4 
0 2 36.7 -31.5 0 -3.1 -5.1 
0 2 44.B 42.2 . 0 20.6 71.0 
0 2 3 13B.3 134.1 0 -2 -3.2 -4.3 
0 2 45.9 46.4 0 11.4 -11.9 
0 2 -1.8 6.3 0 38.3 -40.1 
0 2 -4 4.3 -3.1 0 5 12.1 -6.5 
0 " 2 15.0 -18.9 0 25.6 27.2 
0 2 -5 25. 7 -28.3 0 75. 1 74.3 
0 2 6 30.0 -29.6 0 9 8 -4.9 0.1 
0 2 -6 -2.5 -1.2 0 9 9.3 - e . i 
0 -3.8 9.2 0 9 22.0 -22.6 
0 2 -7 23.9 -24.0 0 9 11 -3.3 -2.2 
0 17.1 -18. 1 0 10 -5.3 4.5 
0 -2.9 0.3 10 -5.3 0.4 
0 9 22. 1 -20.7 0 10 2 -5.2 6.4 
0 7.4 7.1 0 10 -5.1 5.8 
0 2 10 -4.7 -5.4 0 10 4 -5.0 -T.B 
0 6.7 -9.0 0 10 -5.0 -5.4 
0 -5.1 1.9 0 10 -5.0 0.2 
0 10.4 -16.9 0 10 10.4 10.1 
0 3 1 60.6 56.3 0 10 8 16.4 15.5 
0 4.5 -T.8 0 10 11.9 10.I 
0 2 70.7 -61.6 0 10 14. 1 -17.2 
0 31.1 27.3 0 11 -5.5 -10.1 
0 -2.7 4.4 0 11 -5.4 1.2 
0 6.9 4.9 0 11 -5.4 8.3 
0 3 4 14.4 14.9 0 11 5 17.6 17.5 
0 15.3 -16.fl 0 11 -5.4 1.0 
0 3 5 17.3 14.6 0 11 7 19.1 -19.1 
0 •1.5 -8.4 0 11 10.0 -8.1 
0 20.4 -22.1 0 u 11.4 12.8 
0 21.0 23.5 0 59.8 50.7 
• 3- 7 -3.7 2.3 1 0 1 122.6 116.5 
0 -2.6 -3.9 0 74.7 -69.1 
0 3 B 9.1 7.0 1 0 2 38.4 -36.0 
0 -8 -3.0 -5.6 0 4.3 0.0 
0 9 16.9 16.0 0 95.7 -92.7 
0 -9 -3.2 -3.6 0 10.4 -79.7 
0 i to 20.4 18.6 1 0 4 7.8 -6.7 
0 11 71.1 -18.5 0 19.3 -19.5 
0 4 0 39. I 19.1 1 0 5 -3.4 2.2 
0 41.3 39.0 0 7.4 5.0 
0 -I 4.1 2.7 0 9.6 -6.0 
0 2 45.2 -46.2 0 10.3 8.9 
0 4 -2 48.0 -48.6 1 0 T 38.3 36.0 
0 3 28.9 77.1 0 23.3 -20.7 
0 4 -3 33.2 -29.6 1 0 -4.4 1.7 
0 4 -3.2 4.9 0 6. 1 4.2 
0 -4 -2.5 -1.2 0 14.2 -11.fl 
0 5 -2.1 -3.1 0 21.3 18.1 
0 4 -5 43.4 42.1 t 0 10 -5.0 5.4 
0 6 B.h -T.6 0 6.4 -3.8 
0 4 -6 73.7 28.0 1 0 11 -5.4 -3.4 
0 7 23.6 -24.3 0 -3.3 -3.5 
0 -7 IB.6 -18.8 9.2 -9.2 
0 8 10.5 

7. 7 
4.3 71.0 -77.5 

0 4 -n 
10.5 
7. 7 -6.7 1 1 109.4 96.3 

0 9 11.9 10.1 9.3 -7.6 
0 4 10 28.4 27.7 1 -1 16.9 -13.4 
0 11 -4.9 -1.2 101.2 -92.4 
0 0 19.B -21.5 9.0 5.3 
0 5 1 44. 3 43.7 1 -I 2 77.2 -22.1 
0 -I 32.8 -30.1 3.6 5.0 
0 2 70.5 -19.1 10.7 9.6 
0 5 -2 -2.4 1.0 1 3 59.0 -54.2 
0 3 20.6 -25.4 20.9 22.9 
0 5 -3 22.8 25.1 70.0 -66.4 
0 5 4 7.7 9.3 -I 3 11.3 78.7 
0 5 - 2 . 7 -1.8 10.4 -8.9 
0 . 16. 3 - 14 .9„ 21.6 25.4 
0 5 -5 -2.6 ' 2.4 5.0 
0 5 b 28.0 28.2 31.2 28.5 
0 5 •b 6.7 -5.5 11.8 9.8 
0 5 1 27.1 28. 2 23.7 -21.6 
0 5 -7 to.o -11.0 27.6 27.9 
0 5 8 7.9 -7.5 -1 7.4 9.7 
0 5 9 48.6 8.6 -11.5 
0 5 10 7. 1 -3.9 -2.4 -2.4 
0 5 11 10.1 11.9 25.0 23-7 
0 6 0 15.1 -14.0 16.7 -14.9 
0 1 -3.B -6.0 25.7 24.5 
0 6 -1 32.0 31.6 1 -1 7 4.8 5.7 
0 6 2 12.7 -12.6 I -7 12.0 8.8 
0 6 -2 50.4 50.T 37.0 -19.0 
0 6 3 16.2 -IT.8 1 8 -4.2 1.9 
0 6 -3 7.0 6.8 8 27.2 -26.4 
0 6 23.3 24.5 -8 24. 1 23.9 
0 6 -4 31.8 -33.9 -1 B 35.3 -31.1 
0 6 5 7.8 4.2 9 14.4 -16.8 
0 b -5 6.7 -8.6 9 5.5 -6.6 
0 13. 1 10.9 6.1 -5.0 
0 -6 5.8 -4.T 9 11.9 11.9 
0 b 7 10. 1 6.2 10 -4.9 1.6 
0 8 25.7 2B.9 10 15.2 16.7 

12.9 
72.7 
21.9 
70.8 

-17.3 
-58.5 
-10.2 

49.7 

35.4 14.0 
- 1 . 
44.3 
21.5 
39.7 
58.1 
36.4 
8-4 

41.7 
-18.7 

31. 1 
56.1 
37.9 

18.5 15.1 
15.8 29.2 
19.7 -IB.9 
14.1 14.T 
11-0 
39.9 
24.9 
-2.5 
10.2 
-3.8 
-2-8 

-39.5 
-24.1 

0.5 

-2.T 
-2.4 
11.0 

10.0 -9.2 

-13.5 
21.2 

-20.2 

72.1 
61.9 
-6.7 

8.6 
-15. 1 

50-' 

54.6 
28 
10.7 
-2.3 
20.6 
43.0 

24.2 
11.9 
41.6 

51.7 
-70.1 

-6.3 
ID.5 
50.0 

-27. 
-9.0 

1.9 
-19.3 

18.2 
-14.8 
-14.T 

24.5 
-10.9 
-12.8 

39.9 
-3.3 

6.6 
10-3 
36.4 
-4.9 
-6.6 
10.2 
17.2. 

-1.9 
60.6 
25.0 
35.9 
10.8 
-3.0 
24.1 
14.1 
5.8 

12.9 
24.4 

6.5 
21.1 
-2.1 
14.0 
17.0 
5.7 

10.1 

-3.0 
15.0 
26.7 

-3.4 
-75.9 
-14.0 
-.1.<.5_ 

-74.5 
-7.0 
II. 1 

-10.5 
-21.7 

2.6 
-14.1 
24.5 

-15.2 

23.2 
-10.8 
-13.1 

4.7 
22.6 
19.6 
52.6 
-2.4 
16.0 
32.8 
37.4 
23.1 
23.1 

12.5 
20.2 

6.4 
10.6 
41.1 

5.0 

5.3 
10.7 
9.0 

6.3 
59. I 
15.B 
47.4 
14.9 
8.2 

15.0 
6.2 

27.0 
14.8 
24. 5 

_23.,j_ 

16.0 
29.0 
11.9 

12.2 
-7.8 
14.2 
24.3 

28. 1 
-4.1 
34.2 

22.9 
15.3 
10.3 

32.0 
5.8 

16.8 

13.8 
17.5 
?5.6 

-1 U±l 31-9 

19.2 
13.0 

32.9 
8.5 
5.9 

-4.7 
17.3 

-11.6 
-9.2 

6.7 
-2.6 
14.5 

5.9 
12.5 
9.2 

-5.2 
10.0 
6.0 

12.7 
4.8 

-|Z*5_ 
-8.6 
-0.6 

-14.6 
10.5 
18.0 

17.5 -17.2 

8.4 
10.3 
9.5 

17.7 15.9 

II 
6.9 

-3.4 
-5.6 

2 -5.5 
3 -5.4 
3 -3.4 
4 -5.3 
4 15.7 

- 5 . 3 

-6.7 
-1.9 

2.8 

12.9 12.1 
- S . l 1.2 
11.1 -11.1 
-5.3 -4.1 
14.2 -13.8 
11.0 -13.7 
-3.1 2.1 

9 -5.5 
0 78.5 
1 60.6 

-1 9.5 
2 54.6 

-7 70.0 
1 15.8 

-1 8.3 
4 36.8 

22.1 
16.5 
15.8 
12.0 
27.9 
21.3 

-60.9 
9.8 

54.9 

1 145.5 -134.7 

45. 3 
16. 7 
46.1 

30.8 
17.5 
9.9 

11.5 
26.8 
53.4 
46.0 
15.3 
24.1 

36.2 
-10.5 

40.0 

30.9 
-18.0 
-9.6 

9.0 -10.1 
-3.1 2.8 
10.6 -11.7 



Table XIV (continued) 
72 

continued:-
k L 
5 <• 

- 5 4 

Fo 
1 1 . 0 
- 2 . 8 

F c 
1 4 . 2 

0 . 2 
5 - 4 
5 4 
5 5 

I S . 4 

9 . 9 

1 7 . 5 
7 . 5 

- 1 0 . 9 
- 5 5 

5 -b 
5 5 
5 6 

- 5 6 
5 - 6 

a.t, 
2 6 . 9 
1 2 . 9 

7 . S 
1 2 . 2 

- 6 . 9 
2 7 . 0 
1 1 . 0 
1 1 . 3 
- T . 

!•>. I 
19.0 

- 3 . 0 

1 2 . 0 - 1 1 . 0 

i i . r - 1 4 . n 
2 1 , 5 Z0..2 
4 2 . 7 4 0 . 2 

9 . 2 10.4 
24 . 2 - 2 5 . / 
3 1 . 5 l l . d 
2 5 .H 2 5 . 0 

- _ ? f i , _ 5._-ie J j L 
- 1 . 5 • - 2 . 8 
1 7 , 0 1 8 . 1 
2 a . 1 ) - 2 8.4 
1 1 . 0 13.4 

3 6 . 9 - 1 4 . 7 

1 0 . 7 
- 3 . 6 
2 4 . 0 

? 9 . 3 -26.4 
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Table XIV (continued) 

continued 
K L 1 C C 

- 36.0 -11.1 
34.9 15.9 

7 4 26.4 21.6 
7 -4 8.4 7.2 
7 4 IB.2 71.4 

6 2 - 6 10.8 -10.5 
-6 2 6 19.6 -17.6 continued 

K L 1 C C 
-

-
8.6 6.7 

10.8 10.2 
12.3 - t t . l 
34.9 11.2 
25.9 26.8 

7 4 26.4 21.6 
7 -4 8.4 7.2 
7 4 IB.2 71.4 6 7 -4,9 -7.0 

9 
9 

' 'o c 
-4.8 -0 .6 . 
11.4 11.9 

-
-

8.6 6.7 
10.8 10.2 
12.3 - t t . l 
34.9 11.2 
25.9 26.8 

7 5 12.5 1L.2 
5 -3.2 1.5 

7 6 13.4 -9.2 
7 6 5.9 -6.4 

7 11.1 -12.6 
7 -1.1 1.9 

-6 
6 

6 
6 -

7 14.8 -16.8 
8 -5.1 B.O 
8 -3.3 -7.8 
0 -4.2 -2.1 
0 23.4 -25.6 

-

9 
9 
9 
9 
9 

-1.1 
-4.8 7.2 

8.4 -5.6 
22.5 20.4 
13.2 -11.7 

- -

36.6 -14.5 
40.2 39.6 
10.7 11.1 
10.7 12.1 
10.8 -9.6 
28.2 26.6 

6.1 -7.1 

_ 

7 5 12.5 1L.2 
5 -3.2 1.5 

7 6 13.4 -9.2 
7 6 5.9 -6.4 

7 11.1 -12.6 
7 -1.1 1.9 

-6 
6 

6 
6 -

7 14.8 -16.8 
8 -5.1 B.O 
8 -3.3 -7.8 
0 -4.2 -2.1 
0 23.4 -25.6 

-

9 
9 
9 
9 
9 

-1.1 
-4.8 7.2 

8.4 -5.6 
22.5 20.4 
13.2 -11.7 

- -

36.6 -14.5 
40.2 39.6 
10.7 11.1 
10.7 12.1 
10.8 -9.6 
28.2 26.6 

6.1 -7.1 

B -3.0 1.0 
B -3.4 -4.7 
9 17.4 16.8 
0 -4.8 L.B 
1 -4.9 1.) 

6 -
6 

6 
6 - 3 

-
5.2 -5.1 

16.4 14.4 
5.2 -0.0 

16.2 15.4 
6.0 6.5 

9 
9 
9 

LO 
10 
10 

-4.9 -1.8 
-5.0 -0.8 
11.6 -7.9 
-5.3 -10.3 
16.1 -15.0 
-5.2 0.7 

- -

36.6 -14.5 
40.2 39.6 
10.7 11.1 
10.7 12.1 
10.8 -9.6 
28.2 26.6 

6.1 -7.1 

B -3.0 1.0 
B -3.4 -4.7 
9 17.4 16.8 
0 -4.8 L.B 
1 -4.9 1.) 

6 -
6 

6 
6 - 3 

-
5.2 -5.1 

16.4 14.4 
5.2 -0.0 

16.2 15.4 
6.0 6.5 

9 
9 
9 

LO 
10 
10 

-4.9 -1.8 
-5.0 -0.8 
11.6 -7.9 
-5.3 -10.3 
16.1 -15.0 
-5.2 0.7 

-
-

28.9 27.9 
-2.8 l.B 
51.2 -47.7 
-3.2 4.6 

i 22.7 22.3 

2 -4.8 5.5 
-2 12.6 -12.9 

2 -3.4 0.6 
1 -4.7 -5.4 

-3 6.7 -4.4 
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; 
2 
2 
2 

8 6.9 - 6 . 5 
9 9.2 8.1 
9 6.6 5.5 
0 27.3 -29.0 

5 7 - 1 17.1 18.4 
-5 7 I 13.B -14.2 

5 7 2 -4.5 -3.6 
5 7 - 2 7.7 7.1 

-5 7 7 15.1 -15.1 

-6 

6 -

-4 -2.8 0.1 
7 4 6.1 5.1 
7 5 31.7 32.4 
2 5 7.0 6.7 

6 8 0 -5.1 -6.1 
6 8 1 22.) -20.8 
6 8 - 1 8.7 - 8 .6 
6 B 2 -5.0 -0.7 
6 8 - 2 11.2 10.1 
6 8 3 24.0 2 3 . 8 - 0 26.4 -26.5 

1 -3.9 5.1 
I -2.6 3.2 

-1 12.2 -13.1 

5 7 - 1 17.1 18.4 
-5 7 I 13.B -14.2 

5 7 2 -4.5 -3.6 
5 7 - 2 7.7 7.1 

-5 7 7 15.1 -15.1 6 2 - 5 16.1 -15.3 

6 8 0 -5.1 -6.1 
6 8 1 22.) -20.8 
6 8 - 1 8.7 - 8 .6 
6 B 2 -5.0 -0.7 
6 8 - 2 11.2 10.1 
6 8 3 24.0 2 3 . 8 

5 -
5 

0 26.4 -26.5 
1 -3.9 5.1 
I -2.6 3.2 

-1 12.2 -13.1 

5 7 1 75.6 24.3 
5 7 -1 7.5 5.4 

-5 7 3 -3.1 1.5 

-6 2 5 11.0 H t j 
6 2 6 -4.7 6.5 
6 - 2 6 -3.3 -4.5 

6 8 4 -5.0 B.l 
6 B 5 9.1 -10.7 , 

24. I 
10.8 
-5.0 

17 .2 -13.0 
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Table XV. Final positional parameters (fractional) with mean standard 
o °2 deviations (A), and thermal parameters and standard deviations (B_ in A , 

°2 2 U.. in A x 10 ) . 

Atom X y z mean c B a(B) 

P(l) -0.1315 0.3154 -0.1258 0.0041 - -
P(2) 0.2114 0.2593 -0.2020 0.0044 - -
P(3) 0.2511 0.0714 -0.3144 0.0044 - -
P(4) 0.1884 -0.2048 -0.1498 0.0041 - -
N(l) 0.0585 0.2572 -0.1156 0.014 - -
N(2) 0.2183 0.2157 -0.3118 0.013 - -
N(3) 0.2040 -0.0523 -0.1894 0.013 - -
N(4) 0.2161 -0.3074 -0.0017 0.013 - -
0(1) -0.1860 0.4732 -0.2273 0.011 3.14 0.21 
0(2) -0.2189 0.2477 -0.1878 0.012 3.83 0.24 
0(3) 0.3670 0.1664 -0.1129 0.011 3.22 0.21 
0(4) 0.2364 0.4147 -0.2665 0.012 - 3.49 0.22 
0(5) 0.4363 0.0214 -0.3402 0.013 3.96 0.24 
0(6) 0.1702 0.0975 -0.4420 0.013 4.02 0.25 
0(7) 0.3069 -0.2742 -0.2266 0.012 3.45 0.22 
0(8) 0.0164 -0.1914 -0.2048 0.012 3.35 0.22 
C(l) -0.1626 0.5203 -0.3645 0.022 4.91 0.42 
C(2) -0.1994 0.1009 -0.1312 0.019 3.95 0.36 
C(3) 0.3969 0.1866 -0.0025 0.021 4.52 0.41 
C(4) 0.3740 0.4539 -0.3464 0.022 5.09 0.44 
C(5) 0.5288 0.1174 -0.4376 0.023 5.89 0.50 
C(6) -0.0114 0.1440 -0.4568 0.024 5.31 0.48 
C(7) 0.4732 -0.3371 -0.1892 0.024 5.43 0.48 
C(8) -0.0403 -0.3140 -0.1767 0.022 4.99 0.44 

Atom " l l »12 "13 
P(l) 3.02 -0.50 0.37 
P(2) 2.92 -0.50 0.12 
P(3) 3.59 -0.99 0.40 
P(4) 3.48 -0.47 0.58 
N(l) 3.74 -0.53 -0.73 
N(2) 4.58 -0.89 0.52 
N(3) 4.40 -0.19 0.46 
N(4) 3.67 -0.27 0.31 

mean 
^22 ^23 »33 a(U) 

3.17 -1.16 3.18 0.15 
3.01 -1.50 3.53 0.15 
3.32 -1.89 2.68 0.16 
3.40 -1.41 3.15 0.16 
4.68 -1.73 3.52 0.55 
3.04 -1.45 3.71 0.55 
3.86 -2.09 3.86 0.53 
4.17 -1.45 4.68 0.50 



Table XV (continued) 

Atom X y z 

H(l) -0.067 0.542 -0.383 
H(l) -0.083 0.508 -0.342 
H(l) not located 
H(2) -0.217 0.058 -0.042 
H(2) -0.100 0.050 -0.133 
H(2) -0.275 0.083 -0.108 
H(3) 0.367 0.125 -0.058 
H(3) 0.500 0.217 -0.042 
H(3) 0.408 0.283 -0.033 
H(4) 0.450 0.400 -0.300 
H(4) 0.400 0.433 -0.275 
H(4) 0.433 0.408 -0.400 
H(5) 0.575 0.083 -0.383 
H(5) 0.475 0.167 -0.483 
H(5) not located 
H(6) 0.100 0.142 -0.467 
H(6) -0.033 0.233 -0.433 
H(6) not located 
H(7) 0.542 -0.333 -0.158 
H(7) 0.350 -0.233 -0.242 
H(7) not located 
H(8) -0.033 -0.373 -0.108 
H(8) 0.042 -0.375 -0.192 
H(8) not located 
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Discussion 

The [PN(0Me~)]o molecule is centrosymmetrical, and has the 2. o 
general shape shown in Figure 10. The sixteen-membered phosphonitrilic 

ring consists of two approximately planar and parallel segments, P(2), 

N(2), P(3), N(3), P(4), N(4) and the centrosymmetrically related set 

of atoms, joined by a step at P(l), N(l) and P(l'), N(l'). The methoxy 

groups cover the outside of the ring very evenly, and the whole molecule 

is quite compact. 

The P-N bond distances are in the range 1.550 - 1.569 A. 

The least-squares standard deviations of the individual lengths are 
o 

0.014 A, and the standard deviations calculated from the internal con-
o 

sistency, i f a l l the distances are equal, are only 0.005 A, so that the 

least-squares estimates of the accuracy appear to be on the pessimistic 

side. The same conclusion is suggested from a study of variations in 

measured values of the other bonds and the angles in the molecule. It 

seems appropriate to use the less-optimistic least-squares standard 

deviations in the remainder of the discussion. The P-N bond lengths are 
o 

a l l equal within experimental error, the mean value being 1.561 A 
o 

(a = 0.005 A). The P-0 and 0-C distances also show no significant d i f f -
o 

erences among the individual values, the mean lengths being P-0 = 1.576 A 

(a = 0.005 A), and 0-C = 1.440 X (a = 0.009 A). 

The mean N-P-N angle is 116.7°, but three of the angles are 

114.2, 115.6, and 115.8°, mean value 115.2° (a = 0.4°), while the N(l)-

P(2)-N(2) angle is significantly (7.5a) larger at 121.2° (a = 0.7°). 
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Table XVI. Bond lengths (A) and angles (degrees). 

P(l) -N(l) 1.566 N(4' )-P(] L)-N(l) 115.6 
P(2) -N(l) 1.550 N(l) -P(2) -N(2) 121.2 
P(2) -N(2) 1.558 N(2) -P(3) -N(3) 115.8 
P(3) -N(2) 1.569 N(3) -P(4) -N(4) 114.2 
P(3) -N(3) 1.559 
P(4) -N(3) 1.564 0(1) -P(l) -0(2) 99.2 
P(4) -N(4) 1.565 0(3) -P(2) -0(4) 105.6 
P(l' )-N(4) 1.556 0(5) -P(3) -0(6) 100.2 

0(7) -P(4) -0(8) 100.3 
P(l) -0(1) 1.567 
P(l) -0(2) 1.580 P(l) -0(1) -c(D 122.0 
P(2) -0(3) 1.574 P(l) -0(2) -C(2) 120.5 
P(2) -0(4) 1.580 P(2) -0(3) -C(3) 119.4 
P(3) -0(5) 1.572 P(2) -0(4) -C(4) 121.5 
P(3) -0(6) 1.570 P(3) -0(5) -C(5) 121.7 
P(4) -0(7) 1.576 P(3) -0(6) -C(6) 118.3 
P(4) -0(8) 1.586 P(4) -0(7) -C(7) 121.6 

P(4) -0(8) -C(8) 120.2 
0(1) -C(l) 1.441 
0(2) -C(2) 1.413 N(4 )-P(] 0-0(1) 104.2 
0(3) -C(3) 1.460 N(4 )-P(] L)-0(2) 111.3 
0(4) -C(4) 1.428 N(l) -P(l] -0(1) 114.1 
0(5) -C(5) 1.453 N(l) -P(l] -0(2) 111.1 
0(6] -C(6) 1.488 N(l) -P(2] -0(3) 109.1 
0(7) -C(7) 1.414 N(l) -P(2) -0(4) 105.6 
0(8) -C(8) 1.427 N(2) -P(2] -0(3) 106.6 

N(2) -P(2) -0(4) 107.6 
P(l) -N(l)-P(2) 141.0 N(2) -P(3] -0(5) 111.8 
P(2) -N(2)-P(3) 134.1 N(2) -P(3) -0(6) 107.5 
P(3) -N(3)-P(4) 136.0 N(3] -P(3] -0(5) 106.6 
P(4] -N(4)-P(l') 135.7 N(3] -P(3] -0(6) 113.9 

N(3) -P(4) -0(7) 113.3 
N(3) -P(4] -0(8) 106.4 
N(4) -P(4] -0(7) 107.7 
N(4] -P(4: -0(8) 114.2 

Standard deviations 

a(P-N) = 0.014 A a(P-N-P) = 1.0° a(P-O-C) = 1.2 
a(P-O) = 0.013 a(N-P-N) = 0.7 a(N-P-O) = 0.7 
a(O-C) = 0.025 a(O-P-O) = 0.7 
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Figure 9 . Sections of the three-dimensional electron-density distribution. 
Contours are at 2 e.A 3 a t phosphorus, and 1 e .A" 3 at nitrogen, 
oxygen, and carbon with the lowest contour at 2 e.A~3. 
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* c 

C ( 6 ) 

Figure 10. A diagram of the structure viewed along the a_'-axis of the 

orthogonal set a_', b_, c*. 
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Similarly the mean P-N-P angle is 136.7°, but the angle at N(l), 141.0° 

(a = 1.0°), is significantly (5a) larger than the other three, 134.1, 

135.7, and 136.0°, mean 135.3° (a = 0.6°). The O-P-0 angles show a 

similar effect, that at P(2), 105.6° (a = 0.7°), being 7a larger than 

the other three, 99.2, 100.2, and 100.3°, mean 99.9° (a = 0.4°). The 

P-O-C angles are in the range 118.3 - 122.0°, with no significant 

variations from the mean value of 120.6 (a = 0.4°). 

Averaged molecular parameters of the molecules [NP(0Me)»]o 

2 8 
40 

and [NP(OMe)2J4 are compared in Table XVII. It would appear from the 

Table XVII. Comparison of molecular parameters of [NP(0Me)2)4 and 

[NP(0Me)2]g. 

[NP(OMe)2]4 [NP(0Me)2]g 

P-N(A) 1.58 1.561 
P-0 1.60 1.576 
0-C 1.47 1.440 
Angle P-N-P(°) 132 136.7 
Angle N-P-N 122 116.7 
Angle O-P-0 105 101.3 
Angle P-O-C 120.4 120.6 

bond lengths that the larger molecule is more strongly bound, but the 

differences are small and may well be within experimental error. The 

effect, however, is in the direction predicted by a Molecular Orbital 
21 62 treatment and has previously been observed in [NPCl^]^ where the 

average P-N bond is shorter than in the corresponding smaller rings. 

In any case, the P-N bond distance in [NP(0Me) 2] g of 1.56 A is 0.21 A 
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Figure 1 1 . The molecular packing viewed along the: c-axis. 
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shorter than the single-bond length of 1.77 A found in sodium phosphor-
45 46 

amidate. ' This bond distance and the equality, of bonds around the 

ring are both consistent with findings in other phosphonitrilic 

structures. The average ring angle at nitrogen in [NP(0Me) o] o is 
• Z o 

greater than in the tetramer suggesting an increased participation of 

the nitrogen lone pair electrons in Tr-bonding within the larger ring. 

It is surprising, however, that this angle is not larger than in 

[NPCNN^j^l^ where i t is 147° for the methoxy groups on phosphorus 

would be expected to enhance the electron derealization from nitrogen 

more than the dimethylamido substituents. The N-P-N angle is also 

smaller than the 120° usually found in phosphonitriles. In the present 

case i t is more comparable with the 0=P-0 angle of 117.2° in dibenzyl-

phosphoric a c i d . ^ 

The phosphonitrilic skeleton in [NPCOMe^Ig has a definite 

tendency towards planarity. In common with [NPC^Jc; this is partially 

attained through re-entrant angles at N(l), N(l'), N(3) and N(3'). A 

convenient way of describing the shape is to consider the ring as being 

derived from the idealized planar configuration illustrated in 

Figure 12(a). This structure would be strained at the nitrogen atoms 

N(l) and N(l') where the angles would be about 60° i f normal values 

were assigned to the other angles. The strain at these atoms can be 

relieved by displacing one half of the molecule relative to the other 

as shown in Figure 12(b). This would permit the angles at N(l) and 

N(l') to increase while allowing large portions of the ring to remain 

approximately planar. This does appear to be an acceptable picture 
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for the angle at these nitrogen atoms is significantly larger than the 

others, and the mean deviation of the atom sequence P(2)N(2)P(3)-
o 

N(3)P(4)N(4) is only 0.12 A from the mean plane. In addition, the 

six-atom sequence P(4')N(4')P(1) N(1)P(2)N(2) is also nearly planar, 
O 

the mean deviation being 0.26 A. These planar segments would tend to 
make possible both TT and TT bonding within the ring. 

a s 

The configuration about the individual phosphorus atoms can 

be seen in Figure 13 where the atom positions are plotted with respect 

to a particular three-atom plane. The centre diagram represents an 

idealized configuration which allows the exterior atoms to be arranged 

about the central atom with a minimum of steric interference. This is 

the arrangement found in pentaerythritol t e t r a n i t r a t e ^ where the absence 

of TT-bonding probably assures that the shape is determined by the steric 

repulsions of the outermost atoms. In this configuration, the exterior 

atoms can be considered related by a four-fold inversion axis (A,B) or 

by a two-fold axis (A,C). It is convenient to discuss the configura­

tion about the phosphorus atoms in relation to this model. A l l the 

phosphorus environments show some similarity to the idealized arrange­

ment in that the terminal bonds are a l l displaced in opposite directions 

from the three-atom planes. Furthermore, the positions of the outer­

most atoms about P(2), P(3), and P(4) are a l l analogous to the model 

which would tend to reduce steric interactions. The configuration at 

P(l) is slightly different. It is situated at the junction between 

major planar sections of the ring and the steric interactions about i t 

are not the same as for the other phosphorus atoms. In particular, the 
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Figure 13. Configurations about phosphorus. The centre diagram shows an idealized 
P(OC)4 group, the others indicate the atomic arrangements about the 
phosphorus atoms in [NP(OMe)„] . 
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re-entrant angle at N(l) causes a close approach (3.48 A) between the 

0(1) and 0(4) oxygen atoms. Although a reorientation of the methoxy 

groups on P(l) towards the pentaerythritol configuration could increase 

the separation, this could only occur at the expense of leaving the 

centre of the ring open. 

The relationship of one POC group to the other at a parti­

cular phosphorus atom is also interesting because of the possibility 

of exocyclic Tr-bonding. Two different types of arrangements are 

generally found in the esters of phosphoric acid. At P(l), P(3), and 

P(4) the methoxyi groups are related approximately by a 4 axis 

(see Figure 13). This is the configuration found in dibenzyl phos-
65 67 phoric acid and in vitamin B 1 2- At P(2), by contrast, the methoxy 

groups are related by an approximate two-fold axis as is found in 
68 

di-p-chlorophenyl phosphoric acid, for example. These two different 

orientations make possible different Tr-overlaps between the phosphorus 

atom and i t s exocyclic groups. In both situations there is a tendency 

towards a preferred alignment of the POC planes with the T r-orbitals on 

phosphorus. Accurate alignment of one dimethylamido group for maximum 

overlap with one set of d_ orbital-s and partial overlap for the other 

were found in the case of [NP(NMe2)2] . The situation at P(l), P(3), 

and P(4) for the present molecule is rather similar to the case of 

dibenzyl phosphoric acid. In this compound, p_ orbitals at two d i f f ­

erent oxygens can each overlap with a different Tr-orbital at phosphorus 

because of the large dihedral angle of 88.6° between the POC planes. 

Although in [NP(0Me)9]„ the average dihedral angle is reduced to 70° 
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for steric reasons, this s t i l l permits at least partial overlap at these 

phosphorus atoms with the separate TT and TT -orbital systems. At P(2), 
3. S 

however, the situation is different. As before, the normal to the POC 

plane can be taken to indicate the lone pair electrons in the oxygen 

p_ orbital capable of Tr-bonding. Unlike the other cases, at P(2) the 

normals to both POC planes tend to align with the YZ plane. This would 

suggest involvement between the lone pairs on both oxygen atoms with the 

same irs-system on phosphorus. The overlap between the exocyclic groups 

at P(2) is thus distinct from the Tr-bonding po s s i b i l i t i e s at the other 

phosphorus atoms. This difference, and the fact that P(2) is near the 

end of a long planar section may help to explain the large angles at 

this atom. There are no variations in the P-0 bond lengths which can 

be attributed to TT-bonding involving a particular TT-system. Since the 

TT and TT -orbitals are primarily involved in the ring bonds i t is 
3. S 

likely that a balance of orbital participation with the exocyclic atoms 

is maintained. Also, the effective Tr-bonding to the methoxy groups wi l l 

be weaker here than in [NPClW^j^J^ because i t involves derealization 

of the lone pairs from the more electronegative oxygen atoms. In spite 

of this some exocyclic Tr-bonding must occur for the average P-0 bond 
0 0 o 

length of 1.58 A is 0.13 A less than the expected value of 1.71 A for 

a true single bond. 



PART I I I 

THE STRUCTURE DETERMINATION OF 

CAESIUM DIFLUOROPHOSPHATE 
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A. INTRODUCTION 

In the thesis u n t i l now the bonding and structural features 

of phosphonitrilic compounds have been described. In this section 

the structure of CSPO2F2 w i l l be discussed and the bonding from 

phosphorus to oxygen and fluorine w i l l be considered in a slightly 

different manner from the phosphorus-nitrogen bonding of the phospho­

n i t r i l e s . 

The difluorophosphate anion, like the phosphonitriles, 

contains bonds between tetrahedrally co-ordinated phosphorus and 

first-row elements. Such bonds are often considerably shorter than the 

expected single bond distances. Some common values for the P-0 and P-F 

bonds in isolated tetrahedra are given in Table XVIII together with the 
69 

distance predicted from the Schomaker-Stevenson equation. The usual 

form of this semi-empirical equation 

rAB = rA + rB " 0 ' 0 9 ( XA " V 

modifies the atomic r a d i i , r. and r D , by a correction depending upon 
A D 

the difference in their electronegativities, x^ and x^, but makes no 

allowance for Tr-bonding. 

o 

Table XVIII. Bond lengths (A) between tetrahedrally co-ordinated 

phosphorus and the first-row elements oxygen and fluorine. 

Bond Calculated bond length Observed Reference 

P-0 1.71 1.54 LiMnP04 (70) 

P-F 1.65 1.53 P0F3, PSF^ (71, 
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The contraction of the observed bond lengths from the 

calculated values indicates that the bond order in each instance must 

be greater than one. Ionic resonance structures suggest a way of 

accounting for the bond shortening. Another explanation can be 

given in terms of d^-p^ overlap, and this w i l l be described briefly 

here because of the analogy with phosphonitrilic bonding. The theory 

is mainly due to Cruickshank who has considered the pos s i b i l i t i e s for 

multiple bonding between f i r s t row elements and tetrahedrally co-
73 

ordinated second row elements. In this treatment the orientation 

of the d_ orbitals at phosphorus is chosen differently from the cases 

previously discussed. To preserve the tetrahedral symmetry at phos­

phorus, the axes are chosen to be coincident with the 4 axes of the 

tetrahedron. Cruickshank shows that although the 3p_ orbitals of 

phosphorus are required for a-bonding some Tr-bonding is feasible with 

the phosphorus d_ orbitals, especially the c l ^ a n d d_x2 y2* The d_xz, 

dy z, and §_Xy> although also potentially Tr-bonding orbitals, combine 

much less strongly with the appropriate ligand orbitals. Complete 

tetrahedral symmetry about phosphorus would allow the d^2 v2 a n c* A z2 

orbitals to interact equally with the four ligands. Simultaneous 

involvement at the ligands with each of these d_ orbitals is possible 

because there are two orthogonal p_-type orbitals available having 

the proper symmetry. A diagram of the orbitals involved and the 

geometrical proximities for overlap in the two systems are illustrated 

in Figure 14. 



( a ) ( b ) 

Figure 14. Tr-overlap between phosphorus d_ orbitals and ligands. 
(a) overlap of d 2 with ligand p_ orbitals, (b) overlap 
of d_x2 2 w i t n ligand E^i orbitals. 

It should be noted at this point that a plausible explanation 

of phosphonitrilic bonding can also be formulated using this axial 
73 

system and the d ^ and d_x2 ^2 o r"bitals. In this approach the ring 

is considered as built up tetrahedra linked together. This bonding 

scheme is not as satisfactory, however, for the phosphonitriles as i t is 

for isolated tetrahedral configurations. In the case of the phospho­

n i t r i l e s the symmetry at phosphorus is always less than tetrahedral 
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because of the ring formation and the different electronegativities 

of the nitrogen and exocyclic atoms. The equality of the participation 

by these two orbitals i s therefore removed. In the phosphonitriles 

there were advantages to selecting the orbital directions relative 

to the ring in order to stress the symmetric and antisymmetric aspects 

of overlap; in isolated tetrahedra the axial directions are chosen 

along the symmetry axes and this distinction is no longer necessary. 

The alkali-metal difluorophosphates are prepared by the 
74 

reaction of the metal chlorides with difluorphosphoric acid. For the 

caesium salt the equation is 
CsCl + HP0 2F 2 > CsP0 2F 2 . + HC1 

The difluorophosphate anion can be considered in terms of the 

bonding theory described. A shortening of the P-0 and P-F bond lengths 

to -values less than the accepted single bond distances should be 

expected on the basis of this theory, but the relative amount of double 

bond character in each type of bond is not easy to predict. As w i l l be 

shown the geometry of the anion in GsP0 2F 2 is very similar to the 

parameters determined in the isomorphous KP0 2F 2. The'structure of the 

potassium salt was begun at the same time as the caesium compound but 
75 

completed sooner by a colleague, R. Harrison. The X-ray analysis of 

CsP0 2F 2 was continued, nevertheless, in order to detect any differences 

which might arise from the larger size of the Cs + cation. The singly 
o 

charged caesium atom with a radius of 1.69 A is the largest stable 

monatomic cation. Replacement of a cation by a similar but larger one 

o 
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often results in an isomorphous structure having increased interionic 

distances and correspondingly larger c e l l dimensions. This effect is 

observed for the cations of potassium, rubidium, and caesium in the 

perchlorates and fluoroborates which have the barium sulfate structure. 

To provide comparable crystallographic data for the difluorophosphate 

series which has the same basic structure, the c e l l dimensions of 

RbPO„F„ were also measured. 
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B. THE STRUCTURE OF CAESIUM DIFLUOROPHOSPHATE 

Experimental 

Crystals of CSPO2F2 from methanol are colourless needles 

elongated along c_. The unit c e l l dimensions were measured from a 

c_-axis rotation photograph, and by the extrapolation method of 
77 

Farquhar and Lipson from high-angle reflexions on hkO Weissenberg 

photographs. The space group was determined from various Weissenberg 

and precession films, and the density was measured by flotation in a 

mixture of diiodomethane and iodoform. 

Crystal data for the potassium, rubidium, and caesium salts 

are summarized in Table XIX (A, Cu-K.., = 1.54051 A; X, Cu-K\,0 = 

1.54433 A; A, Cu-K = 1.5418 A). 

The intensities for a l l reflexions with 20(Mo-K Y'̂  54° 

were measured on a General Electric XRD-5 Spectrogoniometer with a 

s c i n t i l l a t i o n counter, approximately monochromatic Mo-K^ radiation 

(zirconium f i l t e r and pulse-height analyser), and a 0-28 scan. Of the 

563 reflexions measured, 506 (90%) were observed. The observed 

intensities were corrected for background, Lorentz and polarization 

factors were applied, and the structure amplitudes were derived. The 

crystal used for recording the intensities was mounted with c_ parallel 

to the <J) axis of the goniostat and had dimensions 0.25 x 0.25 x 0.60 mm. 

parallel to a, b, and c respectively. No absorption corrections were 

applied. 
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Table XIX 

Crystal data for MPO^ 

M 

Formula 

Mol. wt. 

Radius of M+(A) 

Crystal system 

a (X) 
b (X) 
£• (X) 
U(X 3) 
D fg.cm." ) 

D (g.cm." ) 

F(000) 

UCCu-iy (cm - 1) 

yCMo-iy (cm - 1) 

Space group 

KP0 2F 2 

140.07 

1.33 

8.03^ 

6.20, 

7.63, 

380.9 

4 

2.44 

272 

155 

17 

Rb 

RbP02F2 

186.44 

1.48 

Orthorhombic 

, 8.15 

6.45 

7.79 

409.5 

4 

3.02 

344 

215 

130 

Pnma(D2£) 

Cs 

CsP0 2F 2 

233.87 

1.69 

8.43. 

6.79( 

8.06 

462.1 

3.3 

4 

3.36 

416 

654 

84 
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Structure Analysis 

Since i t was likely that caesium difluorophosphate would 
75 

be isomorphous with the potassium salt, structure factors were 

calculated directly, using the f i n a l atomic coordinates of potassium 

difluorphosphate with isotropic temperature factors. The i n i t i a l R 

factor was 0.28. Refinement of the positional and thermal parameters 

proceeded by block-diagonal least-squares methods, the function 

minimized being ZwfF o~F c) with /w = |F q|/15 when | F q | < 15, and 

I/W" = 15/|,Fo| when |F | ̂ 15. Unobserved reflexions were given zero 

weight. Three strong reflexions (102, 210, 400), for which the 

observed structure factors appeared to be too iow, were corrected for 
78 

secondary extinction by the procedure of Pinnock, Taylor, and Lipson. 

Four cycles of refinement with isotropic thermal parameters, and six 

further cycles with anisotropic thermal parameters reduced R to 0.070 

for the 506 observed reflexions. The measured structure factors 

together with the f i n a l calculated values are listed in Table XX. 

The f i n a l positional and anisotropic thermal parameters are 

given in Table XXI, together With their standard deviations calculated 

from the least squares residuals. The significant interatomic distances 

and angles are compared with those of KPO^ in Table XXII, and the 

distances involving the Cs + ion are also shown in views of the structure 

in Figures 15 and 16. 
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Table XX. Measured and calculated structure factors. 

h k L F F 
O c 

0 0 2 76.9 -75.0 
0 89.] -95. B 
0 0 b 41.5 57.B 
0 0 6 16.A 20.2 
0 0 10 28.0 -31.4 
0 71.4 -61.7 
0 67.5 -55.5 
0 1*1.9 123.5 
0 28.9 26.5 
0 59.2 -49.4 
0 718.B 242.1 
0 15.0 -1.9 
0 144. 1 128.3 
0 8b. 1 -72 .1 
0 U.9 -12.4 
0 24.4 26.6 
0 106.2 106.9 

15.9 16.8 
0 69.) -81.0 
0 29.8 -26.0 
o 48.0 45.8 
0 171.9 1B0.5 
0 27.6 -27.6 
0 84.4 -84. S 
0 52.5 51.1 . 
0 16.4 14.7 
0 14.5 -16.2 
0 46. 1 -48. 5 
0 79.1 70. B 
0 12.4 11. * 
0 120.6 -116.7 . 
0 29. T 10.1 
0 52.7 51.6 
0 11.4 -34.2 
0 16.7 19.6 
0 26. 5 21.2 
0 J6.7- -36.1 
0 62.1 54.0 

B.O - e . i 
0 40.1 -40.7 

0 I 11.8 18.2 
0 7 166.1 -160.4 
0 1 81.4 -84.8 
0 * 19.9 42.0 
0 5 25.6 -26.0 
0. 6 *4. 1 45.9 
0 T 46.8 48.0 
o - a 41.0 -43.6 
0 4 10.0 6.9 
0 10 a . a -4.4 

5b. 1 -54.1 
155.1 -15P.7 
106.7 46.0 
46.2 40.8 
12.7 12.4 
17.6 11.8 
61.1 -54.7 
18.1 -14.4 

1 9 5.4 -1.9 
b.l -2 . 1 

12.3 -12.4 
n e . 4 149.1 
63.1 61.9 
5T.6 -51.8 
40.5 35.3 
17.9 -13.b 
58.2 -51.1 
19.5 14.7 
0.0 -].B 
9.0 7.0 

41.0 43.1 
121.5 120.1 
71.6 -68.8 
51.7 -45.3 
15.5 -34.2 
25.4 -21.5 
60.1 51.8 
24.6 25.7 
0.0 

30.0 31.5 
105.5 -102.9 
4S.5 -46.8 
40.5 3B.2 
26.4 

30.5 
41.B 18.0 
12.2 -29.0 
0.0 2.1 

15.4 -16.2 
T5.0 -71.7 
51.5 52.6 
29.6 27.8 
16.6 17.4 
26.4 25.0 
17.1 -11.4 
26.6 -21.2 
23.7 -24.7 
65.2 64.1 
11.6 12.2 
25.6 -24.6 
11.6 14.3 
24.4 -24.4 

6 7 25.5 -24.0 

14.5 
1 l.S 
1 8 . B 
16.1 

47.5 
6.5 

12.7 

238.1 -
24.7 
70.7 

44.0 
-9.0 
14.1 

91.4 104.7 

50.2 
113.7 
15.2 

111.6 
19.4 
74.1 

108.0 
17.6 
66.2 
-4 . 1 

T51 .1 
16.1 
47, a 

124.f 
16.4 
46.1 

68.4 67.5 
6.2 -8.0 

16.7 -lb.4 
0.0 -2.4 

46.7 -46.6 

12.0 -32.6 

77.3 
54.6 
21.2 
33.5 
25.0 
25.8 

41.5 
97.7 • 
21.8 
55.0 
13.2 

-27.2 
-0.9 

-56.0 

69.6 
20.8 
14.1 
15.7 
11.3 
20.1 
26.0 
15.6 
19.1 
41.5 

12.9 
21.4 
12.2 
20.1 
27. I 
23.6 

144.B -
19.9 
B1.0 

67.6 
22.2 
52.7 

- 1 1 . 5 
-18.3 

24.1 
1 5 . 6 

-26.9 
22.9 

•160.0 
46.0 
89.7 
-4.0 
81. B 

-27.6 
- 5 0 . J -

1.4 

IT. 2 
94.2 
25.2 
39.9 

5.9 
*9.6 
31.0 
56. 1 

0.0 3.4 
41.B 44.7 
15.5 -16.6 

75.0 
19.9 
27.9 

5 0 5 29.7 15.4 
5 0 b 41.4 -45.8• 
5 0 7 18.3 - 18.4 
5 0 6 28.7 28.6 
5 0 4 0.0 -5.8 

1 51.5 62.2 
2 47.8 56.2 
1 60.1 -66. 7 
4 30.4 -33.0 
5 14. J -15.T 

5 I 6 '17.0 - 14.3 

I | B 11.9 12.1 
4 0.0 -1 .1 
1 20.5 21.5 
t »>.! -4J.T 
3 5.5 
4 18.5 34.1 
5 19.4 -20.7 
6 36.7 37.4 

5 2 7 21.7 21.8 
B 25.0 -23.7 
1 46.9 -44.6 
2 46.9 -50.6 
1 53.0 53.0 
4 31.2 31.7 
5 15.7 16.2 
6 10.7 11.8 
7 40.4 -40.7 
8 -8.2 -8.1 
1 14.7 -15.6 

64.5 
1 6.2 6.6 
4 29.7 -29.2 
5 11.9 15.6 
6 11. 1 -31.4 
7 17.7 -16.3 
1 34.9 16.9 
2 12.0 34.1 
3 42.2 -43.1 
4 17.2 -18.3 
5 10.2 
6 11.1 -12.1 
7 28.8 27.3 
1 B.O 10.4 
2 46.0 -46.6 
3 6.6 
4 J9.ll 14.0 
3 B.l -4.4 
1 22.3 -23.0 
2 21.f -22.9 
1 27.1 27.1 
4 12.0 12.8 

6 0 0 15.7 15.4 
6 0 1 26.6 30. b 
6 0 2.2 
6 0 1 38.0 38.0 
6 0 4 22.7 -27.0 
6 0 5 50.6 -51.4 
6 0 6 12.7 13.4 
6 0 7 |S.C -8.9 
6 0 B 12.6 10.7 

0 98.6 104.5 
1 38.6 -41.2 
2 77.B -27.0 
3 9.7 - U . 2 
4 51.7 -58.3 
5 24.2 25.9 
6 29.9 24.4 
7 0.0 -5.9 

9.6 
0 22.7 -24.7 
1 50.4 -47.7 
2 6.6 
1 20.6 
4 1 7.0 16.0 
5 40.1 40.8 
6 8.0 -7.6 
7 9.9 12.0 
8 13.0 -12.8 
0 79. 1 -78.2 
1 28.4 29.4 
2 13.5 12.6 
3 12.4 14.3 
4 55. S 5b. 6 
5 26.2 

6 3 6 2 7.4 -30. 1 

b 4 0 16.5 16.5 
1 31.3 31.7 
2 0.0 -2.2 
3 23.2 21.5 
4 17.1 -17.2 
5 36.1 -15.2 
b 8.6 
7 7.8 r 7.8 

6 5 0 67.6 6B.1 
1 HA -2T.T 
2 20.4 -20. 7 
1 0.0 
4 15.0 -34.1 
5 15.6 15.6 

6 5 6 20.4 14.4 
0 4 . 1 - r o r s ~ ~ 
1 18.9 -19. t 
2 0.0 0. 1 
1 20.5 -19.4 
4 11.7 13.5 

b 7 0 17.8 •38. 1 
1 14.} 14.9 
2 7.8 

7 0 1 38.4 
7 0 2 33.1 35. 3 
7 0 1 51.6 -54. 7 
7 0 4 9.0 -8-5 

0.0 -0.3 

28.2 
6 4 . e 
i r . i 

http://J9.ll
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Table XXI. Final positional parameters (fractional) with standard 
o 92 2 deviations (A), and anisotropic thermal parameters (A x 10 ) . 

Atom X y. z a(x) a(y) a(z) 
Cs +(1) 0.1365 0. 2500 0. 1423 0.0020 0 0.0022 

P (2) 0.1099 0. 2500 •0. 3198 0.0089 0 0.0097 

F (3) 0.2510 0. 2500 •0. 4511 0.029 0 0.027 

F (4) -0.0273 0. 2500 •0. ,4433 0.030 0 0.026 

0 (5) 0.1125 0. 0606 •0. 2325 0.016 0.022 0.022 

Atom H.H y-12 ^13 ^22 ^23 ^33 
mean 
a(U) 

Cs +(1) 4.46 0 0.24 2.82 0 3.62 0.10 

P (2) 3.96 0 -0.12 3.06 0 2.87 0.36 

F (3) 7.17 0 2.35 7.24 0 5.40 1.44 

F( 4 ) 8.05 0 -4.61 9.15 0 5.42 1.42 

0 (5) 6.40 0. 04 1.52 2.87 0.62 5.24 0.90 
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Discussion 

Comparison of the anisotropic thermal parameters of the atoms 

in caesium difluorphosphate (Table XXI) with the corresponding values 
75 

in the potassium salt, indicates that the translational motion of 

the difluorophosphate ion as a whole is slightly greater in the caesium 

compound, the root mean square amplitudes of vibration of the phosphorus 

atom being 0.20, 0.18, 0.17 A in the a, b, and c directions respectively, 
o 

as against 0.16, 0.14, 0.16 A in the potassium compound. The rotational 

oscillational motions of the PO2F2 i ° n s a r e very similar in both compounds, 

and the corrections to the P-0 (+ 0.01 A) and P-F (+ 0.02 X) bond 

distances in CSPO2F2 are not significantly different from the corrections 
in the potassium salt. The corrected distances are included in Table XXII. 

An analysis of the Tr-bonding in the dif luorophosphate ion has 
75 

been given for KPO2F2. The arguments apply equally to the anion in the 

present compound in view of the similar dimensions obtained. Essentially 

the X-ray results are in excellent accord with parameters derived from 

infrared stretching frequencies and indicate a bond order of 1.83 for 

the P-0 bonds with the P-F bonds containing a smaller amount of TT-bond 

character. This Tr-bonding would presumably occur through overlap between 

the p_ orbitals on the ligands and the d_x2 v2 a n c* i\.z2 orbitals of phos­

phorus. U t i l i z i n g both d orbitals a total Tr-bond order of 2 should be 

attainable in the ion. Fluorine is more reluctant than oxygen to enter 

into a Tr-bonding system but the shortened bond does indicate some 
participation and an assumption of 17% double bond character i s not 

75 
unreasonable. The greater Tr-bond character of the bonds to oxygen is 
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Table.XXII. Interatomic distances (A) and angles (degrees) in MPO^ 

M Cs 

Ionic radius of M 1.33 1.69 

P-F(3) 
P-F(4) 
Mean P-F 
P-0(5) 

1.552 
1.552 
1.552(1.575*) 
1.457(1.470*) 

1.59 
1.53 
1.56 (1.58*) 
1.47 (1.48*) 

F(3)-P-F(4) 
0(5)-P-0(5') 
F(3)-P-0(5) 
F(4)-P-0(5) 
Mean F-P-0 

97.1° 
122.4 
108.3 
108.9 
108.6 

97.7° 
122.6 
107.9 
108.9 
108.4 

M-0 (2x) 2.76 3.07 
M-F 2.83 3.26 
M-0 (2x) 2.93 3.16 
M-0 (2x) 3.08 3.29 
M-F 3.14 3.42 
M-F (2x) 3.34 3.61 
M-F 3.62 3.62 
M-F 3.68 3.60 
M-F (2x) 3.88 4.28 

a(P-F) 0.007 0.03 
a(P-O) 0.005 0.02 
a(F,0-P-F,0) 0.4 1.7° 

corrected for rotational oscillation 



Figure 15. The structure viewed along the a.-axis. The oxygen atoms are shaded. 



Figure 16. The structure viewed along the b-axis. The oxygen atoms are shaded. 



103 

also shown by a comparison of the O-P-0 and F-P-F angles which are 

distorted from the tetrahedral values. The angles are 122.6° and 

97.7° respectively because the P-0 bonds having the greater electron 

density repel each other more than do the P-F bonds. 

The crystal structure of caesium difluorophosphate is similar 

to that of the potassium salt. A l l of the shorter M...0 distances are 

increased in the caesium compound in accord with the larger ionic 

radius of Cs + (Table XXII). Some of the longer M...0 distances, which 

are more influenced by anion-anion contacts, have rather similar values 

in the two structures. The isomorphism of the potassium, rubidium and 

caesium difluorophosphates is evident from the lattice parameters, 

which show a steady increase with ionic radius. The interionic 

distances in the rubidium salt could be estimated approximately by 

interpolation between the values for the potassium and caesium compounds. 



APPENDIX 

THE COMPUTER PROGRAMS 

COFSYM AND CELDIM 
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A. COFSYM PROGRAM FOR INDICATING CENTRE OF SYMMETRY 

In the structure analysis of [NP(0Me)~]o s t a t i s t i c a l tests 

were used to determine the space group and molecular symmetry. A 

resume of the theory is presented here, together with the input require­

ments for the program' and a Fortran l i s t i n g . Good summaries of the 

method are given in several of the standard references mentioned in 

the General Introduction at the beginning of the thesis. 

For a crystal belonging to the t r i c l i n i c system, two space 

groups are possible, PI and PI. Since a centre of symmetry gives rise 

to no special absences, the two space groups cannot be distinguished 
79 

on the basis of systematically missing reflexions. However, Wilson 

has shown that the intensity distribution i t s e l f is characteristic of 

the symmetry of the unit c e l l . Thus i f the intensity distribution can 

be recognized, the proper space group can be inferred. 

The distribution of function for a non-centrosymmetric space 

group can be predicted from the Gaussian equation for a two-dimensional 

random walk. The resulting expression is 
1P(I)dI = S"1 exp (-I/S)dl 

where P(I)dI is the proportion of intensities having a value between I 

and I+dl, and S is a distribution parameter equal to the sum of the 

squares of the atomic scattering factors. It can be identified with 

<I> which is the local average intensity. 

For a centrosymmetric space group the structure factors are 

a l l real and there are no imaginary terms on an Argand diagram o f 
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structure factors. This simplified distribution can be represented 

by an equation derived from the expression for a one-dimensional 

random walk, 

j4>(l)dl = (2TrSI)" 1 / 2 exp(-I/2S) dl 

The difference between these distributions is usually 
80 

detectable. Wilson considered the fraction 

p = <|F[>2/<I> 

and showed that the ratio of the square of the mean structure amplitude 

to the local mean intensity should be 0.785 for a non-centrosymmetric 

distribution, 0.637 for a centric one. 
81 

Howells, Phillips and Rogers proposed the N(Z) test in 

which the choice between distributions is based upon a comparison of a 

number of points.- For this method each intensity is expressed in terms 

of i t s local average 
Z = I/<I> 

Then the fraction N(Z) of reflexions whose intensities are equal to or 

less than a fraction Z of the local average are given as 

XN(Z) = 1 - exp(-Z) 

and 
1 1 / 2 

^ ( Z ) = erf ( f , ) l / Z 

for the acentric and centric distributions respectively. Here erf is the 

s t a t i s t i c a l error function. A comparison of the two theoretical curves 
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with the experimental one should indicate the appropriate distribution 

and permit the correct space group to be chosen. 

Input for the computer program to carry out these tests 

consists simply of a starting value of sin8/A, the range increment, 

and the input tape and f i l e number of the data tape. The tape is 

read twice: the f i r s t time to sort the reflexions into ranges and to 

calculate the averages, and then to determine what fraction each 

intensity i s of i t s local mean intensity. The intensity distribution 

is output as well as the Wilson Ratio for each range. The weighted 

averages can then be compared with the theoretical values in order to 

determine which i s the most likely distribution. 

A l i s t i n g of the program follows. The program is f a i r l y 

direct and largely self-explanatory. The subroutine POSN is used to 

locate the correct f i l e on the input tape. 



S I B F T C C O F S Y M 
C • 
C P R O G R A M F O R S T A T I S T I C A L T E S T O F I N T E N S I T Y D A T A F O R C E N T R E O F S Y M M E T R Y 

C I N T K I C L I N I C C R Y S T A L S 

C 
D I M E N S I O N . i N ( 1 0 ) » S U M F 2 < 1 0 ) » A M E A N ( l 0 » l 0 ) » D I S T ( i 0 » l 0 ) , w A V G < l G ) , F ( 8 ) 
D I M E N S I O N T S U M F ( I O ) * R A T I O ( I O ) 

A R A T I O = 0 . 0 

DO 1 7 5 < = 1 » 1 0 

6 N t K ) = 0 . 0 

i U M F 2 I K.) = 0 . 0 

T S U M F ( K . ) = 0 . 0 

DO 2 7 5 I = 1 » 1 0 

W A V G ( I ) = 0 . 0 

2 7 5 D I S T ( K.» I ) = 0 . 0 

1 7 5 C O N T I N U E 

R E A D 5 » 5 0 L S T * S I N C R . I N P U T * I F I L E 

5 F O R M A T ( 2 F 1 0 . 0 * 2 1 2 ) 

C A L L P O S N ( I N P U T . I F I L E ) 

2 5 2 R E A D < I N P U T U I » I G P E N » S i O L S » F H » F K » F L » F O B S » FOB^>2 • ( F ( I ) * I = 1 * 8 ) 

o u t = S u R T l o S O L S ) 

I F ( I G P E N . N E • 0 ) GO TO 1 

C S O R T D A T A I N T O R A N G E i > A N D C O U N T 

K = 1 

S O L L I M = S U L S T 
1 0 0 I F ( 6 0 L . L E . b O L L I M ) GO TO 1 0 1 

S O L L I M = S O L L I M + S I N C R 
I F I K • * G E • 1 0 ) G O T O 4 
K. = ix + 1 
GO TO 1 0 0 

1 0 1 o N l K ) = o N U ) + 1 . 0 
i > U M F 2 ( K ) = ^ U M F 2 < K ) + F O B S 2 
T b U M F ( K ) = T S U M F ( K ) + A B S ( F O B S ) 
GO TO 2 5 2 

4 P R I N T 1 5 * <.» 5 0 L * 6 0 L L I M 

1 5 F O R M A T ( 3 X » 1 4 * 2 ( F 1 0 . 5 » 3 X ) » 4 0 H S O L TOO L A R G E - M A K E I N C R E M E N T 
1 L A R G E R ) 

GO TO 9 9 9 

i C O N T I N U E 
C K l L o O N R A T I O T E S T 



DO 8 K = 1»10 
8 H A T I O ( I N ) = T S U M F ( l O * * 2 / ( S N ( K ) * S U M F 2 ( l O ) 

C C A L C U L A T E M E A N a F O R E A C H R A N G E 

DO 1 5 0 K = 1 » 1 . 0 

I = 1 

A M E A N ( K » I > = S U M F 2 U ) / S N ( K ) * 0 . 1 

DO 2 5 0 I = 2 . 1 0 

A I = I 

2 5 0 A M E A N ( < » I ) = A M E A N ( K • 1 )"""* A I 
1 5 0 C O N T I N U E 

R E W I N D I N P U T 

C A L L P O S N ( I N P U T , I F I L E ) 

2 5 3 R L A D ( I N P U T > 1 I * I G P E N • S S O L S > F H »F ix • F L • F O B S • F O B S 2 * ( F ( I ) » I = 1 » 8 ) 

S O L = i U R T ( 6 6 0 L S ) 

I F U G P E N . N E . 0 ) GO T O 1 1 

2 2 K. = i 

S O L L I M = b O L S T 

2 0 0 I F ( c O L . L E . S O L L I M ) GO TO 2 0 1 

S O L L I M = S O L L I M + S I N C R 

K. = K + 1 

G O TO 2 0 0 

C C O M P A K t D A T A W I T H M E A N S O F A P P R O P R I A T E R A N G E 

2 0 1 1 = 1 

3 0 0 I F < F O B S 2 - AMEAN(K * I ) ) 3 0 1 • 3 0 1 • 3 0 2 
3 0 1 D I S T l K . I ) = D I 6 T ( K t I ) + 1 . 0 

3 0 2 1 = 1 + 1 

I F ( I . G T . 1 0 ) GO T O 2 5 3 
G O TO 3 0 0 

1 1 PRINT 5 5 
5 5 F O R M A T U X , 5HR AT I 0 6 X » 1 1 H I N T E N M T I ES 2 0 X , 3 6 H I N T E N S I T Y D I S T R I B U T I O N 

1 h i t ) T E S T / ) 

DO 3 5 0 K. = 1 » 1 0 

DO 4 5 0 I = 1 » 1 0 - • . 

4 5 0 D l i T ( K . I ) = D I S K K i I ) / S N ( K ) 
3 5 0 P R I N T 6 5 , R A T I 0 ( K ) » SN(K)» (D I S T ( K • I ) » I = 1 » 1 0 ) 

6 5 F O R M A T ( 1 X » F 9 . 4 » 5 X » F 9 . 1 » 5 X » 1 0 ( F 9 . 4 ) ) 

C C A L C U L A T E W E I G H T E D A V E R A G E 

TOT = 0 . 0 

DO 5 5 0 N. = 2 » 9 

A K A T i O = A K A T I O + R A T l u K ) * S n ( K ) 



5 5 0 T O T = T O T + S N ( K ) 

D O 6 5 0 I = 1 » 1 0 

D O 7 5 0 K = 2 , 9 

7 5 0 ' r t A V G ( I ) = W A V G ( I ) + S N ( K ) * D I S T ( K » T ) 

W A V G ( I ) = w A V G ( I ) / T O T 

6 5 0 C O N T I N U E 

A K A T I O = A K A T I O / T O T 

P R I N T 7 5 » A R A T I O , T O T , ( W A V G ( I ) , I = 1 * 1 0 ) 

7 5 F O R M A T ( / / 3 0 X , 5 3 H W E I G H T E D A V E R A G E ( O M M I T T I N G F I R S T A N D L A S T 

i R A N G E S ) , / I X , F 9 . 4 , 5 X , F 9 . i , 5 X , I O ( F 9 . * > ) > . 

P R I N T 9 5 

9 5 F O R M A T ( / / I X , 1 2 3 H T H E R A T I O S H O U L D B E C O M P A R E D W I T H T H E T H E O R E T I C A 

1 L V A L U E S , 0 . 6 3 7 F O R A C E N T R I C D I S T R I B U T I O N , O R 0 . 7 8 5 F O R A N A C E N T R 

2 I C O N E . / / I X , 8 0 H T H E N ( Z ) D I S T R I B U T I O N S H O U L D B E C O M P A R E D W I T H T 

3 H E F O L L O W I N G T H E O R E T I C A L C U R V E S , / 5 X » 15HCENTROSYMMETRIC 9 X , 9 0 H 

4 . 2 4 8 1 . 3 4 5 3 . 4 1 8 7 . 4 7 3 8 . 5 2 0 5 . 5 6 1 4 . 5 9 7 2 

5 . 6 2 8 9 . 6 5 7 2 . 6 8 3 3 / 5 X » 1 9 H N 0 N - C E N T R 0 S Y M M E T R I C 5 X » 9 0 H 

6 . 0 9 5 2 . 1 8 1 3 . 2 5 9 2 . 3 2 9 7 . 3 9 3 5 . 4 5 1 2 . 5 0 3 4 . 5 

7 5 0 7 . 5 9 3 4 . 6 3 2 1 ) 

9 9 9 C A L L RuN ( I N P U T ) 

S T O P " 

E N D 
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B. CELDIM PROGRAM FOR CELL DIMENSION REFINEMENT 

This program is designed to give accurate unit c e l l parameters 

by means of a least-squares refinement. The most probable lattice 

dimensions are found by minimizing the sums of the squares of the 

deviations between measured and calculated values of sine theta over 

lambda. 
2 82-84 

Although the principle of the method is well known, ' 

a summary of the theory i s presented here. In the discussion let there 

be p parameters and n reflexions. The i th reflexion and j th parameter 

w i l l be considered as typical. 

The general equation relating reciprocal lattice parameters 

to the Bragg angle i s given by 

h 2a* 2 + k 2b* 2 + ^ c * 2 + 2kft>*c* cos a* + 2fhc*a* cos g* + 2hka*b* cos y* 
2 2 4 sin 6 = S z 

X 2 

where 0 can be measured either on film or by diffractometer. The best 

values of the parameters are those which make the sum of the squares of 

the deviations, R, 

n ? ? 
R = Z W.(|S| - |S h . = EW.A. 

I
 1 •1 1 c 1

 1 i i i = l 

a minimum. This w i l l occur for each variable when 
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where p.. is one of the parameters, the weight, S and S c are meas­

ured and calculated values of sin6/A, and A is their difference. 

Although these equations are not linear and hence there may be several 

minima, a set of equations can be written to give corrections to the 

parameters by expanding p.. = (p_. + Ap..) as a Taylor series. Since 

Ap. is assumed to be a small increment, cross terms such as Ap. Apv j j k 
w i l l be very small and derivatives higher than the f i r s t can be omitted. 

This leads to a set of normal equations of the form 

p n 8S 3S p n 3S 
Z { Z W. 3-^- -5-^-}Ap. Z Z W.A. 

i • -, 1 dp. dp. r i . , . 1 1 9p. J = 1 1 = 1 * i *J J J = 1 1 = 1 * j 

which can be solved for the corrections, Ap^, to the lattice parameters. 

In the present application, i n i t i a l reciprocal dimensions are 

f i r s t calculated from the given direct c e l l lengths and angles. Then 

the matrix A(I,J) is formed. The element a. . = v̂ W- c is the 
1 J 1 9p. . 

i i 

derivative of the general equation with respect to the J j th parameter 

for the i th reflexion multiplied by the square root of the weight approp­

riate for that reflexion. The matrix £(1,1) is formed by using the i n i t i a l 

parameters to calculate a value of S c > The differences between the 

observed and calculated values of sin8/A are multiplied by the observed 

value and the square root of the weight to give the general element 

j*i = i/WT" A^S^. The weighted observational equations are then given 

by AP = G_ where P is a column matrix with the element p^ = Ap^. To obtain 

the p normal equations which determine the p unknowns i t is only necessary 

to multiply each side of the matrix equation above by A*" the transpose of 
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A (formed by replacing each element a „ by a ^ ) . In the program, 

_B = kjk and E_ = A^G. The normal equations are written as BP = E 

0 T 6 j = I b j k Pk W h e r e b i j = I a k i a k j -

The corrections to the parameters are then given by P_ = B _ 1E where 

B_ ^ is the inverse of the matrix B. 
2 

The variance, a , is estimated from the residuals 
n 2 

• 2 £ W . A : 

a = i i O p ) 

and the standard deviation of the j th parameter is then given by 

a(p.) = V b ' j a 2 

where b ^ j is the corresponding diagonal element of the inverse matrix 

B_ The corrections to the parameters are applied and the cycle is 

repeated with the new values un t i l the change in variance is less than 

10% between cycles. In practice, rarely more than three cycles are 

required for convergence. After the f i n a l cycle, real parameters are 

calculated and output together with their standard deviations. 

During the formation of the derivatives, lattice restrictions 

are observed. For example, in the monoclinic system, a and y are held 

at 90.0° by setting 8a* = 3y* = 0. This can be overuled, however. If 

i t i s desirable, a l l parameters can be refined merely by treating the 

crystal as t r i c l i n i c . Alternatively, i f 3 were known very accurately 

and was not to be refined, a monoclinic crystal could be treated as an 
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orthorhombic one in which case only the axial lengths would be refined. 

In addition a FUDGE(J) factor can be controlled so as to apply any 

fraction of the calculated correction to a parameter. 

Various weighting schemes are incorporated in the program 

including several functions of theta and a form of the Nelson Riley 

function. In general, however, for theta values less than 20° these 

weighting schemes lead to very similar results and a weight of one 

is usually used for each reflexion. Reflexions of exceptional 

r e l i a b i l i t y can be weighted individually. 

The program is primarily intended to refine c e l l dimensions 

from diffractometer measurements prior to calculating final angular 

settings. It may also be used to give c e l l dimensions from zero-layer 

Weissenberg photographs. It is particularly useful here when there are 

few axial spots since general spots on the layer may also be measured. 

The program may be used with data obtained from a back-reflexion 

camera. Here, the positions of the front- and back-reflected spots 

are used to accurately determine the effective radius of the film 

cassette. Values of theta are then derived from the film measurements 

and the data are refined as before. 

The subroutines used in this program are standard library 

programs of the U.B.C. Computing Centre. The purpose and result of 

each subroutine c a l l is f a i r l y straight-forward. Programming details 
8 5 

can be found in the UBCMATR subroutine package for square matrices. 

On the following pages are a description of the input require­

ments for the program and a source deck l i s t i n g . 
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CELDIM CELL DIMENSION REFINEMENT BY LEAST SQUARES 

The program is designed to refine unit c e l l parameters and will accept 

6, 20, or back reflexion data for general HKL reflexions. 

Notes 1. No decimals to be punched. 
2. Limit of reflexions i s 30. 
3. Bracketed columns need not be punched. 

Input Requirements 

Column 

Card 1 

2-80 

Card 2 

40-41 
42-43 

44-45 

50-51 
52-53 

Identification 

I n i t i a l c e l l parameters 

Description 

Anything for identification 

1-5 XX.XXX a .XXXXX a* 
6-10 XX.XXX b .XXXXX b* 
11-15 XX.XXX c .XXXXX c* 
16-21 (xxx.xxx) a (xxx.xxx) a* 
22-27 (xxx.xxx) 3 (xxx.xxx) 0* 
28-33 (xxx.xxx) Y (xxx.xxx) Y* (xxx.xxx) 

90° assumed i f angles lef t blank 
34 (x) 1 i f RECIPROCAL DIMENSIONS 
35-36 XX CRYSTAL SYSTEM: 1 = t r i c l i h i c , 2 = monoclinic, 

XX. 
(XX) 

(xx) 

XX 
(XX) 

3 = orthorhombic, 4 = tetragonal, 5 = cubic, 
6 = hexagonal, 7 = rhombohedral 

RADIATION: 1 = Mo-K , 2 = Cu-K 
METHOD: 0 = read in 0, 1 = read in 20, 2 = back 

reflexion, read in separation (mm.) 
WEIGHTING SCHEME: 0 = 1 , 1 = sin0, 2 = 

3 = sin 20, 4 = sih 220, 
Riley function 

NUMBER OF REFLEXIONS 
NUMBER OF CYCLES: usually 

until convergence 

tan0, 
form of Nelson-

0, program will run 

/continued 
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Card 3 Data cards one card per reflexion 

1-3 
4-6 
7-9 
15-20 

22-23 

25-30 
35-40 
45-50 
55-60 
61-66 

±xx 
±xx 
±xx 
XXX.xxx 

(XX) 

(xxx.xxx) 
(xxx.xxx) 
(xxx.xxx) 
(x.xxxxx) 
(xx.xxxx) 

H 
K 
L 
POSITION: 9, 26, or position of front 

reflexion (mm.) depending on METHOD 
WAVELENGTH: i f different from i n i t i a l 

radiation, 
1 = Mo-K , 2 = Cu-K , 
4 = Mo-K01 , 5 = Mo"^ 
7 = Cu-rT^, 8 = Cu-KJ 

POSITION OF^FRONT REFLE; 
POSITION OF BACKREFLEXION: 
POSITION OF BACK REFLEXION: 
SPECIAL RADIATION: (only i f 
SPECIAL WEIGHT 

3 = Mo-K,. , 
-01' = special 

(mm.) 
(mm.) 
(mm.) 

9 in 23) 

, 6 
, 9 
ION 



i l o F T C C E L O I M 
C R E F I N E M E N T O F C E L L P A R A M E T E R S B Y L E A S T S Q U A R E S M A R C H 1 9 6 8 

D I M E N S I O N A ( 3 0 » 3 0 ) » A T R A N ( 3 0 » 3 0 ) » P < 6 * 6 ) 

D I M E N S I O N Z H < 3 0 ) » Z K < 3 0 ) » Z L < 3 0 ) » T H E T A O O ) 

D I M E N S I O N G ( 3 0 » 3 0 ) » N E W L A M ( 3 0 > » W A I T ( 3 0 ) 

D I M E N S I O N B ( 3 0 » 3 0 ) » • E ( 3 0 * 3 0 ) » • B 6 U 6 » 6 ) * E 6 < 6 » 6 ) 

D I M E N S I O N w A V ( 9 ) » F U D G E 1 6 ) * N S T O R E O O ) 

D I M E N S I O N S Y S T E M ! 1 4 ) 

D I M E N S I O N I C 0 L ( 6 > » T E M P ( 6 ) » A T ' E ' M P ( 3 0 » 3 0 . ) 

D I M E N S I O N S I G 6 ( 6 » 6 ) » S I G R E P ( 6 » 6 ) » R E A L S G ( 6 , 6 ) 

D I M E N S I O N V I A N C E ( I O ) * L A B R L ( 1 2 ) * . L A B R E P ( 1 2 ) 

D A T A w A V / 5 4 H M O A C U A M O A 1 M O A 2 M O B 1 C U A 1 C U A 2 C U D S P E C 

1 / 

D A T A S Y S T E M / 8 4 H T R I C L I N I C M O N O C L I N I C O R T H O R H O M B I C T E T R A G O N A L C U 

l b I C H E X A G O N A L R H O M B O H E D R A L / 

D A T A L A B R L / 7 2 H A A X I S = B A X I S = C A X I S = A L P H A = B E T A 

1 = G A M M A = / 

D A T A L A B R E P / 7 2 H A A X I S * B A X I S * C A X I S * A L P H A * B E 

1 T A * G A M M A * / 

L E N D = 0 

I RANK. = = 0 

I C O L S = = 0 

I K L C I P = 0 

N L O w = 0 

N H I G H = = 0 

S E N T = 0 . 0 

S E X I T = = 0 . 0 

D I S T H 1 = 0 . 0 

D I S T H 2 = 0 . 0 

D I ^ T L 2 = 0 . 0 

M C Y C L E = 1 

0 0 5 1 J = 1 * 6 

T E M P ( J ) = 0 . 0 
F o D G E ( J ) = 1 . 0 

51 I C O H J ) = 0 
C T o n ^ L u A ^ M K T I C U L A R L E N G T H U K A I M O L E C O N S T A N T S E T F J D G L ( J ) = u 

c F u k THAT VARIABLE 
0 0 5 c 1= I . 3 0 
N E * L A M ( I ) = 0 
N o T O R L ( I ) = o 



DO 5 3 J = 1 * 3 0 
AT E M P ( I » J ) = 0 . 0 

5 3 A I I » J ) = 0 . 0 
5 2 C O N T I N U E 

DO 1 1 1 I = i» 6 
DO 1 1 2 J = 1 * 6 
S 1 G R E P ( I » J ) = 0 . 0 

R E A L o 6 ( I * J ) = 0 . 0 
1 1 2 5 I G 6 1 I » J ) = 0 . 0 
1 1 1 C O N T I N U E 

P R I N T 2 2 
2 2 F O R M A T U H O * 2 3 H U N I T C E L L L E A S T S Q U A R E S / ) 

R E A D 4 

4 F O R M A T I I X * 7 9 H 
1 ) 

P R I N T 4 

R E A D 1 » A A X I S * B A X I S * C A X I S . A L P H A * B E T A » G A M M A * I R E C I P * I T Y P E * 
1 I W A V E * M E T H O D * I w A I T » N D A T A » N C Y C L E 

1 F O R M A T 1 3 F 5 . 3 * 3 F 6 . 3 » I 1 * I 2 » 3 X • 3 I 2 » 4 X , 21 2 ) 

P R I N T 2 3 * N D A T A * S Y 6 T E M < 2 * I T Y P E - 1 ) » S Y S T E M ( 2 * I T Y P E > 
2 3 F O R M A T ( 5 X » 1 3 * 8 H P L A N E S * 1 0 X * 2 A 6 ) 

D A T A = N D A T A 

I F < A A X I S • E Q . 0 . 0 . O R . B A X I S • E Q . 0 . 0 . O R . C A X I S . E Q . 0 . 0 ) P R I N T 2 5 
2 5 F O R M A T ( 1 H 0 * 4 4 H T H E P R O G R A M R E Q U I R E S A L L T H R E E A X I A L L E N G T H S ) 

I F l A A X I S . E Q . 0 . 0 . O R . B A X I S . E Q . 0 . 0 . O R . C A X I S . E Q . O . O G O T O 9 9 9 
I F I A L P H A • E Q . 0 . 0 ) A L P H A = 9 0 . 0 . 
I F ( B E T A . E Q . 0 . 0 ) B E T A = 9 0 . 0 
I F ( G A M M A . E Q . 0 . 0 ) G A M M A = 9 0 . 0 
I F ( I R E C I P • E Q . 1 ) GO TO 8 

P R I N T 3 * L A b R L ( 1 ) » L A B R L < 2 ) » A A X I S » L A B R L ( 3 ) » L A B R L ( 4 ) * B A X I S » L A 6 R L ( 5 ) » 
1 L A B R L I 6 ) » C A X I S » L A B R L ( 7 > » L A B R L ( 8 ) » A L P H A » L A B R L ( 9 ) » L A B R L ( 1 0 ) » B E T A » 

2 L A b R L ( l l ) » L A b R L ( 1 2 ) » G A M M A 
3 F O R M A T ( 1 H 0 » 9 X » 2 4 H 0 R I G I N A L R E A L P A R A M E T E R S / / ( 1 2 X » A 6 * A 4 . F 1 0 . 3 ) ) 

G O TO 1 0 
8 A A X I S = A A X I S / 1 0 0 . 0 

B A X I i = B A X I S / 1 0 0 . 0 
C A X I S = C A X I S / 1 0 0 . 0 
P R I N T 9 » L A B K E P ( D » L A B R E P ( 2 > » A A X I S * L A B R E P ( 3 ' » L A B R E P ( 4 ) . B A X I S , 

1 L A B R E P < 5 ) » L A B R E P ( 6 ) » C A X I S 

9 F u R M A T ( 1 H 0 . 9 X . 3 0 H O R I G I N A L R E C I P R O C A L P A R A M E T E R S / / ( 1 4 X . A 6 . A 4 . 



1 3 H = » F 1 0 . 5 ) ) 

P R I N T 7 » L A B R E P ( 7 ) » L A B R E P ( 8 ) , A L P H A * L A B R E P ( 9 ) » L A B R E P ( 1 0 ) , B t T A » 
1 L A B R E P 1 1 1 ) » L A B R E P ( 1 2 ) • G A M M A 

7 F O R M A T ( 1 4 X » A 6 » A 4 . 1 H = » F 1 0 . 3 ) 

1 0 A L P H A = A L P H A / 5 7 , 2 9 5 7 7 9 
B E T A = B E T A / 5 7 . 2 9 5 7 7 9 

G A M M A = G A M M A / 5 7 . 2 9 5 7 7 9 

I F ( I w A V E . E O . 1 ) W A V E = 0 . 7 1 0 6 9 

I F ( I W A V E .EQ. 2 ) W A V E = 1 . 5 4 1 7 8 

O R I G = W A V E 
I F ( M E T H O D .EU. 2 ) P R I N T 3 6 

3 6 F O R M A T ( 1 H 1 » 1 0 X . 1 9 H B A C K . R E F L E X I O N DATA // 7 7 H P L A N E H K 
1 L LOW A N G L E P O S I T I O N H I G H A N G L E P O S I T I O N / ) 

I F ( I R E C I P .EQ. 1 ) GO TO 4 9 
5 0 0 V O L = A A X I S * B A X I S * C A X I S * S Q R T ( 1 . 0 + 2 . 0 * C O S ( A L P H A ) * C O S ( B E T A ) * C O S ( 

1 G A M M A ) ~ C J o ( A L P H A ) * * 2 - C O S ( B E T A ) * * 2 - C O S ( G A M M A ) * * 2 ) 
A s T A R = 6 A X I S * C A X I o * S I N ( A L P H A ) / V O L 
B o T A R = C A X I S * A A X I S * S I N ( B E T A > / V O L 
C S T A R = A A X I S * B A X I S * S I N ( G A M M A ) / V O L 

C A L S T R = ( C O S ( B E T A ) * C O S ( G A M M A ) - C O S ( A L P H A ) ) / ( S I N ( B E T A ) * S I N ( G A M M A ) ) 
C B E S T R = ( C O S ( G A M M A ) * C O S ( A L P H A ) - C O S ( B E T A ) ) / ( S I N ( G A M M A ) * S I N ( A L P H A ) ) 
C G A S T K = ( C u o ( A L P H A ) * C O S ( B E T A ) - C O S ( G A M M A ) ) / < S I N ( A L P H A ) * S I N ( B E T A ) ) 
A L S T R = A R C O S ( C A L S T R ) 
B E S T R = A R C O S ( C B E S T R ) 
G A S T R = A R C O S ( C G A S T R ) 
I F ( I E N D ) 5 0 » 5 0 , 3 0 0 

4 9 A o T A R = A A X I S 
d o T A R = d A X I S 
C o T A R = C A X I S 
A L i T R = A L P H A 
B E S T R = B E T A 
G A S T R = G A M M A 

5 0 DO 1 0 0 I = 1 » N D A T A 
R E A D 2 » I H . I K . I L . T H E T A ( I ) . N E W L A M ( I ) » D I S T L 2 » D I S T H 1 , D I S T H 2 . 

1 o P W A V E . o P E C W T 
2 F O R M A T ( 3 I 3 » 5 X . F 6 . 3 . I X . I 2 » I X . 3 1 F 6 . 3 . 4 X ) . F 6 . 5 . F 6 . 4 ) 

<1H ( I ) = I H ' vo 
Z K ( I ) = I K 
<-LlIi = IL 
11- I M e l HOD . N t . 2 ) GO TO 71 



C C A L C U L A T I O N O F T H E T A F R O M B A C K R E F L E X I O N D A T A 
I F I T H E T A ( I ) . N E . 0 . 0 . O R . D I S T L 2 * N E . 0 . 0 ) P R I N T 3 7 , I* I H » I K , 

1 I L , T H E T A ( I ) » D I S T L 2 

3 7 F O R M A K 5 X , I 3 » 4 X , 3 ( I 3 * 2 X ) * 2 ( 2 X , F 8 . 2 ) ) 

I F ( T H E T A ( I ) • E Q . 0 . 0 . A N D . D I S T L 2 . E Q . 0 . 0 ) P R I N T 3 8 » I* I H » I K » 
1 I L , D I 5 TH i , D I S T H 2 

3 8 F O R M A T ( 5 X , I 3 » 4 X » 3 < I 3 » 2 X ) , 2 8 X , 2 < 2 X » F 8 . 2 ) ) 

I F ( T H E T A U ) . E Q . 0 . 0 . O R . D I S T L 2 . E Q . 0 . 0 ) GO TO 7 5 

E X I T = ( T H E T A ( I ) + D I 5 T L 2 J / 2 . 0 
T H E T A ( 1 ) = A B 6 ( T . r i E T A ( I ) - D I 6 T L 2 ) 
NLOW = NLOW + 1 
i >EX I T = o E X I T + E X I T 
GO TO 1 0 0 

7 5 I F ( T H E T A U ) . E Q . 0 . 0 • A N D . D I S T L 2 . E Q . 0 . 0 ) GO TO 7 6 
T H E T A ( I ) = A B S ( T H E T A l l ) - D I S T L 2 ) 
N 6 T 0 R E ( I ) = 1 
G O TO 1 0 0 

7 6 I F ( D I i > T H l . E Q . 0 . 0 . O R . D I S T H 2 . E Q . 0 . 0 ) GO TO 7 7 
E N T R Y = ( D I 5 T H 1 + D I S T H 2 ) / 2 . . 0 
T H E T A ( I ) = A B S l D l b T H l - D I S T H 2 ) 
N H I G H = N H I G H + 1 
i E N T = oEiMT + E N T R Y 

T O R E ( I ) = 2 
GO TO 1 0 0 

7 7 T H E T A ( I ) = A B 3 < D I S T H 1 - D I S T H 2 ) 

N ^ T O R E ( I ) = 3 
GO T O 1 0 0 

7 1 T H E T A ( I ) = T H E T A ( I ) / 5 7 . 2 9 5 7 7 9 
I F ( M E T H O D - . E Q . 1 ) T H E T A ( I ) = T H E T A ( I ) / 2 . 0 

1 0 0 C O N T I N U E 
I F ( M E T H O D . N E . 2 ) GO TO 6 0 

C T H I G H = N i - i l G H 

C T L U w = N L O r t 
A V E N T = o E N T / C T H l G H 
A V E X I I = o t X I i' / C T L O f t 
r l F C I R = A b o t A V E N T - A V E X I T ) 

KADIU5 = H F C I R / 3 . 1 4 1 5 9 2 7 ^ 
P R I N T 8G» K A D I u 5 o 

8 0 F u R M A T l l H O , 4 3 H E F F E C T I V E R A D U S OF B A C K R E F L E X I O N C A M E R A = » F 1 0 . 5 * 
i b n M . M . ) 



DO 6 1 I = 1 • N D A T A 
I F ( N o T O R E < I ) .GT. 1 ) GO TO 85 
I F ( N S T O K E U ) . E Q . 1 ) GO TO 8 4 
A N G = ( T r i E T A ( I ) / ( 4 . 0 * R A D I U S ) ) 
T H E T A ( I ) = A N G 
G O TO 8 1 

8 4 F D I S T = A D O ( T H E T A ( I ) - A V E X I T ) * 2 . 0 
A N G = F D I S T / ( 4 . 0 * R A D I U S ) 

T H E T A ( I ) = A N G 
• GO TO 8 1 

8 5 I F ( N S T O R E I I ) . E Q . 3 ) GO TO 8 6 
A N G = 3 . 1 4 1 5 9 2 7 / 2 . 0 - THETAU) / ( 4 . 0 » R A D I U S ) 
T r t E T A ( I ) = A N G 
G O T O 8 1 

8 6 B D I s T = Abo (THETA ( I ) - A V E N T ) * 2 . 0 
A N G = 3 . 1 4 1 5 9 2 7 / 2 . 0 - B D I S T / ( 4 . 0 * R A D I U S ) 
T H E T A ( I J = A N G 

8 1 C O N T I N U E 
6 0 P R I N T 3 5 
3 5 F O R M A T ( 1 H 1 , 9 5 H P L A N E H K. L T H E T A O B o T H E T A C A 

I L D I F F WT R A D @ N M I N I M I Z E / ) 

S D E L = 0 
DO 2 0 0 I = 1 , N D A T A 

7 0 I F ( I W A I T . E Q . 0 ) W A I T ( I ) = 1 . 0 
I F ( I W A I T . E Q . 1 ) W A I T ( I ) = S I N ( T H E T A ( I ) ) 
I F ( I -V A I T . E Q . 2 ) W A I T ( I ) = T A N ( T H E T A ( I ) ) 
I F ( I w A i T . E Q . 3 ) W A I T ( I ) = 3 1 N ( T H E T A < I ) ) * * 2 
If- ( I w A i T . L Q . 4 ) W A I T ( I ) = S I N ( T H E T A ( I ) * 2 . 0 ) * * 2 
I F ( I I ( • E Q . 5 > W A I T ( I ) = i . 0 / ( 2 • 0 * ( C O S ( I HE I A I I ) ) * * 2 ' s I N i I HE iA l I ) ) 

1 + C O o ( T h E T A ( I ) ) * * 2 / T H E T A ( I ) ) ) 
C O T H E R rtcIGriTING o C H E M E S M A Y BE I N C L U D E D H E R E 

I F ( S P E C w T . N E . 0 . 0 ) W A I T ( I ) = S P E C W T 
R o O T w T = SvjRT ( W A I T ( I ) ) ' . 
GO T o ( 4 0 0 » ^ 0 0 » 4 0 0 » 4 0 1 » 4 0 2 * 4 0 3 * 4 0 4 ) • I T Y P E 

C P K E P A K A T I u i \ OF M A T R I X O F D E R V I A I I V E S ( O B S E R V A l I O N E Q u A l I O N b ) 
4 0 1 A ( I » 1 ) = ( ( Z H ( I ) * * 2 + Z < ( I ) * * 2 ) * A S I A R ) * R O G I w I 

A ( I » 3 ) = ( Z L ( I ) * * 2 * C o I A R ) * R O O I w i 
Gw T u t>i K> 

4 U 2 A ( I » 1 > = ( l ^ H < I ) * * 2 + Z K ( I ) * * 2 + ^ . H I ) * * 2 ) * A s I AR ) * R O O I w I ^ 
GO TO 6 1 



A t I » 1 ) = U Z H ( I ) * * 2 + Z K I I ) * * 2 + 2 . U * i H H ) * i K t I ) * C O o i G A o l R ) ) 
1 * A 3 T A R ) * R 0 Q T W T 

A < I » 3 ) = ( Z L l I ) * * 2 * C S T A R ) * R O O T W T 

GO T O 6 1 

A < l ) l ) = ( ( Z H ( I ) * * 2 + Z K ( I ) * * 2 + Z L ( I ) * * 2 ) * A S I A R + 2 • U * C O b t A L b f R ) 
1 * ( Z K . ( I ) * Z L ( I ) + Z L ( I ) * Z H ( I ) + Z H ( I ) * Z M I ) ) * A b T A R ) * R G Q I Wl 

A U » 4 ) = ( - b I N < A L 3 T R ) * A 3 T A R * * 2 * ( Z K < I ) * Z L ( I ) + Z L I I ) * Z H U ) + Z H U ) 

1 * Z K . ( I ) ) ) * R O O T W T 

G O T O 6 1 

A ' I » 1 ) = R O O T w T * ( Z H ( I ) * * 2 * A S T A R + Z H ( I ) * Z L U ) * C 5 I A R * C 0 3 I B E S I R ) 

1 + Z H ( I ) * Z K . ( I ) * B 3 T A R * C 0 3 ( G A S T R ) ) 

A U » 2 ) = R u G T W T * ( Z K ( I j * * 2 * B 3 I A R +/.K ( I ) t I ) * A b i A R * C O o i G A o i R ) 
1 + Z K ( I ) * Z L ( I ) * C S T A R * C O S ( A L S T R ) ) 

A ( I » 3 ) = R G O T W T * ( Z L ( I ) * * 2 * C 3 T A R +Z|_ ( I ) * Z K I I ) * B S I A R * C 0 3 ( A L S T R ) 

1 + Z L ( I ) * Z h ( I ) * A S T A R * C O S ( B E S T R ) ) 

I F 4 i T Y P E . O E . 3 . A N D . I T Y P E . L E . 6 ) GO 1 0 6 1 

I F ( I T Y P E . E u . 2 ) G O TO 6 2 

A ( I » 4 ) = R Q 0 T W T * ( - Z K ( I ) * Z L ( I ) * B S T A R * C S T A R * S I N ( A L 3 I R ) ) 

A U . 6 ) = R O O T W T * ( - Z H ( I ) * Z K ( I ) * A S T A R * B S T A R * S I N ( G A S I R ) ) 
• A I I . 5 ) = K O O T W T * ( - Z L ( I ) * Z H ( I ) * C s i A R * A i l A R * o l N v B E o i R ) ) 

G C A L C = O V J R F ( Z r i ( I ) * * 2 * A s T A R * * 2 + Z K ( I ) * * 2 * B S T A R * * 2 

1 + Z L ( I ) * * 2 * C S T A R * * 2 

2 + 2 . 0 * Z K ( I ) * Z L ( I ) * B S T A R * C 3 I A R * C O i > ( A L S I K ) 

3 + 2 . 0 * Z L ( I ) * Z H ( I ) * C s I A R * A 3 I A R * C O s ( B E o I R ) 

4 + 2 . 0 * Z H ( I ) * Z K ( I ) * A S I A R * B S I A R * C O o i G A o i R ) ) 

I F ( N E W L A M ( 1 J ) 3 2 * 3 2 , 3 3 
I F I N E n L A M ( I . E O . 1 ) W A V E = = 0 . 7 1 U 6 9 
I F ( N E W L A M ( I • E U . 2 ) w A v E : = 1 . 5 4 1 7 8 

I F ( N E w L A M CI • E Q . 3 ) W A V E = = 0 . 7 0 9 2 6 
I F ( N E ' w L A M I I . E O . 4 ) W A V E = = 0 . 7 1 3 5 4 
I F ( N E w L A M ( I • E Q . 5 ) W A V E = = 0 . 6 3 2 2 5 3 

I F ( N E W L A M ( I • E Q . 6 ) W A V E • = 1 . 5 4 0 5 1 
I F ( N E w L A M I I 1 . E Q . 7 ) W A V E = 1 . 5 4 4 3 3 
I F ( N E W L A M ( I • E Q . 8 ) W A V E : = 1 . 3 9 2 1 7 

I F ( N E w L A M ( I ) . E Q . 9 ) W A V E = S P W A V E 

G M E A s = 2 . 0 * b I N ( T H E T A ( I ) J / W A V E 

D E L = G M E A o - G C A L C 

S D E L = o D E L + A B S ( D E L ) 

T H C A L C = A R o I N ( G C A L C * W A V E / 2 . 0 ) * 5 7 . 2 9 5 7 7 9 
T H O B o = T H c T A l I ) * 5 7 . 2 9 5 7 7 9 



D I F T H = T H O B S - T H C A L C 

J = I W A V E 

I F ( N E W L A M ( I ) . N E • 6 ) J = N E W L A M ( I ) 

I H = Z H ( I ) 

I K = ZK. ( I ) 

I L = Z L I I ) . 

P R I N T 34» I * I H * I K » I L * T H O B S * T H C A L C » D I F I H * W A I M I ) » W A V I J ) , D E L 

3 4 FORMAT ( 5X» I3»5Xt_3( 13 *_2j*)_±2_' 3 x » F9 • 5 ) * 3**F8.5 *4X , F 6 . 2 *5X,A4»5X»F9.5) 
G ( I , i ) = R O O T ' W T * L ) E L * G M ' E A S 

W A V E = O R I G 

2 0 0 C O N T I N U E 

C D E T E R M I N A T I O N O F R A N K A N D R E M O V A L O F Z E R O R O W S 

I F ( I R A N K . E Q . 6 ) G O T O 275 
I F I M C Y C L E . G T . l j l G O T O 256 
D O 2 5 1 J = 1 * 6 

D O 2 5 2 I = 1 » N D A T A 

I F ( A ( I * J ) . N E . 0 . 0 ) G O T O 251 
I F ( I . E Q . N D A T A ) I C O L ( J ) = 1 

2 5 2 C O N T I N U E 

2 5 1 C O N T I N U E 

D O 2 5 5 J = 1 , 6 " " ' " ~ " ~ • ~ " . " " 

2 5 5 I C O L S = I C O L S + I C O L U ) 

I R A N K = 6 - I C O L S 

I F ( I R A N K . E Q . 6 ) G O T O 275 
2 5 6 N C O L = 0 

D O 2 6 0 J = 1 , 6 .; „. ' 

L = J - N C O L 

I F ( I C O L ( J ) • N E . 1 ) G O T O 263 
N C O L = N C O L + 1 

6 0 T O 2 6 0 

2 6 3 D O 2 6 1 1 = 1 , N D A T A 

A T E M P ( I » L ) = A ( I » J ) 

2 6 1 C O N T I N U E 

2 6 0 C O N T I N U E 

D O 2 6 5 J = 1 , 6 

D O 2 6 6 I = 1 , N D A T A 

2 6 6 A ( I , J ) = A T E M P ( I » J ) 

2 6 5 C O N T I N U E 

2 7 5 C O N T I N U E 

D E V N = S D E L / D A T A 



P R I N T 1 0 3 » I R A N K » D E V N 
1 0 3 F O R M A T ( 1 H G , 6 H R A N K = _» 1 5 » 5 8 X » I 7 H M E A N D E v I A i I O N = » F 9 . 5 

C A L L T R A N o P I A * A T R A N V N D A T A * 3 0 ) ~ " " " " " ~ " 
C A L L M u L T ( A T R A N * A » B » N D A T A * 3 0 ) 
DO 1 0 9 I = 1 , I R A N K 
DO 1 0 9 J = 1 » I R A N K 

1 0 9 B 6 ( I * J ) = 6 ( I • J ) 
C A L L M U L T t A T R A N , G » E » N D A 1 A , 3 u ) •_ 
DO 1 1 0 I = I f " " I R A N K ~ " 
DO 1 1 0 J = 1 » I R A N K 

1 1 0 E 6 l I• J ) = E ( I * J ) _ _ _ 
C A L L I N V E R T ( B 6 » I R A N K » 6 , D E I » C O N D N O ) 
P R I N T 3 9 » D E T 

3 9 F O R M A T ( I X , 1 4 H P E T E R M I N A N T » > 1 P E 1 6 . 5 /_) 
I F ( D E T . E Q . O . O J G O 1 0 9 9 9 

C A L L M U L T ( B 6 » E 6 * P » I R A N K * 6 ) 
RANK. = I R A N K 

S I G S Q D = 0 . 0 * * 

DO 1 8 0 I = 1 , N D A T A 

1 8 0 S I G S Q D = S I G S Q D + G ( I , 1 ) » » 2 

S I G S Q D = S I G S Q D / ( D A T A - R A N K ) 

V I A N C E ( M C Y C L E ) = S I G S Q D 

I F ( I R A N K . E Q . 6 ) G O T O 2 7 6 

C A D J U S T M E N T O F M A I R I C E 5 1 0 A L L O w F O R c E R O ROwo 
J = 0 

DO 2 8 1 I = 1 , 6 
J = J + 1 
I F I I C O L ( I ) . N E . 1 ) G O T O 2 8 2 
G O TO 2 8 3 

2 8 2 T E M P ( I ) = P ( J , 1 ) 
GO TO 2 8 1 

2 8 3 T E M P I I ) = 0 . 0 
J = J - 1 " " " " " 

2 8 1 C O N T I N U E 

DO 2 8 4 1 = 1 , 6 
P I I , 1 ) = T E M P ( I ) 

2 8 4 T E M P I I ) = 0 . 0 

J = 0 

DO 2 9 1 I = 1 , 6 
J = J + 1 



292 

2 9 3 

291 

2 9 4 

2 7 6 

161 

1 8 2 

I F U C O L U ) . N E . 1 ) GO TO 2 9 2 
G O T O 2 9 3 
T E M P ( I ) = 8 6 ( J » J ) 

G O TO 2 9 1 

T E M P I I ) = 0 . 0 
j = j - i " 
C O N T I N U E 

DO 2 9 4 I = 1 » 6 _ _ 

d 6 ( I * I ) = T E M P ( I ) 

T E M P ( I ) = 0 . 0 

5 I G A = S Q R T ( B 6 ( 1 * 1 ) * S I G S Q D ) 
S I G B = 
S I G C = 
S I G A L = 
SI6BE= 
S I G G A = 
A N E w = 
B N E w = 
C N E W = 
A L N E W = 
B E N E W = 
G A N E w = 
I F ( I T Y P E 
I F I I T Y P E 
I F ( I T Y P E 
I F ( I T Y P E 
A L S D E G = 
B E S D E G = 
GA5DEG = 

S Q R T ( B 6 ( 2 » 2 ) * S I G S Q D ) 
S Q R T ( B 6 ( 3 * 3 ) * 6 I G o Q D ) 
S Q R T I B 6 ( 4 • 4 ) * S I G b Q D ) 

S Q R T ( B 6 ( 5 * 5 ) * S I G b Q D ) 
S Q R T ( B 6 ( 6 * 6 ) * S I G S Q D ) 

* 
* 

* 

A S T A R + P ( 1 » 1 ) 
B S T A R + P 1 2 * 1 ) 
C S T A R + P ( 3 » l ) 
A L i T R + P ( 4 » l ) 
B E S T R + P ( 5 » l ) 
G A S T R + P ( 6 » l ) 

• G E . 4 ) B N E w 
• E Q . 5 . O R . 
. E Q . 7 ) 6 E N E W = A L N E W 

• t Q , 7 ) C N E W = A L N E w 

A L N E W * 5 7 . 2 9 5 7 7 9 
B E N E W * 5 7 . 2 9 5 7 7 9 
G A N E W * 5 7 . 2 9 5 7 7 9 

F U D G E I 1 ) 
F U D G E i 2 ) 
F U D G E ( 3 ) 
F U D G E i 4 2 
F U D G E 1 5 ) 
F U D G E I 6 ) 

= A N E w 
I I Y P E . E Q . 7 ) C N E w = A N E w 

P R I N T 1 8 1 
F u R M A T I 1 0 X » 2 2 H R E C I P R O C A L D I M E N b I O N o / / 1 4 A * 

i S H I F T NEW P A R A M E T E R 5 1 G M A 

2 E G R E E S / ) "" ' """ ' ' 
F O R M A T ( A 6 » A 4 » 3 ( 5 X » F 1 0 . 6 ) » 1 U A » F l u . 6 * 1 5 A » F 1 5 , 

9 5 H P R E v I 0 u o v A L u E 

5 ) 

D 

PRINT 182» LABREP(1)*LABREPi2)»AoiAR»Pi1»1)»ANEw»oIGA 
PRINT 182» LABREP I 3)» L A B R E P i 4 ) * B o i A R *P » 2 »1)»BNEw>oIGB 
PRINT 162»LABREP»5)»LABREPi6)» CoiAR » P » 3 »1)»CNE»»oIGC 
PRINT 182»LABREP I 7 ) * LABREP v 8)•ALoiR*Pi4»1)»ALNE« »oI GAL»ALoDEG 
PRINT 162 » LABREP ( 9 ) * LABREP I l u ) *BEo"i R»Pi 5 * 1) »BENE* »o I GBE • BEoDEG 
PRINT 162* LABREP ( 11 ) » LABREP ( 12 ) * GAb I R »P t 6 » 1 ) * GANEw *o I GGA • GAoDEG 

On 



P R I N T 163* MCYCLEt S I G S Q D ' • • . L 

1 8 3 F O R M A T ( 5 X » 1 3 H E N D OF O C L E » I 3 » 5 A » 1 5 H o I G M A ^QwARED = »1PE16 . 6 » / ) ^ _ •_ 3 

I F ( N C Y C L E -~1) 189»190» 1 9 1 " - - - - - - - - - 6 

1 8 9 I F ( M C Y C L E . E Q . 1) G O 10 191 °J 
I F ( V I A N C H M C Y C L E - 1 ) - V I ANCE * MC i C L E ) . L i . u . l » » I A N C E > MC > C L E ) _ _ l i 

1 . O R . M C Y C L E .GE. l u ) GO I O 1 9 v " " ' J l 

1 9 1 N C Y C L E = N C Y C L E - 1 t 

M C Y C L E = M C Y C L E + 1 : k 
A S T A R = A N E W 

B S T A R = BNEW 

C S T A R = C N E W 

A L S T R = A L N E W 

B E S T R = B E N E W 

G A S T R _ = G A N E W ; ; ^ 

C H A V E " R E s E I R E C I P R O C A L D E M E N S I O N S 

GO TO 60 
1 9 0 I E N D = 1 . . . t 

A A X I o = A N E W " ^ " " 
B A X I S = B N E W 
C A X I S = _ _ C N E W ;, : : ' 

A L P H A = A L N E W 

B E T A = B E N E W 

G A M M A = G A N E W _ _ _ • _ „ ' _ _ _ _ 

C A L L T H E S E A R E R E C I P R O C A L D I M E N S I O N S " " ~ . . " " ~ - ~ — — • ~ 

G O T O 500 
3 0 0 A F I N L = A S TAR. ' • ' / ' . 

B F I N L = B S T A R N 

C F I N L = C S T A R 
A L F I N L = A L S T R _ _ _• _ _ _ _ _ _ _ _ _ • _ 
B E F I N L = B E S T R "~ ' "" — - - — - - - - - - - - - - — - - - - — ~ , .-
G A F I N L = G A S T R 

C T H E S E _ F I N L @ V A L U E S ARE F I N A L R E A L v A R l A B L E o _ _ _ _ _ _ _ _ _ _ _ _ . 
A L F D E G = A L F I N L * 5 7 . 2 9 5 7 7 9 ~ ~ : : ' " " ' - - - - - - - - --. -

B E F D E G = B E F I N L * 5 7 . 2 9 5 7 7 9 

G A F D E G = G A F I N L * 5 7 . 2 9 5 7 7 9 
C D E R I V A T I V E S O F R E A L P A R A M E i E R o w C R .7. R E C I P R O C A L O N E - . 

S I G 6 ( 1 » 1 ) = - A F I N L / A N E w >-
b I G 6 ( l » 5 ) = - A F I N L * C O T A N ( B E N E W ) & 
S I . G 6 l l » 6 ) = - A F I N L * C O T A N ( G A N E W ) " ' " '"' ' 

S I G 6 1 2 . 2 ) = - B F I N L / B N E W 
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2 S I O R A L » L A B R L ( 9 ) , L A B R L * l u ) » B E F D E & » o I G R B E • L A B R L i 1 1 ) . L A B R L i 1 2 ) » 
3 G A F D E G » S I G R G A . ,• 

3 0 2 F O R M A T ( 1 0 X . A 6 * A 4 » F 1 0 . 5 » 1 0 X , F 1 U . 5 ) ~ ~ " ~ ~ 
R V O L = 1 . 0 / V O L 
P R I N T 3 0 3 * R V O L '_\ _ . 
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