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ABSTRACT 

PART I: THE CRYSTAL AND MOLECULAR STRUCTURE OF 
DIMETHOXYPORPHINATO Ge ( IV )  

PART 11: THREE DIMENSIONAL STUDY OF a-CHYMOTRYPSIN AT PH 
8.7 and 2.7 WITH DIFFERENCE FOURIER METHOD 

BY 

A r i  s  t i  des Mavri d i  s  

The s t r u c t u r e  of d ime thoxy~orph ina to  Ge(1V) (PGe(OMe)2) was 

determined by t h r e e  dimensional c r y s t a l  lograph ic  techniques. The 

molecule c r y s t a l l i z e s  i n  space group PZ1/c w i t h  four  molecules i n  t h e  

u n i t  c e l l  and c e l l  dimensions = 15.015 A ,  161 = 14.441 A, /;I = 

8.414 A and 6 = 91 .8S0. The s t r u c t u r e  was solved us ing  Savre 's  

equat ion  and i t  was r e f i n e d  t o  an R-factor of 0.043. 

There are  two centrosymmetric and s.ymmetry i n d e ~ e n d e n t  p a i r s  o f  

molecules i n  t h e  u n i t  c e l l .  Small di f ferences between t h e  independent 

molecules are probably  due t o  packing e f f e c t s .  The porphine molecules 

a re  s tacked along the  ? ax i s  composing a  very e f f i c i e n t  ~ a c k i n g .  The 

porphine r i n g  i s  e s s e n t i a l l y  p lana r  w i t h  the  methoxy grouDs s l i g h t l y  

devi  a t i  ng from be ing  perpend icu la r  t o  t h i s  p l  ane. 

The s t r u c t u r e  of t h e  h y d r o l y t i c  enzyme a-CHT was s t u d i e d  i n  t h e  

pH's 8.7 and 2.7 w i t h  t h e  d i f f e r e n c e  Fou r ie r  method. D i f f e r e n c e  e l e c t r o n  

d e n s i t y  maps between the  e l e c t r o n  dens i ty  of t h e  enzyme a t  pH 3.6 ( n a t i v e )  

and 8.7, as w e l l  as a t  pH 3.6 and 2.7 (us ing  t h e  phases of t h e  n a t i v e  

o n l y )  revealed a  number o f  molecular  changes. The main f e a t u r e  o f  t h e  

h i g h  pH d i f f e r e n c e  map i s  a  general l ack  of l o c a l  two f o l d  symnetry. The 
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l a r g e s t  changes i n  the  h i g h  pH d i f f e rence  map correspond t o  movements 

o f  t h ree  separate segments o f  t h e  a-CHT molecule. 

The low 3.6 - 2.7 changes are  e s s e n t i a l l y  con f ined on t h e  surface 

o f  the  enzyme and they are  gene ra l l y  small as compared w i t h  t h e  3.6 - 
8.7 changes. 



To t h e  Greek s t u d e n t s  who d i e d  i n  Greece f i g h t i n g  

f o r  freedom and democracy d u r i n g  t h e  p e r i o d  of A p r i l  

21, 1967 t o  July 23, 1974. 
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PART I 

THE CRYSTAL AND MOLECULAR STRUCTURE 

OF DIMETHOXY PORPH INATO Ge ( I V  ) 



I. INTRODUCTION 

1 . H i s t o r i c a l  Note 

Few th ings  i n  na ture  are more p e r f e c t  than a c r y s t a l ,  i n  which 

immense numbers o f  atoms o r  molecules are stacked i n  almost pe r fec t  

a1 ignment. Crys ta l lography  , which i s  a smal l  branch o f  t h e  vas t  f i e l d  

o f  s o l i d  s t a t e  physics, s tud ies  main ly  the geometr ical  arrangement i n  

space o f  atoms o r  molecules tak ing  advantage o f  t h e i r  o rder ing .  

Crys ta l lography  made i t s  s t a r t  as a science i n  1669 when the  Danish 

phys i c i an  N. Steno d i  scovered t h a t  a1 though qua r t z  c r y s t a l s  may d i f f e r  

i n  appearance from one another, the  angles between corresponding faces 

are always t h e  same. By 1891 the  complete space group theory  was 

publ ished by A. schoenf l ies l  and E. von ~edorov' ,  b u t  y e t  no th ing  was 

known about t he  i n t e r i o r  o f  c r y s t a l s .  The d iscovery  o f  X-rays by 

W. C. Rontgen i n  1895, and i t s  subsequent use by von Laue i n  1912 3-5 

t o  prove t h a t  c r y s t a l s  a re  na tu ra l  d i f f r a c t i o n  g r a t i n g s  f o r  X-rays, 

was a g r e a t  impetus t o  s o l i d  s t a t e  physics and c rys ta l l og raphy  ( a t  t he  

t ime, centered mos t l y  around mineralogy) . 
Imned ia te ly  a f t e r  F r i e d r i c h  and Knipping '  s d iscovery  o f  X-ray 

d i f f r a c t i o n  and von Laue's mathematical analysis4, W. H. Bragg and h i s  

son W .  L. Bragg approached the  d i f f r a c t i o n  problem i n  a d i f f e r e n t  wayGy7 

namely, as t h e  " r e f l e c t i o n "  o f  X-rays by planes i n  c r y s t a l s .  S t i l l  

another  approach t o  t he  d i f f r a c t i o n  problem was taken by P. P. Ewald 8 

who developed a more soph i s t i ca ted  and complete theory, c a l l e d  the  

dynami ca l  theory.  Essent i  a1 1y the  same mathematical t heo r i es  and 



experimental techniques were used l a t e r ,  a f t e r  L. de Broglie's proposal 

of his famous equation of matter waves in 1924', and i t s  subsequent 

verification via electron diffraction by C.  J .  Davisson and 

L .  J .  ~ermer'' by using thermal neutrons or electrons instead of X-rays 

to probe the nature of crystal l ine materials. 

The contribution of diffract ion studies to  our understanding of 

nature i s  really profound; the history and the role i n  modern physical 

sciences are described in a fascinating book ent i t led "Fifty Years of 

11 X-ray Diffraction" edited by P. P. Ewald . 

2. The Geometrical Theory of X-ray Diffraction 

The purpose of th is  section i s  t o  introduce some ideas, the 

appropriate nomenclature, and to  present some of the basic equations 

used in X-ray crystal s t ructure analysis. A se r ies  of excellent 

books are available which describe i n  detail  the geometrical (or 

kinematical) theory of X-ray diffract ion,  i t s  power and i t s  l imitations; 

some of them are given in references 12-20. The term geometrical 

distinguishes th is  theory from the dynamical by the power, depth and 

abi 1 i t y  of the 1 a t t e r  t o  predict and explain diffraction phenomena 

beyond those of the geometrical theory. The most complete account of 

the dynamical theory in the von Laue formulation ( in  the English 
21 l i t e ra tu re )  i s  an a r t i c l e  written by James . 

( a )  The Atomic Scattering Factor 

We consider a hydrogen-like atom with i t s  nucleus located a t  the 

origin,  and the position of i t s  electron described by a vector ?n 
(Figure 1 ) .  A plane wave polarized perpendicular to the plane of the 

,. 
paper, and w i  t h  di recti  on of incidence described by the unit  vector so ,  



Figure 1.  Scattering by a charge d ist r ibut ion described by the ,. + . 
vector r,. The u n i t  vectors so and s give the 

direct ions o f  primary and scattered beams respectively; 

P I s  the observation point .  



i s  sca t te red  from 

sca t te red  wave i s  

a t  a  d is tance ~fil 

Iffnl=lOcm). The instantaneous value o f  t h e  f i e l d  i n  the  pr imary  beam 

on t h e  e l e c t r o n  i s  g iven by 

t h e  charge d i s t r i b u t i o n  around the  o r i g i n ,  and the  
6 

observed a t  a  p o i n t  P, a long the  d i r e c t i o n  s, and 
-+ 

($=lfil;) f rom t h e  o r i g i n ,  w i t h  ~ f i~>>~ :~ l  ( 1  r n l= lA ,  

+ 1 + A where K = ~ K  1 =-, U = ~ T V  and D=r - s  A t  t he  observa t ion  p o i n t  P the  x n o '  

magnitude and phase o f  t he  f i e l d  5 w i l l  be g iven  by 17 

2  
where e  /mc2 i s  the  c l a s s i c a l  e l e c t r o n  rad ius  = 2 .82~10- '~cm.  Due 

t o  t he  f a c t  t h a t  f i n  equat ion (2 )  t ransforms t o  

Suming  over a l l  t h e  instantaneous f i e l d s  a t  P g iven  by equat ion (3 ) ,  

an express ion i s  obta ined f o r  the  sca t te red  wave ts due t o  one e l e c t r o n  

Expression (4)  i s  complete ly  c l a s s i c a l  , b u t  we have t o  make some 

concessions t o  t h e  quantum mechanical na ture  o f  mat ter .  I n  o rder  t o  

o b t a i n  the  unmodif ied s c a t t e r i n g ,  the sumnation over the instantaneous 

p o s i t i o n s  o f  Fn o f  t h e  e l e c t r o n  should be s u b s t i t u t e d  by an i n t e g r a t i o n  

over  a  volume d;, o f  a  quantum mechanical charge d i s t r i b u t i o n 1 7 ,  thus 

The i n t e g r a l  q u a n t i t y  o f  equat ion  ( 5 )  i s  c a l l e d  the " s c a t t e r i n g  f a c t o r  



per  e l e c t r o n "  and i s  symbolized by fe: 
f 

where +(f) i s  t he  ground s t a t e  wave f u n c t i o n  o f  a  hydrogen- l ike atom, 

o r  more genera l l y ,  a  one e l e c t r o n  quantum mechanical f unc t i on .  I f  

$(P) has sphe r i ca l  symmetry, equat ion (7 )  t ransforms e a s i l y  t o  a  

simp1 e r  express ion us ing  sphe r i ca l  p o l a r  coordinates 

where p = 4 ~ s i n e / x  (9) 

(see F igure  1 f o r  t h e  d e f i n i t i o n  o f  the  angle 0). 

For a  p o l y e l e c t r o n i c  atom we can i n f e r - b y  analogy t o  equat ion (7), 

t h a t  t h e  "atomic s c a t t e r i n g  f a c t o r  f" w i l l  be g iven by 

where ;. i s  the  v e c t o r  t o  the volume element dv .  and the  i n t e g r a t i o n  
J J 

i s  over  a1 1  t he  3z e l e c t r o n  coordinates. As an approximation t o  t he  
-t 

wave f u n c t i o n  (  , . . r )  we can consider a  S l a t e r  determinanta l  

wave f u n c t i o n  



where m1 (cl ) , . . . , ( z ( ~ z )  a re  monoelectronic wave func t i ons .  Using 

equat ion (1  1  ), express ion (10) transforms t o  

2 n A 

( r )  e x p ( 2 n i ~ ( s - s o ) * T  j id;j= 

(see a l s o  re fe rence 14) .  

The atomic s c a t t e r i n g  f a c t o r  f i s  a  bas ic  q u a n t i t y  i n  X-ray 

c rys ta l l og raphy ,  and an accurate s t r u c t u r e  de termina t ion  requ i res  

an accurate s e t  of f - f a c t o r s  f o r  each atom o f  the s t r u c t u r e .  

(b )  Pe r i od i c  L a t t i c e s  

The bas i c  i dea  o f  a  c r y s t a l  i s  i t s  t rans1 a t i o n a l  i nvariance o f  

some u n i t  o f  atoms o r  molecules. The u n i t  o f  t he  t r a n s l a t i o n a l  

r e p e t i t i o n  can be def ined by three,  i n  genera1,nonorthogonal vec tors  
-+ -+ 
a, b  and z, c a l l  ed the  c r y s t a l  axes. The para1 l e l e p i  pedon de f i ned  

-f -+ 
by the th ree  axes a, b  and z i s  t he  smal les t  volume which, i f  repeated, 

w i l l  make up the  c r y s t a l ;  i t  i s  c a l l e d  u n i t  c e l l  and i t s  volume i s  

g iven  by 
-+ -+ -+ 

V=a*bxc . (13) 

A l a t t i c e  i s  def ined us ing  the  fundamental leng ths  2, g, ; as 

it= u ~ + v ~ + w Z ,  (14)  

where u, v  and w  are i n tege rs .  The p o s i t i o n  o f  an atom loca ted  a t  a  

c e r t a i n  p o i n t  i n  space, i n s i d e  any u n i t  c e l l  o f  a  c r y s t a l  w i  11 be g iven  

by the  vec tor  

w i t h  

t o  2 

dens 

the  vec to r  Fn expressed i n  f r a c t i o n a l  coord inates w i t h  respec t  

-+ , b and z. 
According t o  t he  above ,any p rope r t y  o f  the c r y s t a l  , ( e l e c t r o n  

i t y ,  c o n d u c t i v i t y ,  e l e c t r o s t a t i c  po ten t i a l , .  . .) w i  11 be a  p e r i o d i c  



7 

f u n c t i o n  w i t h  respec t  t o  t he  l a t t i c e  t r a n s l a t i o n  2 

22. However, a  p e r i o d i c  f unc t i on  can be expressed as a  F o u r i e r  s e r i e s  , 
the re fo re  

where the  q u a n t i t y  ;* i s  a  r e c i p r o c a l  vec tor  and i s  de f ined  by the 

f o l  1 owing expressions 

-+ r*=hz*+kg*+l;*, 

where h ,  k , 1  are  i n tege rs  , and 

-b -+ -+ -+ 
bxc - bxc ;*= - - - 

+ + +  
a-bxc V 

cxa - cxa f;*= - - - 
- + + +  
a. bxc v 

-b -+ -+ -+ 
-+ axb c*= - = axb 

+ '-v- 
aobxc 

a1 vec tors  were f i r s t  in t roduced i n t o  vec to r  ana lys is  by  Gibbs 2 3 

2 4 and t h e i r  usefu lness t o  c r ys ta l l og raphy  was f i r s t  po in ted  o u t  by Ewald . 
They generate a  r e c i p r o c a l  l a t t i c e  o f  the  o r i g i n a l  d i r e c t  (phys i ca l )  

l a t t i c e .  Some o f  i t s  p r o p e r t i e s  can be v e r i f i e d  d i r e c t l y  from the 

de f  i n i  ti ons (1 8) and (1 9) 
-+ 
a-6*=0 
-h -+ 
a.a*=1 

and a1 1  cyc l  i c  permutat ions ; 



Another property of the reciprocal l a t t i c e  is  tha t  the volume of a 

reciprocal unit  cel l  i s  the reciprocal o f  the physical u n i t  cel l  

This property can be proved easi ly  using the vector ident i ty  

Expression (17) plays a prominent role i n  the theory of X-ray 

crystal 1 ography , being connected w i  t h  the electron densi ty  of a crystal , 

whose exact dis t r ibut ion i s  the main problem of s t ructural  crystal-  

lography. The Fourier coefficients C+ can now be found due to  the 

orthogonality properties of the plane waves exp(-2ni?*?*) and 
-+ -+ -t 25 

exp(2air*r1*) ,  where ?'*=h's*+k16*+l 'c* . Mu1 tiplying both sides 
-+ -t 

of equation (17) with e x p ( 2 ~ i r - r l * )  and integrating over the volume V 

we obtain 

A e 

where x ,  y ,  and z are the components of the Cartesian vectors ex, e 
Y 

and el respectively. The integration w i t h  respect t o  dxdydz can be 

replaced by an integration with respect t o  dgd~ds  with 5 ,  Q ,  s being 

components of the vector and range from zero to  one, 



9 

Thus the volume element dxdydz can be subs t i tu ted  by 

where I i s  the Jacobian o f  the transformation 

Using (24) and (25) equation (23) becomes 

= V L c ( h k l ) 6 ( h - h '  )6(k-k ' ) 6 ( l - 1 '  ). 
h k l  

Therefore equation (26) can be w r i t t e n  as 

Renaming the f r ac t i ona l  coordinates 6 ,  Q and 5 along the c r ys ta l  axes 

as x, y, and z i n  agreement w i t h  common crys ta l lograph ic  nota t ion,  

expression (27 ) can be r ew r i t t en  as 



10 

I n  essence express ion ( 2 8 )  i s  the  Four 

much o f  t he  theory  and app l i ca t i ons  o f  

around these two expressions. 

i e r  t rans form o f  equat ion  (17);  

X-ray c rys ta l l og raphy  centers  

( c )  Phase Problem and E lec t ron  Densi ty  Representat ion o f  a  C rys ta l  

The s t r u c t u r e  f a c t o r  F i s  another key q u a n t i t y  i n  t he  theory  o f  

d i f f r a c t i o n ;  i t  i s  de f ined  as fo l lows:  

where xn, yn, zn are f r a c t i o n a l  components a long the  a x i a l  leng ths  
-+ 
a, and r e s p e c t i v e l y  d e f i  n i n g  the  posi  ti on o f  an atom i n the  uni  t 

c e l l ,  and fn i s  the atomic s c a t t e r i n g  f a c t o r  o f  t he  n t h  atom as 

de f i ned  i n  the  expression (12). The summation i s  over  a l l  t he  atoms 

i n  t he  u n i t  c e l l .  The s t r u c t u r e  fac to r  F i s  the o n l y  q u a n t i t y  i n  

which the  p o s i t i o n s  x, y ,  z o f  the  atoms i n  t he  u n i t  c e l l  appear; 

t h e r e f o r e  i t s  s i g n i f i c a n c e  i s  unique i n  the  theory  o f  s t r u c t u r e  

de termina t ion  by d i f f r a c t i o n  methods. It can be seen t h a t  i n  general  

i t  i s  a complex quan t i t y ,  and can be represented as a vec to r  i n  the  two 

dimensional Argand diagram: 

F(hk1 )=A(hkl )+ iB(hk l  ) 
where 

A (hk l )=  C f , c o ~ 2 n ( h x ~ + k y ~ + l ~ ~ )  
n 

B(hk1 )=Lf ,si n2n(hxn+kyn+l zn) 
and n 



In the above discussion and i n  what follows, the atomic sca t te r ing  

f ac to r  f i s  considered as a real  quanti ty which i s  not i n  general t rue ,  

b u t  i t  i s  a good approximation. Using the l a s t  two equations of (31 ) 

the s t ruc ture  f ac to r  can a l so  be writ ten as 

The quant i ty  $ (hk l )  i s  called the phase angle and in  general can 

assume any value between 0 and 2m. However, f o r  a centrosymnetrical 

un i t  c e l l  , i f  the centre  of symmetry i s  taken as the o r ig in ,  f o r  each 

t r i a d  of numbers (x ,  y ,  z )  there i s  a centrosymmetric equivalent 
- - - (x, y ,  2 )  (x=-x, y=-y, z=-z, again following common crystal lographic 

nota t ion) .  Therefore, for  a centrosymmetrical crys ta l  the expression 

(29)  f o r  the s t ruc ture  f ac to r  can be s p l i t  i n to  two parts  

Equation (32) shows t h a t  f o r  a centrosymmetri cal crys ta l  the s t ruc ture  

f ac to r  i s  a - real  quanti ty.  From expressions (31) and (32) we deduce 

t h a t  

therefore tan$(hkl )=o. 

From t h i s  l a s t  equation we obtain 

l$(hkl)=O 
o r  

( ( h k l  )=IT. 



Th is  severe r e s t r i c t i o n  on the  va lues o f  t h e  phase angles $ ( h k l )  

means t h a t  the phases e x p i $ ( h k l )  can take  o n l y  two values +1 o r  -1, and 

the  s t r u c t u r e  f a c t o r  can be w r i t t e n  as ~ ( h k l ) = ( + )  I ~ ( h k l  ) 1 . Th i s  

r e s u l t  i s  very  h e l p f u l  i n  c r y s t a l  s t r u c t u r e  ana l ys i s .  

A cont inuous q u a n t i t y  p(?) can be def ined,  rep resen t i ng  the 

e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  o f  t he  u n i t  c e l l .  According t o  t he  

prev ious d iscuss ion  the  e l e c t r o n  dens i t y  p(;) should be a t h ree  

dimensional p e r i o d i c  f u n c t i o n  w i t h  respec t  t o  t he  l a t t i c e  vec to r  it 

and accord ing t o  equat ion (17)  

However, according t o  equat ion (28) 

The s t r u c t u r e  f a c t o r  F(hk1) de f ined  i n  equat ion (29) can a l s o  be 

w r i  t t e n  employing the  continuous e l e c t r o n  dens i t y  p (f) , by s imp ly  

s u b s t i t u t i n g  the  summation over a1 1 t he  atoms o f  t h e  u n i t  c e l l ,  by 

i n t e g r a t i o n  o f  t he  e l e c t r o n  d i s t r i b u t i o n  over t h e  volume V . Therefore 



A comparison of equat ions (35),  (36) and (37) leads innnediately t o  

t h e  fundamental r e s u l  t 

p ( ~ ) = V - ~ ~ ~ ~ F ( h k l  )exp{ -2ni  (hx+ky+l z)}. 
h k l  

Equat ion (38) i s  a Fou r ie r  rep resen ta t i on  o f  the  e l e c t r o n  d i s t r i b u t i o n  

o f  a c r y s t a l ,  w i t h  the s t r u c t u r e  f a c t o r s  being the  c o e f f i c i e n t s  o f  t he  

F o u r i e r  se r i es .  From the same equat ion i t  can a l s o  be seen t h a t  the 

c a l  c u l  a t i  on o f  e l e c t r o n  densi t y  requ i res  the  complete knowledge o f  

F(hk1 ) I s ,  t h a t  i s ,  t h e i r  magnitudes (F(hk1)  1 and phases e x p i $ ( h k l  ). 

Only t he  s t r u c t u r e  amp1 i tudes I F(hk1) 1 can be obta ined exper imenta l l y ,  

and t h i s  i s  what c o n s t i t u t e s  the  "phase problem" o f  X-ray ( o r  neutron)  

c r y s t a l  l ography . 
The phase problem i s  o f  a very fundernental nature,  and i t  i s  n o t  

con f ined i n  t he  realm o f  d i f f r a c t i o n  phenomena b u t  i t  i s  r e l a t e d  t o  

t he  phase problem i n  quantum mechanics. Consider t h e  t ime dependent 

~ c h r o d i  nger equat ion 

The s o l u t i o n  o f  (39) i n  c o n f i g u r a t i o n  space i s  g iven  by 

where p i s  the c l a s s i c a l  momentum o f  p a r t i c l e  j, and h P lank 's  constant.  
j 

The F o u r i e r  t rans form o f  the above equat ion w i l l  be a s o l u t i o n  o f  

equat ion (39) i n  momentum space 



Equations (40) and (41 ) can be w r i t t e n  i n  a  more compact fo rm as fo l lows 

where t h e  meaning o f  t he  new symbols i s  obvious. 

I n  general ,  the wave f u n c t i o n  y(X; t )  i s  complex and has a  magnitude 

1 1 ' 1  and a  phase angle 4 .  However, i n  the  treament of s t a t i o n a r y  s ta tes  

w i  t h  r e a l  Hami 1  t o n i  ans , the  energy e igenfunc t ion  Y can be chosen t o  be r e a l  , 

t h e r e f o r e  

where the  dagger means complex conjugat ion.  If now we assoc ia te  t he  

wave f u n c t i o n  ~ ( 2 ; t )  w i t h  the e l e c t r o n  d e n s i t y  p (F), and t h e  wave 

f u n c t i o n  o(b; t )  i n  momentum space w i t h  t h e  s t r u c t u r e  f a c t o r  F(hk1) 

(which r e a l l y  i s  a q u a n t i t y  i n  momentum o r  ? space) we can see 

t h e  analogy i n  these q u a n t i t i e s  



We a l s o  have 

i n  complete analogy w i t h  r e l a t i o n s  (44). I n  o rde r  t o  o b t a i n  t h e  wave 

f u n c t i o n  u(X; t )  f rom equat ion (42) we need t o  know - both t h e  ampl i tude 

and the phase o f  the  momentum f u n c t i o n  @(p , t ) .  Exper imenta l ly  t he  

o n l y  q u a n t i t y  measured i s  lo (? , t )  1 i n  s t r i k i n g  analogy w i t h  the 

q u a n t i t y  I F(hk1)  1 which i s  obtained exper imenta l l y  i n  X-ray c r y s t a l -  

lography. The phase o f  the  wave f u n c t i o n  cannot be obta ined d i r e c t l y  

f rom t h e  s o l u t i o n  o f  Schrodinger equat ion due t o  the na ture  o f  equat ion 

i t s e l f .  Only a knowledge o f  the  i n i t i a l  cond i t i ons  y(?;to) can prov ide  

the  complete wave func t i on ,  obta ined by a u n i t a r y  t rans format ion  

where U i s  an e v o l u t i o n  operator .  O f  course the  quantum mechanical 

phase problem i s  o f  a  dynamical nature,  i n  c o n t r a s t  t o  t he  c r y s t a l -  

l og raph i c  phase problem which i s  a s t a t i c  one; a knowledge o f  t he  

i n i  ti a1 condi ti ons i n  the  1 a t t e r  case means a know1 edge o f  t he  charge 

d i s t r i b u t i o n  i n  space, t h a t  i s ,  the  s t r u c t u r e  i t s e l f  ( f o r  a  s h o r t  

d iscuss ion  o f  phase problem i n  quantum mechanics see reference 26). 

(d)  Bragg's  Law and I n t e n s i t y  Re la t ions  

Consider a beam o f  X-ray photons impinging on a c r y s t a l  ; t h e  

e lect romagnet ic  waves i n t e r a c t  s t r o n g l y  w i t h  t he  nega t i ve l y  charged 

e lec t rons ,  and if the  appropri  a te  geometr ical  condi ti ons are f u l f i  1  led ,  

the c r y s t a l  emits l i g h t  ma in ly  o f  t he  same wavelength as t h a t  o f  the  

i n c i d e n t  r a d i a t i o n .  Th is  emission i s  u s u a l l y  c a l l e d  " r e f l e c t i o n "  and 



t h e  geometr ical  cond i t i ons  are  descr ibed by Bragg's law which can be 

de r i ved  as f o l l o w s .  I f  the d i r e c t i o n  o f  the i n c i d e n t  and d i f f r a c t e d  
A A 

beams are  s p e c i f i e d  by the  u n i t  vec to rs  so and s r e s p e c t i v e l y  

(F igure  1 ), t h e  f o l l o w i n g  equat ions g ive  the  d i r e c t i o n s  and energy 

o f  t he  two beams: 

Employing the  f i r s  t Born approximati  on, we can descr ibe  a t r a n s i  ti on 

w i t h  the  m a t r i x  element 2 7 

where q and are the  i n c i d e n t  and d i f f r a c t e d  waves r e s p e c t i v e l y .  
0 

We can consider  t h a t  they are adequately descr ibed by p lane waves, 

t h e r e f  o r e  

where C, , C2 a re  constants.  Expanding the  e l e c t r o n  d e n s i t y  p(?)  i n  

a F o u r i e r  s e r i e s  accord ing t o  equat ion (28) ,  equat ion (46) becomes 

+ + -+ -+ 
e x p ( - 2 n i K * r ) Y - ' Z  ~(hkl)ex~(2nir*r*)~~ex~(2ni~~~?)d?= 

hkl 

+ -b 
=Cl tC2V- '~  F(hk1 f i x  p i  Zni (:o-K+r*)-?id; 

h k l  



The i n t e g r a l  (48) i s  d i f f e r e n t  than zero o n l y  if 

For f i x e d  we can o n l y  observe d i f f r a c t e d  beams i n  d i r e c t i o n s  d i c t a t e d  

by the  r i g h t  hand s i d e  o f  equat ion (49) .  Under those cond i t i ons  we 

ob ta in  from equat ion (48) 

Equat ion 

should be 

imper fec t  

u 

(50) shows t h a t  the  i n t e n s i t y  o f  the d i f f r a c t e d  r a d i a t  

p ropo r t i ona l  t o  / ~ ( h k l ) l ' ,  which i s  more o r  l e s s  t r u e  

c r y s t a l  s  . 

i o n  

f o r  

For a  s t a t i c  c r y s t a l  the energy o f  the  d i f f r a c t e d  beam i s  t he  

same as the  i n c i d e n t  beam, i .e., =  ; t h i s  l a s t  c o n d i t i o n  imposes 

immediately a  c o n d i t i o n  on the s c a t t e r i n g  angle e. To s a t i s f y  the  

geometr ica l  condi t i o n s  o f  equat ion (49) and the i soene rge t i  c  c o n d i t i o n  
-t 

K a t  the  same time, we cons t ruc t  the Ewald sphere (F igure  Z), 

w i  t h  rad ius  CO equal t o  t he  i n c i d e n t  wave vec tor .  The l a t t i c e  shown 

l a t t i c e ,  C i s  the p o s i t i o n  o f  t he  d i f f r a c t i n g  c r y s t a l  

From Figure 2 and equat ion (49)  we ob ta in :  and 0 

i s  the  r e c i p r o c a l  

t he  o r i g i n .  

+ -+ +* = 1 ~ - ~ ~ 1 = 1 r  1 

However, l;*(hkl) 

1  I (h$*+k6*+1;*) I=ZPine(hkl) .  

where d(hk1) i s  the  d is tance between the  I =  -tipxi-)' 
" r e f l e c t i n g "  planes ( h k l ) ;  f rom these two equat ions we o b t a i n  

Zd(hk1 ) s i n e ( h k l  )=A (51 

which i s  Bragg's law i n  i t s  most convenient form. 



Figure 2. Ewald's constructi on. 



We cons ider  now a  penci 1  o f  monochromatic X-ray beams, po la r i zed  

perpend icu la r  t o  t he  p lane o f  the  paper o f  i n t e n s i t y  I. and wavelength 

A, f a l l i n g  on a  very smal l  c r y s t a l .  The cond i t i ons  are  i l l u s t r a t e d  

i n  F igure  1  ; the  c r y s t a l  i s  l oca ted  a t  the  o r i g i n  0, t he  vec to r  Fn 

represents t he  l o c a t i o n  o f  t he  n t h  - atom i n  a  c e r t a i n  u n i t  c e l l ,  and 

the d i r e c t i o n s  o f  p r imary  and d i f f rac ted  beams are descr ibed by  the 
A A 

u n i t  vec to rs  s  and s  r e s p e c t i v e l y .  For s i m p l i c i t y  i t  w i l l  be assumed 
0 

t h a t  the  c r y s t a l  has the  shape o f  para l le lop ipedon w i t h  edges Na l$ / .  
+ + +  

Nb 161 . N~ I:/ para1 l e l  t o  the c r y s t a l  axes a, b, c. Assuming a l s o  t h a t  

IFn 1 , which holds f o r  a  smal l  c r y s t a l .  the  instantaneous e l e c t r i c  

f i e 1  d  a t  the observat ion p o i n t  P, accord ing t o  ~ a r r e n l ~ ,  wi 11 be g iven  by 

The d i f f r a c t e d  i n t e n s i t y  a t  the p o i n t  P w i l l  be g iven  by  

i n  terms o f  t he  i n t e n s i t y  i n  the pr imary beam 

lzo12 
J =- 
o 8n 

From equat ions (52)- (54)  and f o r  an unpo la r ized  beam, we o b t a i n  f o r  

the d i f f r a c t e d  i n t e n s i t y  

2 - A  s i n  n / i ( s - s o )  * ~ ~ 6  2 A *  s i n  n / i  ( S - S ~ ) . N ~ ~  
X 

2 
X 

2  s i n  n / ~ ( s - s ~ ) * t  
(55  

s i n  n / i ( s - s 0 ) * 6  



Expression (55) assumes significant values only i f  

Equations (56) are called the Laue equations and are en t i re ly  equivalent 

wi t h  Bragg Is law. Under the condi t i  ons of (56) equation (55) becomes 

However, fo r  rather technical reasons, Ip(Max) i s  not a very useful 

quantity. The primary beam i s  never perfectly para l le l ,  and therefore 

i t  i s  never true t h a t  a l l  of the primary beam has the correct direction 
A 

So to sa t i s fy  the three Laue equations exactly. In general, a crystal  

i s  "mosaic" and an exact set t ing on one part  of the crystal  would not 

be correct f o r  other parts17. A more useful quantity which can be 

measured relat ively easy i s  the "integrated intensi ty", given by 

E = (58) 

where I,, i s  given by equation (55),  t i s  the duration of measurement 

and A i s  the area crossed by the diffracted beam. The evaluation of 

the above integral i s  not t r iv i a l  and we quote only the resu l t  here 17 

where V, i s  the volume of the small c rys ta l ,  n i s  the angular velocity 
1 with which the crystal  i s  rotated through the Bragg angle and 

2 
i s  a geometrical term ( the quantity 1i:9:2E0 i s  called the Lorentz- 

Polarization t e n ) .  The important thing of equation (59) i s  that  the 



r e f l e c t e d  energy E(hk1) i s  p ropo r t i ona l  t o  t he  square of t he  s t r u c t u r e  

ampl i tude jF(hk1) 1 .  I t  app l i es  equa l l y  t o  very  smal l  c r y s t a l s ,  f o r  

which dynamical e f f e c t s  are almost absent, o r  f o r  i d e a l l y  i m p e r f e c t  

c r y s t a l s .  Equat ion (59) can be r e w r i t t e n  as 

I +cosL20 where LP- 2sin20 . 
The dimensionless q u a n t i t y  Q(hk1) i s  the measurement i n  a  d i f f r a c t i o n  

experiment, and the re fo re  the r e l a t i v e  s t r u c t u r e  ampl i tudes can be 

obta ined d i r e c t l y  f rom (60) 

A1 though equat ion (61 ) i s  almost always used i n  s t r u c t u r e  de te r -  

minat ions,  care should be exerc ised i f  very  accurate s t r u c t u r e  

ampl i tudes a re  requ i red ,  because dynamical e f f e c t s  are always present  

and sometimes can complete ly  d i s r u p t  the v a l i d i t y  o f  the  l a s t  equat ion.  

( e )  The Pat terson Funct ion 

The most severe obs tac le  i n  t h e  i n v e s t i g a t i o n  o f  a  c r y s t a l  s t r u c t u r e  

i s  t h a t  the  phases o f  F(hk1) cannot be exper imenta l l y  observed. However, 

i n  1934-35 A .  L. Pat terson 28'29 approached t h i s  problem i n  a ve ry  

ingenious way, and showed t h a t  a  s t r u c t u r e  cou ld  be solved, o r  t h a t  much 

o f  the  i n f o r m a t i o n  concerning the  phase problem can be obta ined by a  

d i r e c t  use o f  t he  experimental  l y  ob ta inab le  s t r u c t u r e  ampl i tudes. 

The Pat terson f u n c t i o n  P(%) i s  de f ined  as the  s e l f - c o n v o l u t i o n  o f  

the e l e c t r o n  dens i t y  p(;) 



J 
The electron density p (f) can be written i n  an integral form as 

A density p(;+?) a t  a point ;+? will be given by 

Substituting (63) and (64) into (62) we obtain 

-f Expression (65) i s  other than zero only i f  ?'*+?*=o, or $I*=-r*, 

therefore 

2 P(;)=V-' [ F ( i ) F ( - : * ) e ~ p ( - 2 n i X - ~ * ) d i * = Y - $ F ( i )  exp(-2nix=?*)dF* 

because F(-f*)=~(?*)+.  

If  the fractional components of 

crystal  lographic axes, equation 

-+ 
vector X are u ,  v and w along the 

(66) can also be written as 

From equation (67) i t  can be seen tha t  the Patterson function i s  a 

cosine Fourier ser ies ,  hence centrosymmetri c ,  whose coefficients can 

b e  direct ly  determined from experiment. As a crystal may be regarded 



as a b u i l t  up from N atoms, each o f  which i s  repeated on an i n f i n i t e  

l a t t i c e ,  t he  Pat te rson f u c t i o n  cons i s t s  o f  N' "Pat terson Peaks" 

15 repeated i n  t h e  same way . However, peaks i n  the  Pat terson f u n c t i o n  

do n o t  represent  t h e  p o s i t i o n  o f  atoms; they  are the  te rm ina l  p o i n t s  

of a  s e t  o f  vectors,  each vec to r  rep resen t i ng  the  displacement o f  

some atom f rom some o the r  atom. The deconvolut ion o f  a  Pat terson 

syn thes is  i s  n o t  a s imple task  and spec ia l  techniques have been 

30 developed f o r  t h i s  purpose . 

( f )  The Temperature Fac tor  

I t  was t a c i t l y  assumed up t o  now t h a t  a l l  t he  atoms i n  a c r y s t a l  

occupy d e f i n i t e  posi  ti ons. However, these pos i  ti ons are o n l y  average 

p o s i t i o n s  about which atoms osc i  1  l a t e .  The exper imenta l l y  obta ined 

s t r u c t u r e  amp1 i tudes correspond t o  a double average; one over the  whole 

c r y s t a l  and another over t he  t ime o f  t h e  measurement, t h e  l a t t e r  be ing  

very  l a r g e  w i t h  respec t  t o  t he  pe r i od  o f  v i b r a t i o n  o f  an atom. 

I t  has been proven by   loch^' t h a t  i f  an atom v i b r a t e s  a t  any 

temperature T i n  a harmonic p o t e n t i a l ,  the p r o b a b i l i t y  dens i t y  of i t s  

displacement i s  g iven  by t h e  Gaussian 

where xl , x2, x3 a re  displacements along orthogonal axes co inc iden t  

w i t h  t he  p r i n c i p a l  axes of t he  f a m i l y  o f  e l l i p s o i d s  

which represent  sur faces o f  constant  probabi 1  i t y  i n  d i  r e c t  space. 



2 u 2  u are the mean square displacements in the xl , x2, x3 directions U1y 2 '  3 
respectively; the mean square displacement i s  defined by 

Due to the convolution theorem which says that  "the Fourier inverse 

transform of a product of Fourier transforms i s  the convolution of 

the original functions ," the atomic scattering factor a t  temperature T 

will be given by 

fT(hkl )=f  (hkl )expi -2m2(u l  h:+u2h:+u3h:) 1 (70 

where the exponential factor  i s  the Fourier transfoi-in of expression (68) ,  

and h l  , h 2 ,  h3 are the projections of the reciprocal l a t t i c e  vector ;* 
15 on axes para1 l e l  t o  the principal axes of the el 1 ipsoid . If u:=u:= 

2 2 =u = < u  >, expression (70) transforms to  3 

where 

2 f,(hkl )=f (hkl )expi -B(si ~ € I / A )  1 (71 

2 2 where B=8m <u > i s  the Debye-Waller factor.  If i t  i s  considered the 

same for  a l l  atoms and a l l  directions in a crystal ,  i t  i s  given by 

where k i s  Bol tzmann's constant, m an average mass, and e i s  the 

"character is t ic  temperature' defined as he=hvD, with v D  the Debye 

frequency. I t  should be noticed that  the exponential factor  of 



equat ion (71 ) i s  wavelength independent. 

When r e f e r r e d  t o  t he  rec ip roca l  axes o f  t he  c r y s t a l ,  the 

a n i s o t r o p i c  temperature f a c t o r  takes t h e  form 15 

where the  6 ' s  are constants t o  be determined by the  method o f  l e a s t  

squares i n  a ref inement  procedure. Expression (72)  can a l so  be 

w r i t t e n  as 15 

2 expt-2n (U1 

The Ui are t he  elements o f  a symmetric tensor  'U and form a m a t r i x  

By comparison o f  (72) and (73) we ob ta in  Ull= 1 e t c .  
zT2 pj 

The problem now reduces t o  f i n d i n g  an orthogonal s e t  o f  coord inates 

i n  which the  m a t r i x  (74) has zero f o r  a l l  o f f - d iagona l  elements, 

hence reducing the  express ion (73 )  t o  the form which appears i n  

32 
equat ion (70).  The r u l e s  f o r  t h i s  are g iven  by  Cruickshank e t .  a l .  , 
and o u t l i n e d  by L ipson and cochran15. The f i n a l  r e s u l t  i s  t h a t  o f  

t he  mean square displacements a long the  t h e  values o f  u, , up, u3, 

d i r e c t i o n s  o f  the  p r i n c i p a l  axes. 



I I. PORPHYRINS 

Porphyr ins a re  macrocycl i c t e t r a p y r r o l  i c  s t r u c t u r e s  ; they are 

der ived  f o r m a l l y  from porphine (F igure 3)  by s u b s t i t u t i o n  o f  some o r  

a l l  of the  hydrogen atoms 1-8 by var ious s ide  chains. The number o f  

s u b s t i t u t i o n s  which can be obtained, and the  names which have been 

assigned t o  t he  r e s u l t a n t  porphyr ins are bewi lder ing,  and many times 

s e r i  ous e r r o r s  creep i n t o  t h e  porphyr i  n  1 i t e r a t ~ r e ~ ~ .  The name 

po rphy r i n  w i l l  be used i n  t h i s  general d iscuss ion  i n d i s c r i m i n a t e l y ,  

e i  t h e r  f o r  po rphy r i  ns o r  porphines ( f o r  t he  porphyr i  n  nomenclature 

see re fe rence 34). 

The b i o l o g i c a l  importance o f  t he  porphyr in  r i n g  system i s  obvious 

f rom the f a c t  t h a t  i t  i s  a bas ic  c o n s t i t u e n t  o f  t he  blood, and o f  

t he  p l a n t  pigments, c h l o r o p h y l l  and bac te r i och lo rophy l l .  Porphyrins 

have a remarkable a b i l i t y  t o  form complexes w i t h  a v a r i e t y  o f  metal 

i ons  a c t i n g  as te t radenta tes ,  t o  produce "meta l loporphyr ins" ,  which 

have the  most d i ve rse  b i  01 og i  c a l  ab i  1  i t i e s  ever  encountered i n  chemical 

systems ( re fe rence 35, p. 7 ) .  

Many po rphy r i  n - r i  dd les  have been answered s ince  191 2 when Kus t e r  

f i r s t  suggested the  t e t r a p y r r o l i c  s t r u c t u r e  o f  these r n o l e c ~ l e s ~ ~ ,  b u t  

as usual  , nature  p lays  i t s  asymptot ic game w i t h  knowledge, and much 

experimental  and t h e o r e t i c a l  work has y e t  t o  be c a r r i e d  ou t  i n  t h i s  

f i e l d .  

The ques t ion  o f  the ex is tence o f  d i f f e r e n t  -NH tautomers o f  

porphyr ins  was long argued, and much o f  the  e a r l y  work aimed a t  



Figure 3 .  Free base porphine. 



37 isolat ing separate tautomeric forms has been conveniently summarized . 
A defini te  answer to  t h i s  problem ( a t  leas t  in the solid s t a t e )  was 

given w i t h  the determination of the crystal  structures of tetraphenyl- 

porphine and of the free base porphine by Silvers and ~ u l i n s k ~ ~ ~  and 

by Chen and ~ u l  i nsky3' respectively. They found two we1 1 -defined 

imino hydrogen atoms located on pyrroles opposite to  each other; 

the same irnino hydrogen localization was also found by Codding and 

40 Tulinsky in the crystal  structure of tetra-n-propylporphine . 
Porphyrins and metalloporphyrins are in general planar molecules 

showing D4h  symmetry. I t  can also be said that  they are aromatic, 

because they can exhibi t  a strong diamagnetic ring current caused by 

the "circulation" of the ,-electrons (the two imino hydrogens of 

porphyri ns are magnetical ly shielded and they show NMR s h i f t s  comparable 

t o  those of 18 annulenes 41-44). The "path" of th is  electron movement 

i s  not well defined and a t  l eas t  two structures are compatible with 

some of the experimental f ac t s ,  both of which are appealing to the 

chemical intui t ion of the experimental organic chemist. These two 

poss ib i l i t ies  are i l l u s t r a t ed  i n  Figure 4; in Figure 4b,16 atoms form 

a closed ring (wavy l ine )  in which 6 double bonds and 18 electrons 

participate.  This ring cannot be a conjugate cyclic polyene since a 

16-membered polyene has only 1 6 ~  electrons. The 6 double bonds contain 

12, electrons and the addition of both the lone-electron pairs would 

only bring the to ta l  electron count to  16. To arr ive a t  an 18-electron 

count i t  i s  necessary to  interrupt the conjugation, placing two 

posi t i  ve charges on the n i  trogens bonded to  hydrogens, and assigning 

the two balancing countercharges to  the remaining 14 central ring 

atoms (reference 35, p. 201 ). On the other hand ,the model on Figure 4a 

i s  an 18-atom system with 9 double bonds and thus 18 electrons and i t  



Figure 4 .  Two d i f f e r e n t  "e lect ron  paths" for the porphyrin 
sys tern. 



possesses Kekule' t ype  resonance. The feature o f  t h i s  model i s  t h a t  

Huckel 's  4n+2 r u l e  imposes the  requirement t h a t  the  lone  e l e c t r o n  

p a i r s  must be d i f f e r e n t  from the  =-e lec t rons  of the system ( re fe rence 

35, p. 201). I f  the  two n i t r o g e n  atoms i nvo l ved  are regarded t o  a  

f i r s t  approx imat ion as e q u i v a l e n t  t o  methine groups, the 18 annulene 

cou ld  be taken as a  model t o  descr ibe  porphyr ins.  However, bo th  o f  

the descr ibed models cannot account i n  a  cons i s ten t  way f o r  the 

c r y s t a l  l og raph i ca l  l y  ob ta ined bond d is tances o r  absorpt ion and emission 

spectra.  A l i n e a r  m ix ing  o f  bo th  forms would be more r e a l i s t i c  b u t  

such an approach i s  poor from a  model p o i n t  o f  view. 

The absorp t ion  spec t ra  o f  porphyr ins  have a  very t y p i c a l  pa t te rn .  

Almost a1 1  of them have f o u r  bands between 500 and 700nm, general l y  

i nc reas ing  i n  i n t e n s i t y  f rom red  t o  green, and a  very s t rong  band i n  

the b l  ue-v i  01 e t  reg ion  (~400nm)  c a l  l e d  the  Sore t  band45. Gouterman 

and h i s  coworkers have publ ished a  l ong  se r i es  o f  papers 46-68, both 

t h e o r e t i c a l  and exper imenta l  t r y i n g  t o  e x p l a i n  t h e  o r i g i n  and the  

i ntens i  t y  o f  t h e  forement i  oned bands, and the changes t o  these bands 

accompanied by metal  compl e x a t i  on. However, t h e i  r e f f o r t s  have been 

hampered by the  g r e a t  complex i ty  o f  t he  porphyr in  system which leads 

i n e v i t a b l y  t o  the  use o f  h i g h l y  approximate semi empi ri ca l  methods 

(extended ~ u c k e l  c a l c u l a t i o n s )  and the re fo re  u n r e l i a b l e  r e s u l t s .  A 

ve ry  s imple model based on the  " p a r t i c l e  i n  a  c i r c l e "  idea  proposed 

as e a r l y  as 1949 by ~ i m ~ s o n ~ ~  can e x p l a i n  i n  a  q u a l i  t a t i v e  manner t he  

porph in  spectrum; i t  seems t h a t  i t  i s  b e t t e r  i n  t h i s  case t o  use a 

very  s imple model whenever poss ib le ,  than a  compl icated one based on 

var ious  approximations and assumptions. 

A1 though the  c r y s t a l  s t r u c t u r e s  of more than f o r t y  metal l o -  

porphyr ins  have been so lved  i n  t h e  pas t  f i f t e e n  years, i t  has o n l y  



been recently tha t  some in t e res t  was shown to  the Group IV metal- 

loporphyrins. Thus, independent X-ray crystal  lographi c s t ructure 

determinations have been reported f o r  dichloridetetraphenylpor- 

phi neSn( I V ) ~ '  , and d i  chlori deoctaethyl p o r p h i n e ~ n ( ~ ~ ) 7 1  and extended 

~ u c k e l  calculations have a1 so been carried out w i t h  Si , Ge, Sn and Pb 

6 2 metal 1 oporphyri ns by Gouterman and his coworkers . 
We undertook the i nvesti gation of an octahedral ly germanium- 

substituted porphine f o r  a number of reasons. A relatively accurate 

structure could be obtained because the electron content of the 

germani um i s suff i  ci ently small . The radi us of the germani um atom 

in oxidation s t a t e  IV i s  small enough to  be accomodated in the central 

hole of the porphine core with minimal perturbation. Coordinates 

from th is  structure could then be used i n  theoretical calculations. 

This would also be the f i r s t  metal lo-porphyrin w i  thout a substi t u t i  on 

in the porphine frame (Figure 3 ) ,  and therefore a d i rec t  comparison 
3 9 could be made w i t h  the free base porphine . In addition, i n t e re s t  

i s  centered about the metall ic character of germanium, which i s  not 

very pronounced. For instance , i  t can easi ly form tetrahedral compounds 
72 with sp3 hybridization in a manner sirni l a r  to  s i l icon or  carbon , or 

2 3 i t  can be octahedral, as in the present system w i t h  a possible d sp 

hybridization. 



I I I. EXPERIMENTAL 

1. C rys ta l s  

D i  hydrox,yporphinato Ge(1V) (PGe(OH)$ used i n  t he  X-ray cr.ysta1 l o -  

graphic  s t r u c t u r e  de termina t ion  was purchased from the M and J Chemical 

~ 0 . ~ ~ .  We1 1 formed pu rp le  c r y s t a l s  e x h i b i t i n g  a rec tangu la r -p r i sma t i  c 

morphology were obta ined by d i f f u s i n g  methanol i n t o  a nea r l y  sa tu ra ted  

s o l u t i o n  o f  t he  compound i n  chloroform. A t  the t ime, we were unaware 

t h a t  the  hydroxy l  groups o f  PGe(OH)2 are q u i t e  r e a c t i v e  and can e a s i l y  

be rep1 aced wi t h  methoxy groups by t reatment  wi t h  methanol74. Indeed, 

t he  s t r u c t u r e  de termina t ion  o f  c r y s t a l s  grown t h i s  way showed t h a t  the  

PGe(OH)* had been converted t o  dimethoxyporphi nato Ge(1V) (PGe(OMe)*) 

du r i ng  the c r y s t a l  1 i z a t i o n  procedure. 

2. I n t e n s i t y  Data C o l l e c t i o n  

P re l im ina ry  X-ray s tud ies  o f  a s i n g l e  c r y s t a l  o f  PGe(OMe)p by 

photographic75 '76 and d i  f f r a c t o m e t r i  c77 techniques showed the  c r y s t a l  

system t o  be monoc l in ic  and systemat ic  absences f i x e d  the  space group 

t o  be P2,/c. A s u i t a b l e  c r y s t a l  fragment w i t h  approximate dimensions 

-6 3 
o f  0.08x0.10x0.35mn ( c r y s t a l  volume Vx=2x10 cm ) was used f o r  reco rd ing  

d i f f r a c t e d  i n t e n s i t i e s .  The c r y s t a l  was much smal le r  than the  cross 

s e c t i o n  o f  X-ray beam, and a l though smal l ,  o f  s u f f i c i e n t  s i z e  and 

q u a l i t y  t o  produce a s t rong  d i f f r a c t i o n  pa t te rn .  The l a t t i c e  

parameters were obta ined f rom d i  f f r a c t o m e t e r  measurements by the  

l e a s t  squares f i t  o f  t he  angular  coord inates o f  twelve r e f l e c t i o n s  



33 

we1 1  d i s t r i b u t e d  i n  t he  rec ip roca l  space i n  t he  range 52'<20<90~. The 

dens i t y  of t h e  c r y s t a l  was measured i n  a  m ix tu re  o f  carbon t e t r a c h l o r i d e  

and methylene i od ide .  The c r y s t a l  and u n i t  c e l l  data are summar 

i n  Table I. 

The i n t e n s i t y  da ta  c o l l e c t i o n  was c a r r i e d  o u t  w i t h  CuKa r a d  

(x=1.5418A) us ing  a  P i cke r  f o u r  c i r c l e  d i f f r a c t o m e t e r  c o n t r o l l e d  

i zed 

i a t i o n  

by 

a  D i g i t a l  Equipment Corporat ion (DEC) 4K PDP-8 computer (FACS I system) 

coupled t o  a  DEK 32K D isc  F i l e  and an Ampex TMZ 7-Track Tape Transpor t .  

I n t e n s i t i e s  of r e f l e c t i o n s  were measured by a wandering U-step-scan 

procedure us ing  balanced Ni/Co f i l t e r s 7 8 .  The purpose o f  Ni/Co 

balanced f i l t e r s  i s  t o  supress the  unwanted components o f  t h e  X-ray 

beam7'. The s tep  scan was performed i n  0.03' increments o f  the  U-angle 

o f  t h e  d i f f r a c t o m e t e r  and extended 20.075' on e i t h e r  s i de  o f  t he  

c a l c u l a t e d  peak p o s i t i o n .  Each s tep  was measured f o r  a  d u r a t i o n  o f  

f o u r  seconds and the  f o u r  l a r g e s t  measurements were summed t o  g ive  

t h e  i n t e g r a t e d  i n t e n s i t y  o f  the ref lect ion8 ' .  When the  observed peak 

p o s i t i o n  d i d  n o t  co inc ide  w i t h  the  ca l cu la ted  U-value, one o r  two 

a d d i t i o n a l  s teps were taken t o  assure cen te r i ng  o f  the  scan. The 

background was measured w i t h  a  Co f i l t e r  a t  the U-value o f  the  maximum 

i n t e n s i t y  f o r  a  t ime i n t e r v a l  o f  f o u r  seconds and t h i s  count was 

mu1 t i p l i e d  by f o u r  t o  g i v e  the t o t a l  background i n t e n s i t y .  Since t h e  

s tep  scan procedure i s  e s s e n t i a l l y  a  s t a t i o n a r y  c r y s t a l - s t a t i o n a r y  

counter  measurement, i n  o rder  t o  avo id  Ka s p l i t t i n g  e f f ec t s ,  t he  

i n t e n s i t y  da ta  c o l  l e c t i o n  was conf ined wi t h i n  the  range 20<110'. 

Therefore t h e  minimum i n t e r p l a n a r  spacing dm given by Bragg's law 

w i l l  be 



TABLE I .  Crystal  and U n i t  Cel l  Data of PGe(OMe)2 

rnx = 0.96 ( l o n g e s t  d i r e c t i o n )  

F(000) = 904 e l e c t r o n s  



so t h a t  d e t a i l s  on sca le  smal le r  than 

r=0.61xdm=0.61x0.94=4.57A 

cannot be reso lved ( re fe rence 14, p. 400). I n  t h i s ,  i t  i s  assumed, 

o f  course, t h a t  a  complete se r i es  o f  r e f l e c t i o n s  w i  11 be measured t o  

t he  l i m i t i n g  va lue dm. 

Dur ing the  i n t e n s i t y  data c o l l e c t i o n ,  the  al ignment o f  t he  c r y s t a l  

was monitored w i t h  t h e  use o f  an automatic real ignment  sub-rout ine by 

measuring the  i n t e n s i t i e s  o f  t h ree  standard r e f l e c t i o n s :  (006) a t  

x=90° and two @-values 100' apar t ,  and t h e  (842) r e f l e c t i  on78. The 

moni tored r e f l e c t i o n s  a l s o  served t o  mon i to r  X-ray damage t o  t he  c r y s t a l ;  

no decrease i n  t h e i r  i n t e n s i t i e s  was observed. Before the  onset o f  

i n t e n s i t y  data c o l l e c t i o n ,  the mosaic spreads o f  two r e f l e c t i o n s  were 

measured t o  ensure c r y s t a l  qua1 i t y  and t o  h e l p  s e l e c t  the quadrant t o  

be used f o r  data c o l l e c t i o n .  

The i n t e n s i t i e s  o f  t he  r e f l e c t i o n s  were co r rec ted  f o r  absorp t ion  

and l ack  o f  balance78. For t he  absorp t ion  co r rec t i on ,  an emp i r i ca l  

method was used based on the  var iance o f  the  r e l a t i v e  t ransmiss ion (T) 

w i t h  t he  azimuthal angle @81 ( the  problem o f  absorp t ion  i s  discussed 

more complete ly  i n  t he  nex t  sec t i on ) .  The i n t e n s i t i e s  o f  a  t o t a l  o f  

2396 independent r e f l e c t i o n s  were recorded, o f  which 598 were taken 

t o  be unobserved; 120 r e f l e c t i o n s  were sys temat ica l  l y  absent. The 

observable l i m i t  was f i x e d  from t h e  average value o f  the  measured 

i n t e n s i t i e s  o f  t h e  s y s t e m a t i c a l l y  absent r e f l e c t i o n s  and t h i s  gave 

1798 r e f l e c t i o n s  f o r  the  s t r u c t u r e  ana lys is ;  t h i s  number corresponds 

t o  a data/parameter r a t i o  o f  6.7 i f  hydrogen atoms are n o t  i nc luded  

( 9  parameters f o r  each non-hydrogen atom). F i n a l l y ,  the cor rec ted  

i n t e n s i t i e s  were converted t o  r e l a t i v e  s t r u c t u r e  ampli tudes us ing  

equat ion (61).  



3 .  Absorption 

X-rays are absorbed when passed through matter mainly due to  the 

photoelectric e f f ec t ,  and absorption i s  one of the main sources of 

error  in structural X-ray crystallographic work. If we denote by 

A(hk1) the amount by which the intensity of a reflection i s  reduced 

due to  absorption, the reciprocal of A(hk1) i s  the transmission factor ,  

T(hkl),  by which the observed intensi ty  i s  to  be multiplied to  obtain 

the correct intensi ty .  T i s  given by 

where e i s  the 1 i near absorpti on coefficient of the crystal , V x  i  t s  

volume, tl the path of the incident beam inside the crystal  and t2 

the path of the diffracted beam inside the crystal .  The l inear  

absorption coefficient can be computed by the following expression: 

where D i s  the density of the c rys ta l ,  P .  the fraction by the weight 
J 

of element j in the crystal  and (p/D) . i t s  mass absorption coefficient.  
J 

Values of mass absorption coefficients f o r  a l l  the elements are 

tabu1 ated in the International Tables fo r  X-ray Crystallography 

Volume 111~'. For PGe(ONe)2 p i s  27.33 cm-I (1,=1.54181\). 

For a nonspherical crystal  the integral of equation (75)  can only 

be evaluated usi ng numeri cal methods 83984. However, these methods 

requi re the precise measurement of the crystal  dimensions, which may 

be d i f f i c u l t  i f  not impossible to  achieve, especially i f  the crystal  

morphology i s  unfavourable or i 11-defined. An empi r i  cal method for  



the  c o r r e c t i o n  o f  absorp t ion  was suggested by   urn as^^ and was improved 

81 by  m o d i f i c a t i o n  by Nor th  e t .  a l . ,  . 
Suppose t h a t  a  c r y s t a l  i s  a1 igned a t  x=90° i n  the  f o u r - c i  r c l e  

d i f f r a c t o m e t e r ;  as t he  c r y s t a l  r o t a t e s  around the  m a x i s  ( a t  x=90°) the  

i n t e n s i t y  of a  r e f l e c t i o n  va r i es  as a  f u n c t i o n  of the azimuthal angular  

s e t t i n g  m f o r  t h e  corresponding r e c i p r o c a l  l a t t i c e  l e v e l .  Such a  

v a r i a t i o n  i n  i n t e n s i t y  prov ides a  measure o f  the  r e l a t i v e  absorp t ion  

s u f f e r e d  by X-rays passing through the  c r y s t a l  i n  mean d i r e c t i o n s  

perpend icu la r  t o  t he  r o t a t i o n  ax i s .  According t o  Furnas, the  r e l a t i v e  

absorp t ion  c o r r e c t i o n  f o r  a  general ( hk l  ) r e f l e c t i o n  i s  g iven by 

Imax m) 
A (hk l )=  -& = .* ' 

h k l  

where Imax i s  the  maximum i n t e n s i t y  observed f o r  an a x i a l  r e f l e c t i o n  

a t  x=90° as m i s  v a r i e d  over 360°, and mhkl i s  the angle a t  which 

the  h k l  r e f l e c t i n g  planes are p a r a l l e l  t o  the i n c i d e n t  X-ray beam. 

I n  the  Phi 11 i p s  absorp t ion  cor rec t ion8 '  t h e  m a n  o f  the  absorp t ion  

co r rec t i ons  i s  used f o r  beams passing through the  c r y s t a l  i n  the  

d i r e c t i o n s  o f  t h e  i n c i d e n t  and r e f l e c t e d  rays. Hence, i n  terms of 

the  transmi s s i  on f a c t o r  

where mint and mref d e f i n e  t h e  o r i e n t a t i o n s  o f  the  c r y s t a l  i n  which the  

i n c i d e n t  and r e f l e c t e d  beams f o r  the  ( h k l )  r e f l e c t i o n  co inc ide  w i t h  

o r  l i e  i n  t he  same p lane as the  i n c i d e n t  X-ray beam. Gin, and mref 
can be expressed i n  terms o f  Qhkl, 



where 

f o r  the equi -i n c l i  n a t i  on geometry of t he  f o u r - c i  r c l e  d i  f f r ac tome te r .  

The T (@)  curves were cons t ruc ted  f o r  PGe(OMe)2 by  measuring the  

v a r i a t i o n  of t h e  absorp t ion  o f  r e f l e c t i o n s  a t  x=90°. Since the  z* 
ax i s  occurred a t  x=90°, the (001 ) r e f l e c t i o n s  were used t o  c o r r e c t  

the  general r e f l e c t i o n s  i n  terms o f  @, 20 and r e c i p r o c a l  l a t t i c e  

l e v e l  ( 1  - index) .  The absorp t ion  o f  t h ree  r e f l e c t i o n s  was measured: 

(002),  (004), and (006), w i  t h  20=21.13~, 43 .02' and 66.73' r e s p e c t i v e l y .  

P l o t s  o f  / I  as a  f u n c t i o n  o f  @ a re  shown i n  F igure  5. 





IV. STRUCTURE ANALYSIS 

The u n i t a r y  s t r u c t u r e  f a c t o r  U  i s  de f i ned  by  

and the normal ized s t r u c t u r e  f a c t o r  by 

From (79) and (80) we o b t a i n  

E ( h k l ) =  F(hk1 )/$fj(hkl 1 - F(hk1) % 
< ~ ~ ( h k l ) / ~ > y  N c ~ ~ ( h k 1 )  j2> (81 

I f  . ( h k l )  
J 

j 

From the  d e f i n i t i o n  o f  t h e  s t r u c t u r e  f a c t o r  we a l s o  o b t a i n  

I f  the  average o f  the  above express ion i s  taken over  a reasonable 

number o f  F (hk1) 's  w i t h  no g r e a t l y  d i f f e r e n t  values o f  s i ne (hk l ) / x ,  so 

t h a t  the f ' s  can be t r e a t e d  as constants,  the  exponent ia l  t e r n s  wi 11 

l a r g e l y  cancel18, so t h a t  



where E i s  a  symnetry f a c t o r  depending on t h e  space group18 ( f o r  the  

v a l i d i t y  o f  equat ion  (82) see a l s o  re fe rence 86). S u b s t i t u t i n g  

express ion (82)  i n t o  (81 ) we o b t a i n  an approximate normal ized s t r u c t u r e  

f a c t o r  g iven  by  

Equat ion (83)  was used t o  conver t  the  s t r u c t u r e  amp1 i tudes t o  normal ized 

va l  ues empl oy i  ng an approxi  mate absolute sca le  (%I .  3) and an average 

2 8 7 i s o t r o p i c  temperature B f a c t o r  (%2.8A ) determined by Wi lson 's  method , 

Since the c r y s t a l  d e n s i t y  corresponds t o  f o u r  molecules pe r  u n i t  c e l l  

and the  space group r e q u i r e s  f o u r  equ i va len t  p o s i t i o n s ,  two r e l a t e d  by 

centers o f  symmetry, i t  was assumed t h a t  t h e  germanium atoms were loca ted  

i n  general  p o s i t i o n s .  A t  the  t ime, we were a l s o  cons ider ing  the compound 

t o  be PGe(OH)2 and t h e  d iscrepancy between the  c a l c u l a t e d  and observed 

dens i t y  (1.51 gmcm-3 and 1.61 gmcm'3, respec t i ve l y ,  o r  60 a.u. per  u n i t  

c e l l  ) was a t t r i b u t e d  t o  l o c a l i z e d  so l ven t  o f  c r y s t a l l i z a t i o n .  

2  
A sharpened, o r i g i n  removed, th ree  dimensional Pat terson ( 1  E 1 -1) 

map was synthesized.  F igu re  6  i l l u s t r a t e s  the Harker sect ions8 a t  v=1/2. 

Harker sec t i ons  are  s imp ly  p lanes o f  t he  th ree  dimensional Pat terson map, 

which take  advantage o f  t he  symmetry o f  the  space group, and many times 

c a r r y  u s e f u l  i n f o r m a t i o n  concerning the  l o c a t i o n  o f  c e r t a i n  atoms 

( u s u a l l y  heavy) i n  the  u n i t  c e l l .  

The Harker s e c t i o n  i n  t h i s  case i s  obta ined f rom equat ion  ( 6 6 )  

by s imply s u b s t i t u t i n g  v=1/2; 



Figure 6, Schematic representation o f  the Harkcr section of 
PGe(Olk)p a t  V = 1/2.  



- m 

where 
+a 

r l  

The Harker l i n e  i s  based on the  same idea, the d i f f e r e n c e  being t h a t  

h i g h e r  symmetry i s  employed f o r  i t s  syn thes is .  For the  group P21/c 

the Harker l i n e  i s  obta ined by s u b s t i t u t i n g  u=O, w=1/2 i n  t he  

express ion (66) 

82. i t i o n s  . For space group PZl/c, there  are f o u r  equ i va len t  pos 

(4 X,Y,Z 
(-ii) ;,is: 
(a) x, 1 /2+y, 112-z 

( i v )  x,1/2-y,1/2+z . 
Sub t rac t i ng  (AX) f rom (i) we o b t a i n  

2x Px 

-112 o r  +1/2 

2z-112 2z+1/2 . 



The above s e t  of d i f fe rence coord inates correspond t o  t h e  Harker s e c t i o n  

a t  v=1/2 (see equat ion (83)) .  Subt rac t ing  ( i v )  f rom ( i ) ,  t h e  Harker  

l i n e  u=o, w=1/2 coord inates are obta ined (see equat ion (84))  

By equat ing the coordi  nates o f  peak (a)  i n  Harker s e c t i o n  w i  t h  t he  

d i f f e rence  coord i  nates (86 ) , the  x,z coord inates o f  the  germani um atom 

can be deduced: 

u=2x=O ----+ x=o  

o r  2x=1 - x=1/2 

w=2z+1/2=1/2 ---t z= 0 

o r  2z-1/2=1/2 ---+ z=1/2 . 

From the  d i f f e r e n c e  coord inates (87) and a peak a t  v=1/2 i n  the  Harker 

l i n e  t h e  y  coord ina te  o f  t h e  germanium i s  deduced: 

Combining the  above r e s u l t s  t h e  coord inates o f  the germanium atom 

obta ined f rom peak (a )  o f  Harker s e c t i o n  and the  Harker 1 i n e  a re  as 

fo l l ows :  

(a  

The coord inates ( a )  correspond t o  t he  e i g h t  centers o f  symmetry i n  

space group P21/c and are fou r ,  symmetry independent p a i r s .  Any p a i r  



can be chosen f o r  the l o c a t i o n  of two germanium atoms, b u t  then t h e  

second p a i r  should be se lec ted  i n  such a way as t o  g i ve  the  p o s i t i o n  

o f  the  peak (b) i n  t h e  Harker sec t ion .  For  i ns tance  i f  the  f i r s t  

choice i s  (0,0,0), then the  second should be (1/2,1/2,0). 

Fo l low ing  e x a c t l y  t h e  same procedure, b u t  now us ing  t h e  coord inates 

of peak ( b )  i n  the  Harker sec t ion ,  another s e t  of coord inates i s  deduced 

f o r  the  germanium atom 

u=2x=1/2 ----+ ~ = 1 / 4  

o r  2x=-1/2 + x=3/4 

~ = 2 z - 1 / 2 =  0 ---+ ~ = 1 / 4  

o r  2z+1/2=0 ----+ z=3/4 , 

and y=O o r  y=1/2 f rom t h e  Harker l i n e .  Thus 

From both  se ts  o f  coord inates found f o r  t h e  heavy atom, t he  

coord inates o f  the  two Harker peaks can be deduced by t a k i n g  the  

appropr ia te  d i f f e rences .  I n  a d d i t i o n  a non-Harker peak o f  t h e  same 

s i ze  w i t h  peaks (a )  and (b )  l oca ted  a t  (1/2,0,1/2) can be exp la ined  

by us ing  e i t h e r  coord inates ( a )  o r  coord inates ( b l )  o r  (b2) .  There- 

f o re ,  t he re  i s  ambigui ty  f o r  the  p o s i t i o n  o f  the metal  i n  t he  u n i t  c e l l .  



St ruc tu re  f a c t o r  c a l c u l a t i o n s  based on p o s i t i o n s  (a) and (b )  f o r  t he  

germanium atom gave e x a c t l y  the same r e s i d u a l  ( R )  f a c t o r  

( R = ~ F ~ J - F ~ ~ / ~ F ~ I ,  where / F 0 ,  IFc ]  are t h e  observed and 

ca l cu la ted  s t r u c t u r e  amp1 i tudes r e s p e c t i v e l y )  o f  0.55. Th i s  i ncluded 

o n l y  590 r e f l e c t i o n s  s ince the  Ge atom c o n t r i b u t e s  o n l y  t o  those 

r e f l e c t i o n s  w i t h  a l l  i nd i ces  even o r  a l l  i n d i c e s  odd. Because t h e  

f i  r s t  s e t  o f  coord inates ( a )  corresponds t o  two independent cen ters  

o f  symmetry, a t  f i r s t ,  i t  was considered unreasonable and a1 though t h e  

second s e t  o f  coord inates ( b )  i s  a l so  speci a1 , they do n o t  co inc ide  

w i t h  a  symmetry element as the  f i r s t .  Hence t h e  second s e t  was se lec ted  

as the p o s i t i o n s  o f  the germanium atoms. 

A F o u r i e r  map based on the  phase-angles ( s imp ly  s igns  i n  t h i s  

case because the  space group i s  centrosymmetr ic) obta ined from t h e  s e t  

( b l )  f o r  the germanium atom revealed some new and a d d i t i o n a l  peaks and 

a1 though s t r u c t u r e  f a c t o r s  w i t h  !?-values as low as 0.33 were obta ined 

w i t h  the  i n c l u s i o n  o f  these as atoms o f  the s t r u c t u r e ,  subsequent 

F o u r i e r  maps based on these coord inates and those o f  t he  meta l ,  d i d  

n o t  converge t o  any reasonable s t r u c t u r e .  The same r e s u l t s  were 

obta ined from the  s e t  (b2).  Since t h e  coord inates ( a )  were considered 

unreasonable , a F o u r i e r  map based on these coord inates f o r  the meta l  

was never synthesized; i ns tead  i t  was decided t o  proceed w i t h  d i r e c t  

methods o f  phase determi na t ion .  

The Pat te rson syn thes is  can be charac ter ized  as a  d i r e c t  method, 

because i t  uses t h e  observed s t r u c t u r e  ampl i tudes d i r e c t l y  t o  o b t a i n  

i n f o r m a t i o n  about t h e  phases. However, f o r  each c r y s t a l  s t r u c t u r e  a  

new i n t e r p r e t a t i o n  i s  requ i red  i n  which the i n g e n u i t y  and imag ina t i on  

o f  t he  c rys ta l l og raphe r  p l a y  a  very prominent r o l e .  Therefore,  t he  



a d j e c t i v e  " d i r e c t "  has come t o  be reserved f o r  those methods which 

attempt t o  d e r i v e  the  phases o f  the  s t r u c t u r e  f a c t o r s  d i r e c t l y  by  

mathematical means from X-ray d i f f r a c t i o n  data8'. They are usual l y  

cas t  i n  the form of a mathematical problem which, once formulated,  

may be solved by a r o u t i n e  sequence of s teps i n  which dec i s i ons  are 

o f  a  pu re l y  mathematical nature.  As e a r l y  as 1928, O t t g O  de r i ved  

r e l a t i o n s  among the  s t r u c t u r e  f a c t o r s  and atomic p o s i t i o n s  by means o f  

a lgebra ic  manipulat ions on the  s t r u c t u r e  f a c t o r  equat ions. H i s  r e s u l t s  

were main ly  of academic i n t e r e s t .  I n  1948, Harker and ~ a s ~ e r ~ l ,  obta ined 

i nequa l i  ty  re1 a t i onsh ips  from the a p p l i c a t i o n  o f  Schwarz's and Cauchy's 

i n e q u a l i t i e s  t o  equat ions (29) and (37) .  However, t h e  r e a l  breakthrough 

i n  d i r e c t  methods s t a r t e d  w i t h  the  p r o b a b i l i s t i c  approach o f  Hauptman 

and Kar le ,  whose work up t o  1953 i s  summarized i n  a monographg2, and 

93 w i t h  Sayre's equat ion pub l i shed i n  1952 . Since then the  progress 

has been enormous and now most s t r u c t u r e s  o f  moderate complex i ty ,  say 

40-50 independent non-hydrogen atoms, are so lved v i a  d i  r e c t  methods i n  

an almost r o u t i n e  way. The most recen t  and complete re fe rence t o  t he  

9 4 sub jec t  i s  the  book by Hauptman . 
The bas ic  i dea  of t h e  d i r e c t  method i s  t h e  " s t r u c t u r e  i n v a r i a n t "  

and "seminvar iant" ,  which are the  t o o l s  f o r  c l a r i f y i n g  the na ture  o f  

the r e l a t i o n s h i p  between the  values o f  the i n d i v i d u a l  phases and the  

choice of o r i g i n .  Assume t h a t  the p o s i t i o n  o f  t he  n t h  atom i n  a u n i t  

c e l l  i s  descr ibed by the  vec to r  in; i f  the o r i g i n  i s  moved a t  a  

d i f f e r e n t  p o i n t  descr ibed by the  vec to r  F0 w i t h  respec t  t o  the  f i r s t  

o r i g i n ,  the p o s i t i o n  vec to r  o f  t h e  n t h  atom w i t h  respec t  t o  t h e  new 

o r i g i n  w i l l  be 
7 + +  

r l = r  -r n n o '  (88)  



Then the  s t r u c t u r e  f a c t o r  F(hk1) w i l l  be transformed t o  

N 

F 1  (hk l  )=z fn(hk l  ) e x p ( 2 ~ i ; ~ - ~ )  o r  
n  

F' ( h k l  ) = z f n ( h k l  )e~pl2ni;*-(i'~-;~))= 
n  

F '  ( h k l  )=exp( -2n i?**<)~(hk l  1. (89 

Equat ion (89) shows t h a t  t he  s t r u c t u r e  ampl i tude i s  an o r i g i n  independent 

q u a n t i t y ,  hence a  s t r u c t u r e  i n v a r i a n t .  However, the  phase angle (i* w i t h  

respec t  t o  the  new o r i g i n  w i  11 be g iven  by 

and i t  i s  c l e a r l y  o r i g i n  dependent. I f  now a  l i n e a r  combinat ion o f  

bo th  s ides o f  equat ion (90)  i s  taken w i t h  i n t e g e r  c o e f f i c i e n t s  D+ 

which depend upon pg4, we o b t a i n  

C l e a r l y  if tDF, F = o ,  then 
i?* 

no ma t te r  what the  vec tor  ;o may be, and the  l i n e a r  combinat ion o f  t he  

phases i s  a  s t r u c t u r e  i n v a r i a n t  (sometimes c a l  l e d  "un i ve rsa l "  s t r u c t u r e  



i n v a r i a n t ) ,  s ince  i t  i s  e n t i  r e l y  o r i g i n  independent ( f o r  the  d e f i n i t i o n  

of seminvariants see re fe rence 94, p. 29) 

Depending on the  space group, an o r i g i n  can be de f i ned  by s p e c i f y i n g  

the  s igns ( f o r  centrosynxnetri c a l  cases) t o  c e r t a i n  r e f l e c t i  ons i n such 

a  way as t o  avo id  a  conf  1  i c t  w i  t h  t he  "boundary condi t i  ons" o f  t he  

i n v a r i  ance p rope r t y  o f  c e r t a i n  1  i near combinations. The o r i  g i n  f i x e s  

the geometr ical  p a r t  o f  s t r u c t u r e  f a c t o r  and then prov ided t h a t  t he  

normal ized s t r u c t u r e  ampl i tudes are known, an appropr ia te  technique i s  

employed f o r  t he  generat ion o f  phases. 

I n  the  present  case, Sayre's equat iong3 was used, which a l s o  r e s u l t s  
1 

from the A equat ion  o f  Hauptman and I(arleg2; t h i s  equat ion s t a t e s  t h a t  

where A ,  Zf, t are the vec tors  ( h k l )  f o r  the r e f l e c t i o n s  A ,  B and C and 

Ex, Es, and E t  a re  t he  normal ized s t r u c t u r e  f a c t o r s  f o r  these r e f l e c t i o n s .  
3 

The p r o b a b i l i t y  t h a t  Eif i s  p o s i t i v e ,  P+(Ea), i s  g iven  by 9  5 

where om= z w i t h  z .  the atomic number o f  atom j and N t he  t o t a l  
J J 

number o f  atoms i n  t h e  u n i t  c e l l .  I n  o rde r  t o  d e f i n e  t h e  o r i g i n  i n  

the  space group PZ1/c, t h ree  s igns may be a r b i t r a r i l y  assigned. I f  

t he  values o f  ( h k l )  f o r  these th ree  r e f l e c t i o n s  a re  c a l l e d  (hk l ) l ,  

( h k l  )2, and ( h k l  )3, then these th ree  o r i  g in -de termin ing  r e f l e c t i o n s  

must be chosen such t h a t  the f o l l o w i n g  s i x  vec tors  are n o t  (even, even, 

even): ( h k l ) l  , ( h k l  )2,  ( h k l ) 3 ,  ( (hk l ) l+(hk l )2} ,  { ( hk l ) l + (hk l  ) 3 1 ,  



{ ( h k l  )Z+ (hk l  )31.  Th is  may be accomplished by choosing the  th ree  r e f  l rc-  

t i o n s  as f o l  lows: none may have the  p a r i  ty  (even, even, even) , t h e  

p a r i t y  o f  the second r e f l e c t i o n  chosen must be d i f f e r e n t  f rom the p a r i  t y  

of t h e  f i r s t  r e f l e c t i o n ,  t he  p a r i t y  o f  the  t h i r d  must be d i f f e r e n t  

from the  p a r i  t i e s  of t he  f i r s t ,  the  second, and the  sum o f  the  f i  r s  t 

two. Then the  general procedure f o r  s i  gn-determi n a t i o n  can be ou t1  i ned 

as f o l l o w s .  A s t a r t i n g  s e t  o f  r e f l e c t i o n s  i s  se lec ted .  This  s e t  i nc ludes  

the  o r i g i  n-determin i  ng r e f l e c t i o n s  and n  o the r  r e f l e c t i o n s ,  u s u a l l y  

f o u r  o r  f i v e ,  which are n o t  s t r u c t u r e  i n v a r i a n t s .  The o r i  g in-determi  n i n g  

s igns  are a r b i  t r a r i  l y  ass i  gned, and the  o the r  n  s igns may be + o r  - ; 
t h e r e f o r e  Zn poss ib le  s t a r t i n g  s ign  se ts  are considered. Sayre l s  

equat ion i s  r e i t e r a t i v e l y  app l i ed  t o  each o f  these s t a r t i n g  s i g n  sets ,  

y i e l d i n g  Zn s o l u t i o n s .  When Sayre's equat ion i s  app l i ed  t o  a  s t a r t i n g  

s i g n  se t ,  a d d i t i o n a l  s igns are determined, and these are used t o  de te r -  

mine more s igns,  and t o  redetermine those a l ready  p red i c ted .    his 

process i s  r e i t e r a t e d  u n t i l  there  are no new a d d i t i o n s  o r  no changes i n  

t he  l i s t .  The s igns i n  the  s t a r t i n g  s e t  are p r e d i c t e d  ( d u r i n g  each 

r e i t e r a t i o n )  from the  o the r  s igns which have been pred ic ted ,  b u t  the  

s igns i n  t he  s t a r i n g  s e t  a re  n o t  al lowed t o  change. 

Once a1 1  the  poss ib le  se ts  o f  phases are c a l c u l a t e d  o n l y  one o r  

the  t r u e  s o l u t i o n  must be determined. A method used i s  t o  c a l c u l a t e  

a1 1  Zn e l e c t r o n  dens i t y  maps, and t o  s e l e c t  t he  one which i s  chemica l l y  

most reasonable. A more e f f i c i e n t  method i s  t o  use a  "consis tency"  

index as a t e s t  f o r  t he  c o r r e c t  s t ruc tu re .  The consis tency index  C, 

i s  de f i ned  as 



5 1 

where the sums are o v e r a l l  p a i r s  of 8 and ? f o r  which &?=7f. 

equal t o  one, the  p a r t i c u l a r  s o l u t i o n  i s  s a i d  t o  be complete 

The t r u e  s o l u t i o n  w i l l  u s u a l l y  be the most cons i s ten t  one, i 

w i l l  have the  h ighes t  consistency index. 

I f  C i s  

l y  cons i s ten t .  

.e., i t  

A bas ic  d i f f i c u l t y  which we encountered w i t h  t he  PGe(OMe)* s t r u c t u r e  

was t h a t  almost a l l  o f  the  l a r g e s t  normal ized s t r u c t u r e  ampl i tudes were 

of the type ( h k l )  = (even, even, even) o r  (odd, odd, odd), and t h e r e f o r e  

i t  was n o t  poss ib le  t o  f i n d  three appropr ia te  o r i g i n  de termin ing  

r e f l e c t i o n s  w i t h  which t o  i n i t i a t e  the d i r e c t  method o f  s i g n  determina- 

t i o n .  I n  an e f f o r t  t o  circumvent the problem, the E - d i s t r i b u t i o n  was 

changed t o  correspond approximately t o  t h a t  o f  the f r e e  base macrocycle. 

Th is  was approximated by sub t rac t i ng  the ampl i tude of t he  germanium 

atom c o n t r i b u t i o n  from the 590 germanium atom-affected observed s t r u c t u r e  

ampl i tudes I Fo (hk l )  1 ( t h e  ampl i tude o f  the  c o n t r i b u t i o n  i s  t he  same f o r  

both se ts  o f  coord inates ( a )  o r  ( b ) ) .  These new s t r u c t u r e  ampl i tudes, 

I F p ( h k l )  1 ,  where 

and 

a tom 

/ FGe(hkl  )cal 1 i s  t he  ca l cu la ted  

, were then converted t o  normal 

If  we c a l l  Fp+Ge the  s t r u c t u r e  

- I  FGe(hkl leal I I 9 (96 

s t r u c t u r e  amp1 i tude o f  the german 

zed values ( 1 ~ ~ 1 ) .  

f a c t o r  o f  the  PGe(OMe)*, then the  

f o l l o w i n g  four  combinations are poss 

of the  f r e e  macrocycle: 

i b l e  f o r  Fp,the s t r u c t u r e  f a c t o r  
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For the cases ( a ) ,  ( B ) ,  the structure amplitude of the f ree  macrocycle 

will be given by 

which i s  equation (96). For 

I F ~ e  will be given by 

the cases (y) ,  ( 6 )  the s t ructure amplitude 

- I F p / =  

I Fp  I = 

which again i s  equation (96). 

hence 

However, i f  I F p / >  

probable fo r  most of the ref lect ions) ,  I Fp  1 - I FGe 

equation (97) becomes 

I F p + G e l ' l F p / - l F G e l  or 

lFGel (which i s  not very 

I > 0 and therefore 

and in t h i s  l a s t  case the approximation (96) f a i l s .  

The s t a t i s t i c a l  distributions of the normalized s t ructure amp1 i tudes, 

both with and without the metal, along with the theoretical dis t r ibut ions 

fo r  centr ic  and acentric cases are given in Table 11, where the normalized 

s t ructure factors were scaled such tha t  <E'>=I. 0. A s e t  of 200 I E p  1 ' s  

with values greater than 1.5 were used in a sign determination program 

written by ~ 0 r - 1 ~ ' ~ .  A s ta r t ing  s e t  of seven signs was used; these 

corresponded t o  the three origin-defining ref lect ions,  ( 5 2 4 ) ,  (212), 

(423) and the four general reflections,  ( 4 1 1 ) ~  (323), (312)  and (135). 



TABLE 11. S t a t i s t i c a l  D i s t r i b u t i o n  of I E (  

Cen tri c  Acent r ic  



4 I n  each o f  the  s i x t e e n  poss ib le  s o l u t i o n s  ( 2  ) a l l  200 s igns  were 

determined. The s o l u t i o n  w i  t h  the  h ighes t  consis tency index was 

se lec ted  (C=0.72), and an Ep Fou r ie r  map revealed the  posi  t i o n s  of a1 1 

the non-hydrogen atoms o f  t h e  po rphy r i n  except t h a t  o f  t he  metal ,  

which was conspicuously absent. The s o l u t i o n  proved t o  be t h a t  o f  the  

two independent molecules centered around the  independent centers of 

symmetry and subsequent ref inement  v e r i f i e d  the  correctness o f  t h e  

s t r u c t u r e .  Such unusual behavior has been observed i n  o t h e r  s t r u c t u r e s  

The coord inates o f  26 non-hydrogen atoms corresponding t o  PGe(OH)2 

were determined from the  Ep map. 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  based 

on these w i t h  an average i s o t r o p i c  thermal parameter f o r  a l l  atoms 

gave an R-value o f  0.21. A t  t h i s  stage, f u l l - m a t r i x ,  - u n i t  weight  

l e a s t  squares ref inement  was i n i  t i a t e d .  The f u n c t i o n  most commonly 

minimized i s  

where the  sum i s  over t he  s e t  o f  c r y s t a l l o g r a p h i c a l l y  independent planes 

and the  W(hk1) a re  weights.  

Three cyc les  of ref inement,  one va ry ing  the  coord inates and t h e  

sca le  f ac to r ,  another vary ing  a l l  i s o t r o p i c  thermal parameters and the  

l a s t  va ry ing  the  coord inates again a long w i t h  the  sca le  f a c t o r ,  reduced 

R t o  0.15. An observed e l e c t r o n  dens i t y  map was synthesized employing 

a l l  b u t  about 100 c o e f f i c i e n t s  which d i d  n o t  s a t i s f y  a r e j e c t i o n  t e s t ,  

F x r r - F ) ,  where r.r.zO.5; whenever t he  fo rego ing  express ion was 

negat ive  the  corresponding r e f l e c t i o n  was n o t  used i n  t h e  F o u r i e r  

syn thes is .  Th is  map revealed a d d i t i o n a l  e l e c t r o n  dens i t y  near t h a t  o f  



each o f  the  independent oxygen atoms. From the  peak h e i g h t  and the 

d is tance t o  the oxygen atom ( ~ 1 . 4 A ) ,  i t  became c l e a r  t h a t  the  hydroxy l  

groups had been rep laced by methoxy groups of methanol d u r i n g  c r y s t a l -  

1 i z a t i  on, and t h a t  the  addi ti onal densi ty was due t o  a carbon atom 

corresponding t o  a methyl  group. An i n f r a r e d  spectrum o f  t he  compound 

d i d  n o t  show an absorp t ion  i n  the -OH s t r e t c h i n g  reg ion  b u t  i t  d i d  

show a very s t rong  absorp t ion  band a t  1200 cm", which i s  c lose  t o  t he  

r e g i o n  o f  the  0-CH3 s t r e t c h .  

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  i n c l u d i n g  the coord inates o f  t he  

assumed methyl  carbon atoms reduced R s i g n i f i c a n t l y  t o  0.108 and a 

d i  f f e rence  e l  ec t ron  densi t y  map was synthesi  zed. A1 1 the  expected 

hydrogen atoms appeared i n c l u d i n g  those o f  t he  methyl group thus con- 

f i r m i  ng the  correctness o f  the o r i  g i  na l  assumpti on. The hydrogen atoms 

were assigned i s o t r o p i c  temperature f a c t o r s  which were 1.25 g rea te r  

than the  i s o t r o p i c  temperature f a c t o r s  o f  the  carbon atoms t o  which 

they were bonded and the  r e s u l t i n g  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  had an 

R o f  0.094. 

A c o r r e c t i o n  f o r  anomalous d i spe rs ion  was in t roduced a t  t h i s  p o i n t  

f o r  t h e  germanium atom i n  the zero i o n i z a t i o n  s t a t e  ( f  ' = - I  . 3  f o r  CuK,). 

A n i s o t r o p i c  thermal parameters were in t roduced f o r  a1 1 the  non-hydrogen 

atoms and the  ref inement  was cont inued. The thermal parameters were 

v a r i e d  separa te ly  f o r  the i n s i d e  atoms o f  molecules 1 and 2 fo l l owed  

b y  the  ou ts ide  atoms. According t o  the n o t a t i o n  o f  F igure  7,  the  

" i n s i d e "  atoms were taken t o  be: 

lGe, lNA, l A l ,  1A4, lAB, INB, 1 1B4, lBC, 

2Ge, 2NA, 2A1, 2A4, 2AB, 2NB, 281, 284, ZBC, 

w i t h  the  remainder o f  the  atoms being taken as the  ou ts ide  atoms. 



gure 7. Labelling o f  PGe(OMe)*. 



t h i s  stage, i t  was c l e a r  t h a t  6  o f  t he  l a r g e s t  low 

were a f f e c t e d  by e x t i n c t i o n :  (1  11 ) , (71 1 ) , (020) , 

(040) ; the  average percent  discrepancy, lOOx < I I Fo 

and f 

c y c l e  

a cyc 
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Three cyc les o f  re f inement ,  one va ry ing  t h e  coord ina tes  of t he  

non-hydrogen atoms and the  sca le  fac to r ,  another  v a r y i n g  the  a n i s o t r o p i c  

thermal parameters, f i r s t  f o r  the  e ighteen i n s i d e  atoms and then f o r  

the twelve ou ts ide  atoms, and the  l a s t  va ry ing  t h e  coord ina tes  of a l l  

the  non-hydrogen atoms and the sca le  factor ,  reduced R t o  0.059. A t  

o rder  r e f  1  e c t i  ons 

(ZOO), (202) and 

l - I F c /  l > l l F o l  3 f o r  

these r e f l e c t i o n s  was 12.5. Consequently, they were removed from the  

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  and the R-value decreased t o  0.056. Two 

more cyc les  o f  re f inement  w i t h o u t  these r e f l e c t i o n s ,  f i r s t  on a n i s o t r o p i c  

thermal parameters o f  t he  eighteeen and then on t h e  twelve non-hydrogen 

atom sets,  and then on coordinates o f  a l l  non-hydrogen atoms, reduced 

the  R-value t o  0.052. Relocat ion o f  the hydrogen atoms form a new 

d i f f e rence  e l e c t r o n  dens i t y  map improved the R va lue t o  0.048. Three 

more cyc les  o f  ref inement , f i r s t  on a n i s o t r o p i c  thermal parameters i n  

the  way descr ibed above, then on coord inates o f  a l l  non-hydrogen atoms 

i n a l  l y  on thermal parameters again, gave an R-value o f  0.043. A 

o f  re f inement  i n  the  coord inates o f  hydrogen atoms, f o l l owed  by 

l e  o f  re f inement  on the  coordinates o f  non-hydrogen atoms d i d  n o t  

change the  R- fac to r ;  furthermore, the parameter s h i f t s  were i n s i g n i f i c a n t  

compared t o  est imated standard dev ia t ions .  Therefore, t he  re f inement  

o f  t he  s t r u c t u r e  was terminated. 



V.  RESULTS 

Tables I 1 1  and I V  l i s t  the  f i n a l  atomic coord inates,  a n i s o t r o p i c  

temperature f a c t o r s ,  and peak heights o f  a l l  the non-hydrogen atoms of 

the  two i ndependent centrosymmetr ical  molecules o f  t he  asymmetri c u n i t  

of the u n i t  c e l l .  Table V l i s t s  the f i n a l  coord inates,  i s o t r o p i c  

thermal parameters and peak he igh ts  o f  hydrogen atoms. The atom 

n o t a t i o n  i s  accord ing t o  Figure 7. The standard dev ia t i ons  o f  t he  

atomic coord inates are i n  parentheses and are those o f  the f i n a l  cyc le  

of t he  l e a s t  squares ref inement ;  the  e r r o r s  i n  the hydrogen atom 

coord inates are about t en  t imes g rea te r  than those o f  the  atom t o  which 

they are bonded. A l e a s t  squares p lane was ca l cu la ted  f o r  t he  atoms 

o f  the  porphine o f  each molecule. The dev ia t i ons  o f  t he  atoms f rom 

these l e a s t  squares planes are l i s t e d  i n  Table V I .  Best  l e a s t  squares 

planes were a l s o  computed f o r  the  atoms of each p y r r o l e  r i n g  separa te ly  

and the  dev ia t i ons  f rom these planes are l i s t e d  i n  Table V I I .  From 

Table V I  I, i t  can be seen t h a t  the i n d i v i d u a l  p y r r o l e  r i n g s  are p lana r  

w i t h i n  t he  e r r o r  o f  t h e i r  de termina t ion  ( 2  0.01A). Table V I I I  l i s t s  

t he  equ i va len ts  o f  t he  p r i  n c i  pa l  mean-square displacements from equi li - 
br ium p o s i t i o n s  o f  t h e  non-hydrogen atoms. I n  add i t i on ,  an average 

i s o t r o p i c  temperature f a c t o r  i s  l i s t e d  f o r  each atom based on the  

p r i n c i p a l  mean-square displacements. From Table V I I I  i t  can be seen 

t h a t  molecule 1 i s  considerably  more d isordered than molecule 2 o f  the  

asymmetric u n i t .  Th is  can a lso  be seen from the peak he igh ts  l i s t e d  i n  
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Tables I11 and IV and i t  i s  a l so  the reason fo r  the generally l a rger  

standard devi a t i  ons of the atomic coordi nates of molecule 1. The bond 

dis tances  and angles of the two independent molecules are presented 

i n  Figures 8 and 9 ,  and Figures 10 and 11 show distances between non- 

bonded atoms. Figure 12 shows the ~ ~ e ( 0 M e ) ~  molecule drawn i n  per- 

spect ive  in terms of i t s  vibrat ion e l l ipso ids  (ORTEP, reference 100). 

F ina l ly ,  Figure 13 i l l u s t r a t e s  in perspective the manner in which the 

four molecules a re  packed in the u n i t  c e l l  (ORTEP, reference 100). 

The molecules (0 ,0 ,0)  and (0,1/2,1/2),  as well as (1/2,1/2,0) and 

(1/2,0,1/2) a re  re la ted  with the symnetry operations of the space 

group PZ1 / c  whi l e  the molecules (0,0,0)  and (1/2,1/2,0) o r  (0,1/2,1/2) 

and (1/2,0,1/2) are  symmetry independent. The di hedral angle between 

the  two symmetry dependent molecules (0 ,0 ,0 ) ,  (0,1/2,1/2) i s  33.34', 

while the dihedral angle between the other two symnetry re la ted  molecules 

(1/2,1/2,0),  (1/2,0,1/2) i s  25.55'. The angle between the independent 

molecules i s  75.31' and the angle between molecules (1/2,1/2,0),  

(0,1/2,1/2) o r  (0 ,0 ,0) ,  (1/2,0,1/2) i s  67.64'. 





TABLE I V .  F i n a l  Atomic Coordinates, Thermal Parameters and Peak Heights .  Molecule 2. 

Ani s o t r o p i  c  Thermal 
4 Peak 

Atom - F r a c t i o n a l  Coordinates Parameters(x l0  ) ~ e i  sh t 



TABLE V.  F i n a l  Atomic Coordinates, I s o t r o p i c  Temperature Factors ,  

and Peak Heights  o f  the Hydrogen Atoms. 

Atom 

Molecule 1 

Molecule 2 

B(A') Peak He igh t  

( ) 



TABLE V I .  Dev ia t ions  o f  Porphine Skeleton From Leas t  Squares Plane 

Molecule 1 

Atom 

1 Ge 

1 NA 

1 A1 

1 A2 

1 A3 

1 A4 

1 AB 

1 NB 

1 B1 

182 

1 B3 

1 B4 

1 BC 

10 

1 Me 

A tom - 
2Ge 

2NA 

2A 1 

2A2 

2A3 

2A4 

2AB 

2NB 

2B1 

282 

2B3 

2B4 

2BC 

2 0 

2Me 

Molecule 2 



6  4  

TABLE V I I .  Dev ia t ions  o f  Pyr ro les  From Least  Squares Planes 

Molecule 1 

P y r r o l e  A  

P y r r o l e  A  

A tom do 
2NA - .002 

2A 1  .002 

2A2 -. 002 

2A3 . O O l  

2A4 .OOO 

Molecule 2  

Py r ro le  B 

A tom - d (A) 

1  NB .004 

1  B1 - .003 

1  B2 .OOO 

1  B3 .002 

1  B4 .004 

Py r ro le  B 

Atom - d(A) 

2NB - .001 

2B 1  - .003 

2B2 .007 

283 - .008 

284 .006 



2 TABLE V I I I .  P r i n c i p a l  Mean-Square Displacements ( A  ) i n  ' I s o t r o p i c  B '  "-'-" 

Molecule 1 

1voT;aT;i on 

Molecule 2 

Atom 

1 Ge 

1 NA 

1 A1 

1 A2 

1 A3 

1 A4 

1 AB 

1 NB 

1 B1 

182 

1 B3 

184 

1 BC 

10 

1 Me 

Atom 

2Ge 

2NA 

2A 1 

2A2 

2A3 

2A4 

2AB 

2NB 

2B1 

2B2 

2B3 

2B4 

2BC 

20 

2Me 



Figure  8. Bond d is tances  ( i n  A )  and angles ( i n  degrees) ; 
broken l i n e s  i n d i c a t e  C-H d is tances ; molecule 1. 



Figure 9 .  Bond distances ( i n  A )  and angles ( in  degrees); 
broken lines indicate C-H distances; molecule 2 .  



Figure 10. Intramolecular distances and angles o f  the 
central core region; molecule 1. 



F igu re  1 1 .  Intramolecular distances and angles o f  the 
central core region; molecule 2 .  



Figure 12. Computer plot of the PGe(OMe)2 molecule 
(ORTEP, reference 100). 



molecule I 

Figure 13. Molecular packing o f  PGe(OMe)* ( O R T E P ,  reference 100).  



VI. DISCUSSION 

I t  i s  unusual and also interest ing tha t  there are two molecules of 

PGe(OMe)* located on independent centers of symmetry in the unit  c e l l .  

A1 t h o u g h  the reason for  such a phenomenon remains uncertain, one thing 

that i s  clear i s  the independence of the two molecules, in th is  case, 

can lead to  more e f f i c i en t  molecular packing. Four molecules in general 

positions in space group P2,/c are related to each other by the sym- 

metry elements of the space group. However, in the present case, the 

orientation of the one pair of molecules i s  not dependent on the orienta- 

tion of the other pair and the only restr ic t ions between the two pairs 

are "chemical and/or physical " in nature. Thus, the plane of molecule 

2 i s  t i l t e d  about 75' with respect t o  the plane of molecule 1 (Figure 13) 

In view of the large metal-normalized density of PGe(OMe)2 (see below), 

th i s  angle i s  probably close to  an optimum with respect to  molecular 

packing. 

The packing of PGe(OMe)2 i s  exceptionally e f f i c i en t  compared to  

other porphyri n sys tems . The densi ty of PGe (OMe)2 i s the hi ghes t among 

a l l  porphines and porphyrins for  which a s t ructure has been determined 

or unit  ce l l  dimensions have been measured. Due to the rather special 

geometry of porphines and porphyrins (planar with a central hole), 

macroscopic mass density i s  not the best quantity t o  compare fo r  

relat ive effectiveness of packing. A bet ter  quantity i s  (F(000)-M)/V, 

where F(000) i s  the number of electrons per unit  c e l l ,  M i s  the contri-  

bution t o  F(000) from a metal which might be located in the central hole, 



and V i s  the volume of the u n i t  c e l l .  The values o f  t h i s  "normal ized" 

e l e c t r o n  d e n s i t y  term f o r  about 35 porphines and porphyr ins  are g iven  

i n  Table I X .  From Table I X ,  i t  can be seen t h a t  these f a l l  conspicuously 

i n t o  two groups (a )  one w i  t h  an average normal i zed densi ty o f  (0.382k 

0.006)eA'~ and ( b )  t he  o ther  w i t h  an average normal ized dens i t y  o f  

(0.402+0 . o o ~ ) ~ A - ~ .  The corresponding va lue  f o r  PGe(OMe)2 i s  0.425 e ~ - ~ ,  

which d i f f e r s  s i g n i f i c a n t l y  f rom the  averages o f  t he  respec t i ve  groups 

by many standard dev ia t i ons .  The compact packing o f  PGe(OMe)2 i s  

achieved w i t h  no unusua l l y  c lose  i n te rmo lecu la r  con tac ts  and i s  probably  

r e l a t e d  t o  t he  l o c a t i o n  o f  the molecules on independent centers o f  

symmetry i n  the  c r y s t a l  and the  concomitant freedom der ived  thereo f .  

The c l o s e s t  van der  Waal ' s  approach i s  about 3.49A (1Me-ZMe), so t h a t  

the  e f f i c i e n c y  o f  t he  molecular  pack ing i s  probably  accomplished i n  a 

cooperat i  ve way. 

The r e c e n t l y  determined c r y s t a l  s t r u c t u r e  o f  d i  p y r i  d i  nateocta- 

e thy l  porphyr i  nRu (11) (RU ( P ~ ) ~ O E P ) ~ ~  , which a1 so has two independent 

molecules pe r  u n i t  c e l l  l oca ted  on independent centers o f  symmetry 

(space group PZ1/c), does n o t  show a h igh  normal ized d e n s i t y  (0.380eA-~) .  

The very h igh  normal i zed densi ty observed i n  PGe (OMe)2 migh t  be due t o  

t h e  more appropr ia te  geometry o f  the  1 i gands around the  metal , combined 

wi t h  the  independence o f  the molecules i n  the un i  t c e l l .  

The PGe(OMe)2 meta l loporphine can be considered as a centrosymmetric 

d i s t o r t e d  octahedra l  complex w i t h  the  oxygen atoms l oca ted  a t  ap i ca l  

120 
posi  ti ons . As was expected from the  metal  r ad ius  and i t s  coo rd ina t i on  , 

the germani um atom i s  l o c a t e d  on the  p lane o f  the  macrocycle (Table V I ) .  

The macrocycles o f  bo th  1 and 2 are e s s e n t i a l l y  p lanar ,  al though molecule 

2 shows a h igher  degree o f  p l a n a r i t y  than molecule 1; i n  molecule 2 the  



ILE IX ( a ) .  Comparison of I n t r i n s i c  Packing-Densi t y  o f  Porphyri ns 

Compound Space Group ( e ~ - ~ ) *  

T P P ~ ~  

ns ( I I )TPP'O' 

Cd( I V ) T P P ' ~ '  

a-Chlorohemi n 102 

Porphi ne 3 9 

T P ~ P ~ ~  

C u  ( I  I ) T P ~ P ~ ~ ~  

M ~ ( I I I ) C ~ T P P ' ~ ~  

Bi s-imidazole 

~e ( I I I ) T P P C I ~ ~ ~  



TABLE IX(b) . Comparison of I n t r i n s i c  Packing-Densi ty  of Porphyri ns 

Compound Space Group ( e ~ - ~  )* 

Bi s-pi peri di ne- 

Fe ( I I ) T P P ~  O9 P i 0.381 

OEP'  l o  p i  0.390 

~i (ll)OEP1 P i  0.388 

Etio I l l 2  PZ1 /c 0.384 

MeOFe( 111)-Porphyri n 
IXes t e r  118 I2/m 0.383 

Ni - e t i o  I 119 
I$/m 0.387 



angle between the  planes o f  ad jacent  p y r r o l e  r i n g s  i s  1.2' w h i l e  i n  

molecule 1 t he  corresponding angle i s  6.2'. 

From Figures 8 and 9 i t  can be seen t h a t  the  d is tances and angles 

o f  the two independent molecules are n o t  e x a c t l y  the  same, and i n  

general molecule 2 shows b e t t e r  i n t e r n a l  consis tency than molecule 1. 

It can a l s o  be seen from Tables I11 and I V  t h a t  the  peak he igh ts  f o r  the  

atoms o f  molecule 2 are i n  general h ighe r  than the  corresponding peak 

he igh ts  o f  molecule 1, as w e l l  as f rom Table V I I I  which l i s t s  t he  mean 

square displacements o f  the  atoms a long the p r i n c i p a l  axes o f  the  

e l l i p s o i d .  The thermal parameters o f  the molecule 1 are h ighe r  than 

those o f  molecule 2 .  Those d i f f e r e n c e s  could be due t o  packing e f f e c t s  

which can more e a s i l y  i n f l u e n c e  t h e  more f l e x i b l e  pe r i phe ra l  p a r t  o f  

t he  molecule b u t  n o t  the  dimensions o f  the c e n t r a l  ho le.  Indeed the  

germani urn-ni t rogen d is tances are e x a c t l y  t he  same i n  both molecules, as 

w e l l  as t he  germanium-oxygen d is tances.  The l a t t e r  agree f a i r l y  w e l l  

w i  t h  the  d is tance obta ined from Ge02 (space group P42/mnm) which i s  

1.85A(reference 25, p. 321 ) and w i t h  the  d is tance obta ined by s imply 

addi ng the  atomi c r a d i  i o f  germani um and oxygen (1 .85A, re fe rence 25, 

p. 321). The carbon-oxygen bond o f  t he  methoxy group i s  shor t ,  p a r t i -  

c u l a r l y  i n  molecule 1 ; the  corresponding d is tance i n  s imple a lcoho ls  

and e the rs  i s  1.43A, as compared w i t h  an average o f  1.391A i n  t he  

PGe(OMe)2 s t r u c t u r e .  

The geometry of 'the germanium-methoxy group w i t h  respec t  t o  t he  

macrocycle i s  d i f f e r e n t  i n  t h e  two independent molecules (F igure 14);  

t h e  d i f f e r e n t  i n t e r a c t i o n s  o f  t he  methoxy group w i t h  t he  atoms o f  the  

porphine i s  probably  another reason why the molecules are on independent 

centers o f  symmetry and a re  n o t  e x a c t l y  a l i k e .  



Figure 14. Geometry of the Ge-OMe group with respect to  the pyrol l i c  ni trogens of the porphine macrocycle. 



Figure 15. Average bond distances and angles o f  PGe(OMe)2. 



Figure 16. Average bond distances and angles o f  the  f r e e  
base porphi ne (from reference 39). 



For a comparison of the PGe(OMe)2 s tructure wi t h  simi l a r  systems, 

an average of the bond distances and angles over the two molecules has 

been taken. This average s t ructure i s  shown in  Figure 15, and an 

average s t ructure of the free base porphine3' i s  i l lus t ra ted  in Figure 16. 

By a d i r ec t  comparison of the two average structures i t  can be seen that 

the angles of the pyrrole ring o f  the PGe(OMe)* s tructure are the same 

(wi thi n the experimental e r ror )  w i  t h  the aza pyrrole of the porphi ne. 

In addition the average distances of the aza pyrrole of the porphine , 

w i  t h  the exception of the C -C bond, are the same wi t h  the corresponding 
a B 

bond distances o f  the PGe(OMe)2 porphine. The s l ight  decrease o f  about 

0.02A in the C,-CB bond in the l a t t e r  might be an indication that  the 

"electron path" a in Figure 4 i s  enhanced when the germanium atom 

subst i tutes  the two pyrrol i c  hydrogens. In general the substitution of 

the two inner pyrrole hydrogens with a relat ively non heavy metal tends 

to make a l l  the pyrrole rings of the porphine equivalent and equivalent 

to  the aza pyrroles of the free base as f a r  as the i r  bond distances and 

especially the i r  angles are concerned. This phenomenon was also observed 

in the structures of n-propyl porphi n e ~ u ( 1 1 ) ' ~ ~  and octaethyl porphi ne- 

Ni(II)117,  despite the f a c t  t ha t  the metals Ge, C u ,  and Ni are of en t i re ly  

different  nature. The complexation process of a metal by a porphine or 

porphyrin can be naively described by a two step process; f i r s t  the 

two pyrrole hydrogens are removed and the two electrons are delocalized 

a l l  over the macrocycle making a l l  four pyrroles equivalent, and then, 

the positively charged metal simply neutralizes the negatively charged 

molecule. The geometrical constraints of the porphyrin systems are so 

overwhelming, that  metals with a relat ive low electron content do not 

disturb the system and show the same ef fec t  of increasing the symmetry 



of the  macrocycle. The e f fec ts  due t o  i n t e r n a l  e l e c t r o n i c  d i s t r i b u t i o n s  

are very  d i f f i c u l t  t o  d e t e c t  i n  the c r y s t a l  s t r u c t u r e .  On the  o t h e r  

hand, the  s i z e  o f  the  metal  severe ly  e f f e c t s  the geometry of t he  core. 

Metals w i t h  l a r g e  r a d i i  which are forced due t o  s y m t r y  reasons ( f o r  

instance octahedra l  geometry) t o  remain on the plane of the macrocycle, 

can cause l a r g e  changes i n  bond d is tances and angles. This  was shown 

i n  the two r e c e n t l y  determi ned s t r u c t u r e s  o f  d i  ch l  o r i de te t rapheny l -  

porphi  n e ~ n ( 1 ~ ) ~ O  and d i c h l o r i  d e o ~ t h a e t h ~ l ~ o r ~ h i n e ~ n ( 1 ~ ) ~ ~ .  Because o f  

the l a r g e  t i n - n i  t rogen d is tance ( ~ 2 . 1 A ) ,  the  CaNC, angle i s  f o r ced  t o  

increase by approx imate ly  3' and the CbCb bond d is tance t o  increase by 

0.02-0.03A i n  o rde r  t o  minimize the reduc t i on  o f  the a1 ready s t r a i n e d  

NCaCb angle. Thus the Dk approximate symmetry i s  re ta ined  b u t  t he  

p y r r o l e s  have been changed from t h e i r  f r e e  base s t a t e  because o f  t he  

i nhe ren t  s t r a i n  o f  the  porphi  ne macrocycle. 



PART I 1  

THREE DIMENSIONAL STUDY OF a-CMYMOTRYPSIN A T  p H  8.7 

AND 2 . 7  W I T H  DIFFERENCE FOURIER METHOD 



PROLEGOMENA 

Myoglobin and hemoglobin were t h e  f i r s t  g l o b u l a r  p r o t e i n s  t o  

have t h e i r  three-dimensional s t r u c t u r e s  so lved by means o f  X-ray 

d i f f r a c t i o n .  J. C.  Kendrew and M. F. Perutz  received t h e  Nobel P r i z e  

121 i n  chemist ry  i n  1962 f o r  t h i s  achievement . 
F i f t e e n  years l a t e r ,  t he  f i e l d  o f  p r o t e i n  c r ys ta l l og raphy  has 

grown t o  such an ex ten t ,  t h a t  a t  l e a s t  f o r t y  o ther  p r o t e i n  s t r u c t u r e s  

have been so l  ved t o  near-atomi c  r e s o l  u t i  on1". E lec t ron  densi t y  maps 

a t  lower r e s o l u t i o n  have been ca l cu la ted  f o r  numerous o ther  p ro te ins ;  

even a  conserva t ive  es t imate  o f  these would be unwise t o  g ive  here, 

because the  number changes so r a p i d l y  w i t h  t ime " 23. The exponenti a1 

growth i s  p r i m a r i l y  due t o  t he  two f o l l o w i n g  reasons: f i r s t  the number 

o f  s c i e n t i s t s  i nvo l ved  i n  p r o t e i n  c r ys ta l l og raphy  has been increased 

d r a m a t i c a l l y  t he  l a s t  t e n  years, and second, the  increased a v a i l a b i l i t y  

o f  very f a s t  d i  g i  t a l  computers and automatic,  almost s e l f - c o n t r o l  l e d  

d i f f r a c t m e t e r s  has made the  r o u t i n e  examination o f  such problems p r a c t i c a l .  

The th ree  dimensional s t r u c t u r e  de termina t ion  o f  a  molecule o f  smal l  

molecular  weight  can s t i l l  be d i f f i c u l t  and tedious today due t o  t he  

"phase problem" which i s  discussed i n  p a r t  I o f  t h i s  work. The de te r -  

m ina t i on  o f  the  phase angles f o r  a  p r o t e i n  c r y s t a l  i s  much more d i f f i c u l t  

and t ime consuming because e s s e n t i a l l y  none o f  t he  methods which have 

been developed f o r  smal l  molecules a re  app l i cab le  t o  p r o t e i n  s t r u c t u r e  

determi n a t i  on124. I n  addi ti on t o  the techn i ca l  d i f f i c u l t i e s  o f  the  



124 i n t e r p r e t a t i o n  o f  the F o u r i e r  image o f  a "so lved p r o t e i n  s t r u c t u r e "  , 
the  chemis t -c rys ta l  lographer  a l s o  at tempts t o  answer quest ions r e l a t i n g  

t o  the f u n c t i o n  o f  the  p r o t e i n  molecule i n  l i v i n g  systems. He t r i e s  

t o  unambiguously l o c a t e  the  " a c t i v e  s i t e "  w i t h i n  the  molecule, t h a t  i s ,  

those p a r t s  o f  the  p r o t e i n  which are ma in ly  respons ib le  f o r  i t s  s p e c i f i c  

ac t i on ,  and w i t h  t he  a i d  o f  the three-dimensional arrangement and 

addi t i o n a l  experiments t o  propose a "mechanism" f o r  t h a t  ac t i on .  More- 

over,  he attempts t o  r a t i o n a l i z e  the o v e r a l l  t o p o l o g i c a l  fea tures  o f  

the molecule, and i f  poss ib le  e x p l a i n  the evo lu t i ona ry  changes t h a t  have 

taken p lace i n  var ious  species, by a c a r e f u l  comparison o f  the s t r u c t u r a l  

and chemical c h a r a c t e r i s t i c s  i n  a se r i es  o f  s im i  1 a r  f u n c t i o n i n g  p ro te ins  

o r i g i n a t i n g  from d i f f e r e n t  b i o l o g i c a l  species, and by l o c a t i n g  " i n v a r i  - 
ances" around sensi t i v e  and c r i  ti ca l  p a r t s  o f  p r o t e i  n molecules. T r y i  ng 

t o  unfo ld even one o f  the  forementioned " p r o t e i n  mys ter ies"  i s  n o t  an 

easy task so t h a t  pure empi r i c ism i s  interwoven w i t h  soph i s t i ca ted  

theory i n  an e f f o r t  t o  achieve a reasonable answer 'lZ6. However, 

one t h i n g  i s  c e r t a i n l y  c l ea r .  P r o t e i n  molecules are composed o f  t he  

same fundamental cons t i t uen ts  as o t h e r  molecules and they should obey 

the  bas ic  p r i n c i p l e s  t h a t  we a l ready  know. Therefore i t  should be a 

ques t ion  o f  t ime, pat ience and a l i t t l e  l uck  be fore  some o f  t he  c u r r e n t  

major problems are solved. 

This  work has been conducted i n  the sp i  ri t o f  p r o v i d i n g  miss ing  

pieces i n  the  experimental  p i c t u r e  o f  the p r o t e o l y t i c  enzyme a-chymo- 

t r y p s i  n, whose three-dimensional s t r u c t u r e  has been determined i n  ou r  

1 aboratory . 



V I I. INTRODUCTION 

1 . Enzymes : His  t o r i  c a l  

Enzymes are substances o f  l a r g e  molecular  weight  t h a t  d i r e c t  

numerous chemi c a l  r eac t i ons  t h a t  occur i n  a1 1  1  i v i n g  organi  sms. We 

can envisage t h a t  the l i v i n g  organism func t i ons  through a  m a t r i x  o f  

chemical reac t i ons  o f  ex t rao rd ina ry  complexi t y ,  whi ch are con t ro l  l e d  

and ca ta lyzed by many enzymes. The r e s u l t s  o f  the  a c t i o n  o f  enzymes 

were observed long be fore  the  nature o f  the respons ib le  agents was 

recogni zed. Lazzaro Spa1 I anzani noted i n 1765 t h a t  gas tri c  j u i c e  

d i sso l ved  chunks o f  meat127, b u t  i t  was o n l y  a f t e r  68 years t h a t  the 

f i r s t  c l e a r  r e c o g n i t i o n  o f  an enzyme was made, when i n  1833 A. Payen 

and J. F. Persoz conducted a  more d e t a i l e d  study o f  the process o f  

s ta rch  so lub i  l i z a t i o n  and showed t h a t  the respons ib le  agent was something 

which they c a l l e d  "d iastase" .  The name enzyme was in t roduced 45 years 

l a t e r  by the p h y s i o l o g i s t  W. Kuhne, and i s  der ived  from the Greek 

preposi ti on en ( E V )  , meaning i n ,  and the Greek word zyme (, &T-I), meaning 

yeast'28. I n  1907 the  German chemist Eduard ~ k h n e r  was awarded the 

Nobel P r i ze  i n  chemist ry  f o r  h i s  work on enzymes. 

The f i r s t  pu re  enzyme, which was named urease because i t  causes the  

hyd ro l ys i s  o f  urea t o  ammonia and carbon d iox ide ,  was obta ined i n  1926 

by J. B. Summer. He a l so  showed t h a t  urease was a  p r o t e i n ,  something 

o f  tremendous s i  gn i  f i cance a t  t h a t  t ime. A f t e r  t h i s  corners tone 

d iscovery  t h ings  proceeded a t  a  f a s t e r  r a t e .  J. H. Northrop and M. Kuni t z  



i s o l a t e d  pure c r y s t a l l i n e  pepsin and t r y p s i n  and showed t h a t  these 

enzymes are a l s o  p r o t e i n s .  By 1946, hundreds o f  enzymes had been p u r i -  

f i e d  and i t  had been shown beyond a  doubt t h a t  a l l  enzymes are  o f  

p r o t e i n i c  nature.  For t h e i r  work on enzymes, i n  1949 Summer and Northrop 

shared the Nobel P r i z e  i n  chemistry.  In the f o l l o w i n g  years, the s tudy 

o f  enzymes became more systemat ic  and thorough. I n  1963, the pr imary 

s t r u c t u r e  o f  the enzyme bovine pancrea t ic  ri bonuclease had been estab- 

1 ished1 "; i n  1965 and 1967, the three-dimensional s t r u c t u r e s  o f  

l y s ~ z y m e ' ~ ~  and panc rea t i c  r i b o n u ~ l e a s e l ~ ~  were repo r ted  respec t i ve l y ,  

and f i n a l l y  i n  1969, t he  l abo ra to ry  synthesis  o f  bovine panc rea t i c  r i b o -  

132 nucfease was announced . 
A l l  enzymes are p ro te ins ,  rang ing  i n  molecular  weight  f rom about 

10,000 t o  severa l  m i l l i o n  amu. They are ve ry  s e n s i t i v e  t o  changes i n  

t e m p r a t u r e  and chemical env i  ronment and p a r t i  cu l  a r l y  sensi ti ve t o  

changes i n  pH: t h e i r  a c t i o n  can be complete ly  i n h i b i t e d  w i t h  r e l a t i v e l y  

smal l  changes i n  pH. They show a  remarkable degree o f  s p e c i f i c i t y  f o r  

the  reac t i ons  which ca ta lyze .  T h e i r  a c t i o n  i s  u s u a l l y  a t t r i b u t e d  t o  a  

smal l  p o r t i o n  o f  t h e i r  t o t a l  content,  the  so c a l l e d  " a c t i v e  s i t e " .  

I t  seems t h a t  the - r e s t  o f  the molecule i s  i n a c t i v e ,  t h a t  i s ,  i t  does 

n o t  p a r t i c i p a t e  d i r e c t l y  i n  chemical c a t a l y s i s ,  b u t  r a t h e r ,  i t  helps i n  

ma in ta in ing  the  geometry o f  t he  a c t i  ve s i  t e  and i t s  irnmedi a te  environment 

i n  a  manner appropr ia te  f o r  b i n d i n g  subs t ra te  f o r  reac t i on ;  t h i s  i n a c t i v e  

p a r t  i s  a l s o  connected w i t h  r e g u l a t o r y  and p r o t e c t i v e  p r o p e r t i e s .  

The exac t  manner i n  which an enzyme a c t s  has n o t  y e t  been e luc ida ted .  

I t  i s  w e l l  known t h a t  the  s p e c i f i c  a c t i o n  o f  enzymes i s  r e l a t e d  t o  

c e r t a i  n  chemical groups which are " c a t a l y t i  c a l  l y  a c t i v e "  ( f rom a  com- 

p l e t e l y  e m p i r i c a l  p o i n t  o f  v iew), such as hydroxy l  (-OH), carboxyl  (-COOH) 



o r  ami no (-NH2) groups. For instance,  an a l i p h a t i c  group has never 

been c l a s s i f i e d  as necessary f o r  the a c t i v i t y  of an enzyme. I t  seems 

t h a t  t he  m o b i l i t y  and the spec ia l  p r o p e r t i e s  of the  hydrogen i o n  ( t he  

H+ has an e x c e p t i o n a l l y  smal l  r ad ius  cm and due t o  t h i s  p rope r t y  

i t can cause ve ry  1  arge p o l a r i z a t i o n s  i n  t he  nearby groups, and i t can 

a l so  a c t  as a  wave packet r a t h e r  than as a  p a r t i c l e )  p l a y  a  fundamental 

r o l e  i n  the  mechanism o f  enzymatic ac t ion .  I t  i s  a l s o  known t h a t  t he  

geome tri c a l  s t r u c t u r e  o r  t he  charge d i s t r i b u t i o n  i n  space (commonly 

ca l  l e d  three-dimensional s t r u c t u r e )  o f  an enzyme i s  very c r i t i c a l  f o r  

i t s  f u n c t i o n .  A l l  e l s e  concerning mechanisms o f  enzymatic a c t i o n  i s  

specu la t i ve .  For  t h i s  problem t o  be approached more e f f e c t i v e l y ,  i t  

probably  should be examined i n  a  l ess  t r a d i t i o n a l  way. As Baron Franc is  

Bacon sa id :  "It would be an unsound fancy and s e l f - c o n t r a d i c t o r y  t o  

expect t h a t  t h i ngs  which have never y e t  been done, can be done except 

by means which have never y e t  been t r i e d " .  

2. Alpha Chymotrypsi n: A General Discussion 

A1 pha Chymotrypsi n  ( h e r e a f t e r  denoted as a-CHT) i s  a  p r o t e o l y t i  c  

enzyme o f  chemical composi ti on C1 3N3000349H1752S1 2, consi s ti ng o f  

th ree  pept ide  chains A, B, C o f  13, 131 and 97 res idues,  respec t i ve l y .  

I t  has a  molecular  weight  o f  25,305 amu and i t s  sequence was determined 

i n  1964 by H a r t l e y  1333134 and Meloun, e t .  al.,135 and i t  was rev i sed  by 

Blow, e t .  a l . ,  i n  1 9 6 9 ' ~ ~ .  F igure  17 shows the sequence o f  a-CHT. 

I t  belongs t o  a  more general c lass  of p r o t e i n s  which are c a l l e d  "Ser ine 

Prote inases"  where a  r e a c t i v e  se r i ne  p lays  an impor tan t  r o l e  i n  a c t i v i t y ;  

t h i s  res idue reac ts  w i t h  diisopropylf luorophosphate {((CH3)2CH0)2-P-Fl 
0  

l ead ing  t o  complete l o s s  of enzymatic a c t i v i t y .  a-CHT i s  formed from an 



Figure 17. The sequence of a-CHT. 
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