
The first oompound t o  bs stuaied i n  t h i e  a e r i e s  

of X-ray inveetigatione on l i qu id  o rye ta l l ine  nmterials 

waa m-methoxy benaylidene - p-phenyl azopniline, i .e,,  

KBPAA, i?20W,70MJ (I) ,  The oonrgound i s  a le0  known ae 

anisal-p-amino a ~ a b e m e n e  a d  i s  the  S i r s t  member of t h e  

homologous eerina of compounds 4-&-slkoxy bensy liaene- 

4'-phenyl azoaniline, "Iswan+, 0. C6HI0 D I I = W m  C6Ef4-rYaW. C61i5. 

While t he  M&er homologuee i n  this se r iea  exhibit  a 

emectio A phase [ I ] ,  rra;PAA is nunatogulio and exh ib i t s  

the following phase traneit lone r 

167-168.0 18pQ 
Solid - Nenatio d Ieotropio 

Soar of the phyeiaal properti  as of MBMBPAA i n  i ts  

l iqu id  o r y s f d l i n e  and ieo t rapia  phaeee have been inveeti-  

gated [2-81. However, no X-re+y s tudies  are reported i n  

the l i t e r a tu r e .  

2.2 Ilrrseriment al 

Orange ooloured nesdlee of MBPAA were obt&iwd 





by slow evaporat ion of a s o l u t i o n  i n  toluene.  Osci l la-  

t i o n  and Weiseenberg photographs were recorded with 

o x y s t a l ~  mounted along axul perpendicular  t o  t h e  needle 

a x i s .  The d i f f r a c t i o n  p a t t e r n  showed the a r y s t a l s  t o  

be  monoclinic. The apace group was determined t o  be 

~ 2 , / c  based on t h e  syaternatic ex t i nc t i ons  of t h e  t ype  

h o l ,  l odd and oko, k oBd. 

The u n i t  o e l l  dimensioner a, b" and c' were 

meaeured from r o t a t i o n  and Weissenberg photographs. The 

a x i a l  dimensions of t h e  un i t  c e l l  were r e f i n e d  by minimiaing 
2 t h e  quant i ty  I ( s i n  B)measuzl ced 

2 
(sin ')calcmlated I [ l o ] ,  

using 22 high ang le  p ro j ec t i on  r e f l ec t i o rm.  A aomparison 
2 of t h e  va lues  of ( s i n  B)maaaured and (sin 2 " calculated 

a t  the end of t h e  refinement procedure i s  given i n  Table 

2.1. The monoclinic angle  $ was determined by t h e  method 

of a n w l a r  l a g  [(3] w i n g  t e n  h igh angle  r e f l e c t i o n s  and 

t h e  r e f i n e d  values  of t h e  c e l l  parameters a and b. A s  

it waa not pos s ib l e  t o  c u t  t h e  c r y a t a l  t o  record  t h e  

h o l  Weissenberg photograph, t h e  monoclinic ang l e  f3 could 

not  be r e f ined  by t h e  l e a s P 8 q u a r e s  methods. However, 

t h e  v d u e  of p as o b t d n e d  a b w e  was found t o  have q u i t e  

low standard devia t ion.  

The dens i t y  of t h e  a r y s t a l ,  measured by f l o t a t i o n  

i n  aqueous potassium iod ide  so lu t i on ,  showed t h a t  the  

u n i t  o e l l  contained e igh t  moleculee of INBPAB. The 



A oomparison f the measured and the uialoulated 8 values of s i n  f3 for the ref lect ions wed  i n  the 
least-squares refinemen* of the unit c e l l  para- 

meters 

h k l  



prelimtmry orys ta l  data are l i s t e d  i n  Table 2.2. 

Xn*,ensity da ta  

Fhree-dimensional in tenei ty  data  were collected 

from the reciprocal l eve l s  Hkl, H = 0 t o  5 ,  w i n g  a 

nearly cyl indrical  a rys ta l  of mean radius 5 0.024 cm 

(pr 0.15) mounted along the needle axis (a-axis). 

Multifilm egui-inclination Weis senberg tc~chnique wae uesd 
0 

with nickel f i l t e r e d  copper radiat ion ( = 1.9418 A). 

Inteneity data  from the hko reciprocal level  were also 

recorded using a cryata l  of mean radius = 0.042 cm 

(pr = 0.26 ). Though the crystale used f o r  data 

col lect ion were opt ical ly c lear ,  the d i f f raa t ion  

pa t t e rm were generally weak and faded o f f  rapidly with 

increasing; Bra@ angle, leading t o  the oonapicuous 

absence of high angle tlata. I n  sp i t e  of very long 

exposures (of the order of 200-300 hours, using a 

ro ta t ing  anode generator run a t  an average ra t ing  of 

55 mA and 55 KB), only 1071 independent obrrervable 

ref leot ions could be recorded out of a t o t a l  of 7717 

poasible ref lec t ions  i n  the CuKoc ephere. Ihe higheet 0 

value reoorded wae only 57O45'. 

Fhe intenrsities were estimated r i s u a l l y  by compa- 

rieon with a etandard calibrated s t r i p  prepared from 

the orystal  used fo r  data collection. The i n t ens i t i e s  



ICABLh: 2.2 

Crystal Data for  NBPSLA 

U n i t  c e l l  dimensions a = 9.77 - + 0.01 i 

Space group ~2 , /a  

'b3 
Volume of the u n i t  c e l l  U = 3340.22 A 

Molecular weight = 315.38 

Number of rnolacules 
per unit c e l l  Z J B  

Measured density 
Y I g  

= 1.26 gm. ern-? 

Linear ab~lorption 
c o e f f i c i e n t  f o r  = 6.356 cnr-' 
CuKd raaiat ion 

Total number of  
e l e c t r o m  per unit  P(000) = 1328 
c e l l  



of most of t h e  r e f l e a t i o m  were measured twice a d  

averaged. The i n t ens i t i e s  were oorreoted f o r  Lp [11] 

and spot shape f 121 effeots .  Palm's [13] absorption 

correct ion fo r  oylindrioill specimens was q p l i e d .  The 

in tens i ty  da ta  from the  reciprocal levelsl Hkl, H = 0 t o  5,  

were scaled using %he common re f l ec t ions  from the  hko 

level .  lPhe three-dimansi onal in tens i ty  da ta  were scaled 

to  an absolute value uaing Wilsontsr e t a t i s t i c s  [ 141. 

2.3 Structure determination --- 
With eight molecules i n  tha unit  c a l l  of space 

group ~ 2 , / @ ,  there  were two independenti molecules i n  t h e  

asyma t r i c  pa r t  of t h e  c e l l ,  I n  addit ion t o  the hydrogen 

a to r s ,  eaah moleoule had 24 l igh t  atoma and heno e  t h e  

problem was one of 48 nearly equal, non-hydrogen atoms 

i n  the asymmetric uni t .  With the advancenent of tlze 

well-known ' d i r ec t  methods ' t h i s  might not be oonsidered 

formidable under normal oircumstances. However, when a 

great  deal o f  high angle Edata were not avai lable ,  the 

s ~ ~ o o e s s f u l  appl icat ion of the d i r ec t  methods d id  not 

appear t o  be very cer tain.  Nence, t h e  s t ruc ture  analysis  

was s t a r t ed  with the  combination of t r i a l  and er ror  and 

Patterson techniques. 

The s t ruc tu ra l  forsula  of MBPAA her@ been presented 

e a r l i e r  i n  t h i a  chagter, Be could be seen i n  (I), the 



~noleaule is geometriodLly anisotropic and the terminal 

methyX group hare freedom of rotat ion,  I n  addition, the 

r e l a t i ve  orientat ion of t he  two benaellp, ringSs could 

oorrespond t o  e i t he r  of the two coniligurationa shown i n  

Fig. 2.1. I n  the initisiS. stages of t he  s t ruc ture  amlyeia 

the configuration i n  Fig. 2.1 (b) was ignored and the  rod- 

Like molecule was t rea ted  a s  nearly r i g id  and i n  the 

configuration shown i n  Fig. 2.l(a). 

The th reed imemi  o m 1  Patterson map was computed 

with 999 cloefficients. Zhe vector densi ty d l 8  t r ibuei  on i n  

this map was highly direotional. There were continuous 

bands of r ec to r  density which were inclined t o  the  c e l l  

axes i n  the  bc-plane, I n  each sec t ion  perpendicular to  the 

a-wis, the adjacent pa ra l l e l  bands were c lear ly  separated 

and were b/2 apart  along the b-direction and c/2 along the 

c-direction. The sections of the  Patterson map preeent ed 

i n  Fig. 2.2 axe examples of the  vector dis tr ibut ion.  The 

orientat ion of the rec tor  d e n ~ i t y  with respect  t o  the  b- 

and c-axas suggeatea tha t  the molecules were more l i k e l y  

to  have a aimilar,  inclined orientat ion i n  the oelh and not 

If*. pa ra l l e l  t o  any c e l l  edge. A s  could be seen from Big. 

2.21b) and 2.2(e), the r ec to r  d i s t r ibu t ion  had c l e w  breaks 

along the a-direction near x = 24/120 and x = 96/120, 
1 or approximately near x 1 5 and x - f .  !J!his fea ture  

suggested tha t  along the a-direction the cryetallogrcaphi- 



r The two p o a ~ i b l e  o o n f i g u r a t i o ~ g  of the 

XBPM molaioule + 













carlly independent moleuules i n  t he  asymmetric uni t  were 

separated by nearly half the cell. t ranslat ion.  

An examination of t he  d i f f r ac t i on  da ta  showed t h a t  

a group of low angle ref lect ions with h = 2 were s t r ik ing ly  

interne.  The ref lec t ions  were 200, 210, 220, 232 and 242. 

This feature ,  again, suggested t h a t  the  two moleoules i n  

the asymmetrio pa r t  were separated by approximately a/2 

and supported the conalusion derived from the  three-  

dimensi o n d  Pat terson map. 

]Pusther examination of t h e  intense, low angle 

ref leot ions revealed tha t  s ign  r e l a t i omh ips  of t h e  type 

exis ted mong nine out o f  the  f i f t e e n  strongest  r e f l ec t ions  

i n  the srtruoture, Hence, as t he  next stepsp,  a ' m i n i *  

symbolio addit ion prooedure was carr ied out wi th  these 

nine refleotiongl of which three were used t o  specify the  

or ig in  and two were used a s  symbols. The d e t a i l s  of t h e  

operation are  given i n  Table 2.3. Four Fourier maps 

corresponding t o  t he  four  possible solutions were computed 

w i t h  the  Bo'a of t he  nine ref lec t ions  a s  t h e  Pourier 

coeff ic ients .  These maps a r e  hereaf ter  referred t o  as  

maps I, 11, 111 and I$ respectively and the  nomenclature 

i e  given i n  !labla 2.3.  

A l l  the four  maps were very s imi lar  i n  character 



Details of t h e  'mirLiP ~ ~ y u b o l i c  addition 
procedure using nine ref lect ions 

origin 

l%ap I1 Map 111 Map IV 



i n  t h a t  the  electron denerity d ia t r lbu t ion  i n  a11 t h e  

maps were nearly continuous i n  t he  sections perpendicular 

t o  t h e  a-axis, Hence, a molecular model could be f i t t e d  

anywhere along these continuous sdretcheb. T2le breaks 

i n  the e lec t ron  density corresponding t o  the  ends of 

the molecule were not o lear  i n  any of t h e  maps. I n  

Fig. 2.5, two typica l  mreatiiona of map# I1 and XI1 m e  

shown. Even though .the f o u r  maps indicated four  d i f fe ren t  

molecular o r i en ta t iom i n  the bc-&lane, a l l  of them had a 

conunon fea ture ,  via. ,  that d o n g  t h e  a-direction the 

crystal lographical ly  independent molecules appeared t o  

be separated by nearly half  t h e  c e l l  tranelation.  I n  

maps I I and 111, %he crystallographically independent 

malecules appeared f o  be near t h e  planes x = and 

x - # and i n  raps  I and X I  near t h e  planes r = 0 nnd 
1 x a ?. A 1 1  the  four  maps were, however, individual ly  

compatible with t h e  veotor d i s t r ibu t ion  i n  the three- 

tiimsnsi onal Pstf ereon map. 

f n  map I, the  contirruous e lec t ron  danoity d i s t r i -  

bution was paseing through the oeutre of inversion a t  t h e  

or ig in  an8 hence necessitated a symmetry f o r  t h e  molecule. 

Since the aolecule was not c ~ n t r o s y m e t r i c  and any 

molaclrlar or ienta t ion  pasaing through the centre  of 

inversion wae not allowed by packing c orraiderati om,  

&ap I wa.8 elimixuated from fur the r  considesaliions. There- 

fore,  only the s e t s  of molecular orientations obtained 











from t h e  maps II, If1 and IV needed t o  b e  considered. 

Use of MUUTAN 

Elormalirsed s t r u c t u r e  f ac to re  l&*@ c ~ m e n t i o n a l l y  

def ined as [ I 5 1  

where f i e  the atomic s c a t t e s l n g  f a c t o r  of t h e  5 t h  
,I 

atom and N i w  t h e  t o t a l  nudlberc of atoms i n  the u n i t  c e l l ,  

were noxt OnLoulate&. Tlie a2;od.c e o a t t e r i n g  f ao to ra  

used were those  given by Grolner and Waber [16]. These 

were co r r ec t ea  f o r  t h e  therwl .  mat i o n  w i n g  %b.e tempe- 

r a t u r e  f a c t o r  B = 4.0 i ae  obtained from tha three- 

dimensional Wilson's p lo t  ( seo t ion  2 .?). The quaz~ t i t y  

E i n  t h e  above cxpsession 98 equal t;o 2 f a r  t h e  h o l  and 

oko typo  of  r e f l e c t l o r n  and 1 f o r  a l l  t h e  o thers .  The 

I s rgen t  290 E'E ( 2  1.40) were used i n  t h e  eubsequent 

eynbolia add i t i on  proceeure and tangent r e f immen t  throu$h 

the EULT&? programme. The IVIUII~IUJ programme i s  now very 

well-known and commonly used ixi crystal.  s t r u c t u r e  

ana lys i s .  Tiowever, raa t h e  au thor  has ueed the  programme 

f o r  t h e  first time, a b r i e f  d e s c r i p t i o n  of MULTAN i s  

g iven  below. 



The M U I I ~ A N  pro~rarmme of Qeamain, Main on8 

Woolfson [17] oonsiats of three parts :  

(1) 8XMA2 
( i i )  COIIVERQE 

( i i i )  FASTAB 

(5) SXQHA2: I n  this part! of the  programme, all the 

phase relationship# of the  f om 

'Pa" 9 'Pp + Pji-21 (2.3) 

a re  s e t  up with a weight kbbl given by  

where 

!& is the atomio number of the  jth atom i n  the uni t  c a l l  3 
and N is the  t o t &  number of atoms i n  the unit  Cell, The 

quanti t ies  9%. (PS, and ( ~ ~ ~ g ~  aorresgond t o  the phase 

values of t h e  xefleotions with indices h,k,l;  h1 ,k9 ,11 g and 

h-h', k-kt, 1-1' relapectivelyi tho Eg, and ES-~;~ w e  

the corresponding nomalise8 ertructure factors .  

( i t )  OOi%VERQE: Sn t h i s  pa r t ,  the progrmme o&ilculetes 

a quantity lai; aatimated as 



where XO and I1 a re  modified Aesael functione. a, givee 
h 

a meaeure of the r e l i a b i l i t y  with which the  phase qg 

i e  determined. I n  CONVERGE, t h e  value of al; is e s t i-  

mated fo r  eanh re f l eo t ion  and the ref lec t ions  a r e  arranged 

i n  t he  order of deoreasing as. Reflections with weak 

in terac t ions  and hence low as values a r e  then eliminate8 

from th ie  L i s t  i n  a etepwise fashion. A t  each ratep, t h e  

r e f l e c t i on  with t he  loweet ag is eliminates from the  

l i s t  together with a l l  the  phase re la t ionships  i n  which 

the r e f l e c t i on  i s  involved. A s  these phase re la t ionships  

are  eLi~&nated, the  estimated a s ' s  f o r  the re f l ec t ions  

involved a r e  updated and onae again t he  re f l ec t ions  with 

the lowest a$' s and t h e i r  i n t  e raot i  ons a r e  aliminat ed 

from t h e  list. Thus, the programme converges on a  group 

of r e f l e c t i o m  with a  iar;rge number of phase relat ionships.  

The propemme $hen uses the space group information t o  

s e l ec t  the  best  possible s t a r t i n g  ee t  of r e f l ec t ions ,  

which include the or igin defining ref lec t lone  aleo.  A t  

the end of the calculations i n  CONVERGX, a map giving 

t he  l i s t  of r e f l ec t ions  eliminated during the  CONVERGE 

procedure i s  made. %his  l i s t  ertarte from the end of the 

aonvergence map and working upwards, t he  phase of each 



re f l ec t ion  is computed from t h e  r e l a t i omh ips  l i s t e d  

with it, using t he  tangent formula described i n  BASTAN. 

I n  (IONVERGE, t h e  2 , relat ionships a r e  a l so  l i s t e d ,  

w i n g  the formula appropriate t o  the  space group. 

( i i i )  FASTAN: I n  t h i s  pa r t  of the  programme, the 

ref lec t ions  other than the, or ig in  defining ones i n  the 

s t a r t i n g  scat are  asaignad phase values p/) an8 _+3n/4 

if t he  space group is non-centric a d  O or r i f  cent r ic .  

Thus, sr multiple s t a t i n g  s e t  of phases i s  obtained 

an8 for each s t a r t i n g  s e t ,  phase generation an8 refine- 

milt are  carr ied o u t  using t h e  weighted tangent formula 

[ I ? ] ,  

p-. w... -, I + o - *  
h1 h-h' IE5. 5-61 h-h' 

1 2, 
t* (Pii " Zw w 1 -9 

h' "h 

where wz i@ the  weight a ~ s o c i a t e d  with the phase p p  Each 

weight is computed from 

W, - b n h ( $ ~ ~ )  
h 

(2.8) 

where 



9he weights of the  ref lec t ions  whose phase8 have been 

determined by the Z, re la t iomhipa  a r e  I n i t i a l l y  s e t  

a t  Z I P  - f 1 , where P is the  probabi l i ty  of the El 
Set emination.  The weight of a l l  the other ref lec t iona  

i n  the s t a r t i n g  s o t  a r e  s e t  a t  unity,  while the  re f l ec t ions  

whose phase8 are  undetemined a r e  giver1 a weight of zero. 

The in i t f  al phase values of a l l  the ref lect ion8 a r e  

determined i n  the order indicated by CONVERGE and then 

refined i n  the same order. 

A t  the end of the refinement each s e t  of phases 

is characterirsed by f igurea of merit defined as A8SPOM 

and RESID. The absolute f igure of merit ,  or ABSPOM, is 

re la ted  t o  T.ag defined i n  e w t i o n  (2.9). This quantity 

give0 a measure of the  in terna l  aonsistency of the  a e t  

of phases and i s  defined as 

where xu, is the sum of the  estimated a t e  from equation 

(2.6) and 

1 /2 I", = 2 (1 K?., 1 g IT' hh' 9 

is the value of 
3- when random phaaes a r e  assumed. 

h h' 

The second f igure  of meri t ,  RXSID i l p l  the 



crystallographic residual  defined as 

where 

The tscalst f ac to r  i a  obtained by se t t ing  

-- 
K = . ii' l ( " 1  *ii-l;. ) gJ 

The correct  s e t  of phase8 tends t o  haw the  

highest value fo r  ABSPOM and %he Lowest value f o r  R. 

Hence, an index combining those two f igures  of merit  

Al3S;FOM and RESIU can be calculated to evaluate t h e  

d i f ferent  s e t s  of phases obtdned from the taxigent formula 

refinemerit i r k  the  NL~LTJU programme. The c ombitxed index, 

C.Z., o w  be  valuated as 



Here, R and .Ag r e f e r  t o  ItSSID and ABSPOM r e s p e c t i v e l y  

f o r  t h e  p a r t i c u l a r  a e t  of phase8 considered. Yhe 

q u a n t i t i e s  with subsc r ip t s  '2nsur1 anrf 'mint r e f e r  t o  t h e  

maximum and minimum values of t he se  f i g u r e s  of mer i t  

among t h e  d i f  Rerent s e t s  of s o l u t i o a s  obtained. !the 

s e t  with t h e  h ighes t  vrilue f o r  C.I. i s  l i k e l y  t o  be t h e  

c o r r e c t  so lu t i on ,  bu t  of ten ,  t h e  second or t h i r d  b e s t  

s e t s  have a100 been found t o  g ive  t h e  c a r r e o t  so lu t i on .  

I n  t h e  oase  of MBPNL, 290 r e f l e c t i o n s  wi th  

I % /  > 1.40 were used f o r  s i g n  determfnatfon w i t b  

WTLTAN. Phis MULTAN procedure w i l l  h e r e a f t e r  be r e f e r r e d  

t o  a8 M W ~  I. The COMVEXGE s e c t i o n  of t 2 1  n WLTAN ohose 

the  seven r e f l o c t i o m  given i n  Xlable 2.4 a.s t h e  a-ccarting 

B e t .  With two 8i.gns f o r  each of t h e  fo,tls symbol*, t i rere 

were s a t e e n  y o s s i h l s  s i g n  comb2natioiw. Bowever, t h i s  

ntmbe:~ was reduced t o  e igh t  on account of t h e  r e l a t i o n s h i p  

0 5 2  eyabol B - 
0 4 7  symbol 0 

which ex i s t ed  among t h e  s t a r t i n g  s a t  of r e f l e c t i o n s .  Phe 

d e t a i l s  of al l  t h e  setls a r e  g iven i n  Table 2.5. The s e t  

with t h e  bes t  ABSFOM, viz . ,  Be% 5, d i d  n o t  co inc ide  w i t h  

t h e  s e t  with t h e  lowest  R, viz. ,  s e t  40. The s e t s  1 ,  5,  

10, 12 and 16 could be considered t o  be d i s t i n c t l y  
s u p e r i o r  t o  t h e  r e s t ,  on t h e  b a s h  of t h e  combined iMex  



TABLE 2.4 

Origin and s p b o l e  used in  KUU!AN f 

0  9 0 4 2  

7 0 5 2  
.... symbols 

i 6 3  0 4 7  

9 5  D 

TABLE 2 .2  

RESULICS OF MUljl'AS? I 

Set No, A13 SFOM RESXD Gontbinsd Index 
R C.1. 

. ...- "."----- -.----- - ----- --~ .- --- 

The equivalent s e t s  were 

12 m a  16 
10 and 14 
1 and 5 
3 m a  7 

1 1  and 15 
9 and 13 
4  and 8 
2 and 6 



given i n  column 4 of %able 2.5. On comparison, t h e  

signs of the r e f l e c t i o m  i n  t he  s e t s  10 and 16 were 

found t o  be re la ted  by a 81hift of or igin by the mount 
a+b +a -7- . Because of .the s i gn  re la t ionship  ex i s t ing  bet-  

ween the or ig in  r e f l e c t i on  095 and the  symbols B and G, 

as mentioned e a r l i e r ,  the Bet8 1 and 5 were found t o  be 

equivalent. Ssttj 12 and 16 were also fo~uld t o  be equiva- 

len t  f o r  the same reasons. Hence, E-maps were next 

oomyuted only f o r  the  two independent s e t s  of si@ 

combinations, viz., froa the s e t s  10 and 5. The E-map 

oorresponding t o  s a t  5 had electron density d i s t r i bu t i on  

passing through t he  osigin and f o r  reasons rnen%ionerd 

e a r l i e r  i n  t h i s  sect ion,  could be eliminated from fur the r  

oonsiderations. The E-map corresponding t o  Pret 10 was 

the  only one t o  be considered. 

A t  t h i s  s tage,  a crouips~iaon o f  the 14ULPAN I 

res? i l t s  w i t h  those of t he  'minir symbolic addit ion 

pronedure w.38 mads. It  may be recal led from Table 2.5 

t h a t  the r e f l e c t l o n ~  042 and 242 were uued as t he  two 

SymbOl~ i n  the  'mini' symbolic addi t ion proctidure. On 

sompariag the aii:m of Gheeje two reflec-l;ioas i n  the 

a e t s  I, 11, I11 and f'i cf t h e  ' m i n i '  eymbollio addi t ion 

procedure with the various s e t s  of MULTAN I, it was 

found t ha t  the s e t s  1C. and 16 of MULTAB I were re la ted  

t o  the s lgn  combination f(042) * -, 5;8(242) w + of the 



'mini '  symbolic a d d i t i o n  prooedure ard t h e  s e t  5 t o  

t h e  s i g n  aombination SA(042) = 4, %(242) = + . I n  

s h o r t ,  

Set  I of t h e  ' m i n i '  symbolic a d d i t i o n  s e t  5 

of ml!m I, 

and 

Se t  1x1 of t h e  ' m i n i
q  

symbolic a d a t i o n  e a t  10 

and hence s e t  16 of MMLTAN I. 

Thus, it was not eu rp r i a ing  t h a t  t h e  e l e o t r u n  8ens i t y  

d i s t r i b u t i o n  o ~ r r e s p o n d i r @  t o  t h e  tjidpl aombinal;ions of 

s e t  5 of MUL'i'A..V I was airni lur  t o  that;  of Map I of the  

' m a u  ' symbolic add i t i on  pro cedwe. 

l?he d i s t r i b u t i o n  of the l a r g e s t  95 peaks i n  t h e  

E-map corresponding t o  t h e  s e t  10 of M U U A N  I i s  shown i n  

Pig. 2.4. Most of t h e  peaks were d i s t r i b u t e d  near  x 1/4 

and x = 3/4. This f e a t u r e  i nd i ca t ed  t h a t  t h e  two inde- 

pendent molecules i n  t h e  arymmetrio p a r t  were separa ted  

by  near ly  a/2 and were i n d i v i d u a l l y  l y i n g  c lo se  t o  t h e  

p l anes  x .: 1/4, and x i. 9/4. Even though Che qgrose' 

moleaular  orienta 'cion was oiear from t h e  mag, t h e  ind i-  

v idua l  atomlc p o ~ i t i o n e r  oould n o t  be i d e n t i f i e d .  Also, 

s i n c e  t h e  d i s  t r i b u t i  on of 2e&s w a 8  near ly  continuous , 
even t h e  reglolldi ocirreeponding t o  the  te rmtna l s  of t h e  

molecules could not  be loaa ted .  Phe 'gross '  moleoular: 

o r i en t a t i ons  aeduoecd from t h i s  E-sag, checked w e l l  with 



#&cwLu 
Dis*ribution of tjhe largert 95 peak8 Pa the %map 
oorrerpowling to  art 10 of HUL!tllli I. 



$hat obtained from map IIf of Table 2.3. 

A re-axamimtion of t h e  map XI1 of t he  ' m i n i '  

srymb ol io  add i t i  or, procedure suggested t h a t  i n  the  

almost aontinuow electron d a e i t y  d i s t r ibu t ion ,  eome 

regions of @l igh t l y  low density could be approximated 

to represent the, terminals of the  molecules. The low 

eleotron density regions were a l so  continuous, 'Ehere- 

fore ,  the  iden t i f ioa t ion  of the molaoular ends was by 

no means unlqae and was Bone only on a t r i a l  basis .  On 

intergretrng the  low electron density re& ona a8 repre- 

senting the molecular ends, the mag was found t o  be 

compatible with f o w  molecular models. They axe 

described below; 

( i )  I n  the  bc-plane, the  two molecules (referred 

t o  a s  A and B hereaf ter )  were an t i pa r a l l e l  and exact ly  

overlapyi~lg;. 

( i i )  The f wo moleculetr were pa ra l l e l  and exactly 

overlappinkg . 

( i i f )  'l%c t w o  1110le~ulet1 were dioplaoad wit11  respect 

t o  each &her along t he i r  length an6 wore an t ipa ra l l e l .  

( iv)  The molecules were displaced with respect t o  

each other d o n g  t h e i r  length and were pa ra l l e l .  

%ha r e l a t i v e  orienation of t he  two moleaulen i n  



Sahematia representation of the relat ive orientation 
o f  the Cwo independent moleoule~ i n  the 4 models f i t t e d  
on map 10 of hIULI!M X X .  



each af the four  models i s  shorn edhmat ioa l ly  i n  

]rig. 2.5. 

Bmr5 on theae moleoular modela, deduced fzom 

the  map III of t he  'ainl' symbolic addi t ion prooedure, 

four  a imilar  aodela were f i t t e d  on the  &map oorreeponding 

t o  s e t  10 of MNl'bB X. These trial moBels acoounted for 

aome of the high peaks i n  the  E-map. ffowever, none of the  

four modela oculd be f i t t e d  idea l ly  on tihe %map so  as 

to obtain a one t o  one correapon8cmce between t he  trial 

atomic pos i t i  om and t he  E-map peak@. Ihrere-bimensi OW 

structure factosa were computed fo r  th@ four models rand 

the atomic coordinateu were x e f i m d  by the leaat-rsquaree 

technique. But t h e m  c ~ a u l a t i o n o  Bid not h a p  i n  

diaoximinating among the  f o w  sodole. 

A eorutinar of the  in te rne  r e f l e o t i o m  i n  the 

stxuofure ahowe4 t h a t  out of t he  60 lstrongeslt refleci~ionrr, 

41 had the erne e i g m  i n  all the  four  aetrn of struoturo 

faotor  learnt -aquatree csiLoulatiorm. Phis f ea tu r e  

suggeeted that the  four  trial modela were probably guite 

olcse t o  the oorrect  s tmature .  Therefore, t h e  ~ignta 

of the 41 intenae re f l ec t ions  were aseumed t o  be correot. 

A fou r i e r  map waa then synthelsieed with t h e m  41 refleo- 

t ions  a8 ooefficients.  Aa could be expected i n  a rrrap 

with only 41 ooeffioicnts,  t he  e lec t ron  density was 

indeed difiurse. However, the a m  of t h i s  operation was 



not t o  iden t i fy  the atomic posit ions,  but t o  derive 

information about t h e  r e l a t i ve  o r i en ta t iom of the  

orys ta l lographioal ly  inaependent molecules i n  t h e  

asymmetric pa r t  of t he  un i t  c e l l ,  Big. 2.6 gives two 

seotione of t he  Fourier map with 41 aoefficients.  I n  

t h i s  map, the  breaks i n  the eleotron density 4 i8 t r ibut ion  

correaponding t o  the  end8 of t h e  moleoules were very 

c lear .  It wae found tha t ,  aa i n  the  t r ia l  models ( i )  

and ( i i ) ,  the oryertallographically independent moleoules 

were almoat exact ly  overlapping each o ther  along t h e i r  

molecular axes i n  the bo-plane. A s  indioated by t he  

Pat terson map, t h e  Map 111 of t h e  'mini' symbolic addi t ion 

prooedure an8 t h e  E-map corresponding t o  s e t  10 of 

MUIflPAJB I, the moleaules appeared t o  be near t he  planes 

x r 1/4 and x = 3/4. 

A t  t h i s  atage,  it was suspected t h a t  t h e  presence 

of a large number of aronatio ringer i n  the  stxuoture was 

probably responsible f o r  t he  f a i l u r e  of MUIIIIAIO I t o  solve 

the s t ruc ture .  ffenoe, as  the next s tep ,  normsllised 

s t ruc ture  f actora were reoaloulat ed using molecular 

roa t t e r ing  fac to r s  f o r  the beneene r ings ,  1.0.. instead 

of the  carbon and hydrogen atomic soat terfng fac to r s ,  a 

mpheriaal average (r f o r  the  e n t i r e  ring, placed at i t a  

centre ,  was used. The 5 values were calculated from 

the  r e l a t i o n  (181 



pig. 2 9 :  gwo typioal ueotiiom of the Fourier mrp wi%h 
41 ooeificienta. 





where 

s i n  8 K 4u- a 

'i j 
5 d i s t ance  between the  lth and the jth atome. 

m = number of a t o m  i n  t h e  molecule or  molecular  

fragment,  and 

S f  atomic s c a t t e r i n g  f a c t o r s  f o r  t h e  ith and t h e  

j
th atoms resgeot ively .  

Purthermore, t o  avoid the  e f f e c t s  of ' r a t i o n a l  dependence 

[19] ,  arising from t h e  rod- l ike  geometry of t h e  molecule, 

the  r e f l e o t i o n s  were divided i n t o  seven ( s i n  ( 3 ) / ~  

ranges  and t h e  va lues  of < E ~ )  were normalieed t o  uniw 

i n  eaoh range. A similar normalieat ion wm a l s o  done f o r  

t h e  e igh t  p a r i t y  groups of r e f l e c t i o n s ,  v iz . ,  eee, oee, 

eoe,  eeo, ooe, oeo, e o o a n d  ooo. 

The MULTAN ca l cu l a t i ons  were repeated w i n g  290 

renormalieea E-values with E )/ 1.53. This  lvIULTAN i s  

h e r e a f t e r  r e f e r r e d  t o  a8 NULTAbl IT. Ehe s t a r t i n g  s e t  of  

r e f l e c t i o n e  ohofden by the  programme l a  l i s t e d  i n  Table 2.6. 

It may be no t iced  t h a t  t h e  s t a r t i n g  s e t e  of MULTAbl I 

and MUWAN I T  have s i x  r e f l e c t i o n s  i n  common. Also, as 



Origin and Bymbols of MUI,TAN I1 

g4Bm 2.3 
Reeurt~~ oe auma xx - --- -. - 

Set  ABSIOK XESID Combined Index 
No. A~ R C . I .  ---..------- -- -- -.--- 
1 0.9340 39.90 1.8273 
2 0.81 45 43-97 1.2204 
3 0.7405 40.41 1 2427 
4 0,6317 44.33 0,4052 
5 0,6104 45.21 1.4860 
6 0,7413 40.92 1 1734 
7 0.8469 40.29 1.5416 
8 0.9555 39.22 1.9790 
9 0.6549 46.21 0.2034 

10 0.5782 44.04 0,3039 
11 0.81 64 40.59 1.4188 
12 0.9428 39.07 1.9934 
13 0.9462 39.25 1, 9507 
14 0,8450 40.82 1.6025 

15 0.6634 45.36 0.3450 
16 --- 0.7338 42.53 0.9280 - -- --------.- .---- 



i n  biIJLTAl? I, the r e f l eo t i om 095, 047 and 052 i n  t h e  

s t a r t i ng  s e t  have an intern& relationehip.  Therefore, 

the s ix teen  s e t s  of solut ions corresponding t o  four 

symbols reduced t o  eight  a s  i n  t h e  case of #Ul[rTAN I. 

The d e t a i l s  of these s e t s  a r e  presented i n  Table 2.7. 

Set 12 had the lowest R value and s e t  8 had the highest 

value f o r  ABSBOW. Even though t h e  discrimination between 

s e t s  12, 8, 13 and 1 was marginal, on the  bas is  of 

f igures  of merit ,  these s e t s  appeared t o  be d i s t i n c t l y  

superior t o  t h e  remainder of t he  solutions.  Comparison 

of the signs of r e f l ec t ions  i n  theae four s e t s  showed 

tha t  the s e t s  12  and 13 were re la ted  to one another by 
bto an or ig in  s h i f t  of and t h a t  the  s e t s  1 and 8 were 

d s o  re la ted  by the  same s h i f t  of t h e  origin. The f o u r  

solutionra thus reduced t o  two. Also, s e t  8 was found t o  

correspona t o  the s i gn  oombination SA(042) = +, 
%(242) = +, i .e . ,  the  s e t  I of t h e  ' m i n i '  symbolic 

addi t ion  prooedure and s e t  12 t o  the aign aombination 

SA(042) = -, $(242) = +, i .e.,  s e t  I11 of t h e  ' m i n i '  

aymbolic addi t ion  procedure. i s  aould be  expected, t he  

E-map corresponaing t o  s e t  G had a stretprh of gos i f ive  

electron densi ty  running through t he  o r i e in  and hence 

was eliminated for  reasons described ea r l i e r .  Thus, the 

Pimap correeponding t o  s e t  12 was t he  only one t o be 

analysed. 



The d i s t r i b u t i o n  of t h e  l a r g e s t  100 peaks i n  

t h e  E-map corresponding t o  t h e  s ign  oombinatlon of 

s e t  1 2  i s  shown i n  Pi@. 2.7. The peak d i s t r i b u t i o n  

compares wel l  with t h a t  of s e t  10 of MULTAN I and 

map I11 of Table 2.3. However, t h e  new map was found 

t o  be of a b e t t e r  q u a l i t y  than  t h e  map of s e t  10 of 

MULTAN I. The regions  corraeponding t o  t h e  two te rmina l s  

of t h e  molecule through t h e  plane x = 3/4 ~ o u l d  be e a s i l y  

confirmed from t h i s  map. Also, d i s t i n c t  peak8 f o r  

niae$een out of twentyfour non-hydrogen atom# i n  t h i s  

molecule oould be i d e n t i f i e d .  The molecular s k e l e t o n  

obtained from t h i s  *mag i s  marked i n  Fig. 2.7. However, 

con t r a ry  t o  expaota t ic~ne,  t h e  eecond moleculo nea r  x = a 
could not  be i d e n t i f i e d  from t h i s  map. A d i f f e r e n c e  

e l e c t r o n  dens i ty  map was next computed removing t h e  

con t r i bu t ion  of t h e  molecule near  x = 3/4 (molecule A).  

The d i f fe rence  e l e c t r o n  denoi ty  near  x = 1/4 was aga in  

d i f f u s e  and t h e  atomic p o d  t i o m  of t h e  saoond molecule 

(moleoulc B )  could no t  be i d e n t i f i e d .  

A t  t h i s  s t age ,  wi th  an alm t o  improve t h e  reeo- 

l u t i o n  of t h e  map and t o  i d e n t i f y  t h e  atomic pos i t i ons  

of molecule B, it was decided t o  genera te  t h e  s igne  of 

more number of r e f l e c t i o n s  from t h e  h i t h e r t o  known ones. 

The l a r g e s t  number of c o e f f i o i  en t s  used s o  far i n  any 

%map was only 290 - t h e  l i m i t e d  computer s t o r age  

a v a i l a b l e  r e e t r i c t e d  t h e  number of c o e f f i c i e n t s  t h a t  
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could be used i n  the MULTA)bl programme. 

$he 290 ref lec t ions  used f o r  t he  HULTAN 11 

calculations were used as  t he  s t a r t i n g  s e t  for  t h i s  

phase generating operation. These ref leot ions  were 

assigned the signs given by s e t  12 of M U D J B  XI, the 

ee t  from which molecule A was ident i f ied .  ?he s igns 

of 20P more E ' s  ( )/ 1 . I0  and < 1.53) were then generated 

uwing a  phase generation programme writ ten by Ds. T.P. 

Singh. A b r i e f  outl ine of t h i s  programme is given 

below. 

9he programme ha@ been w r i t  ten spec i f i ca l ly  f o r  

the space group ~ 2 ~ / a  where 

~ ( h k l )  a: B(@I) 5 ~(i ; lc i)  ~(Gi ' i )  &en k+l = even (2.17) 

aria 

---. 
fe(hk1) = ~ ( h k l )  = -~(i ;ki)  = - ~ ( h i i l )  when k+l=odd (2.18) 

The s e t s  of r e f l ec t ions  with know and unknown phases 

are  read a& two separate net@ ar,d ratorod separately a t  

the bcgimill(p; of t he  caleulstiorm. For each re f l ec t ion  

(hikili) wi3h known sign,  t he  programme generates t h e  

symmetry related indiaes (ciEiii), (Cikiri) and (hiEili). 

Also, the  ~t igns o f  % f o r  theae symmetry re la ted  
i i i  

s e t s  a r e  determined according t o  the re la t ions  (2.17) and 

(2.18) and stored. The indf ct?s of t h e  r e f l e c t i on  whose 



s ign  i s  t o  be determined a r e  next compared with a l l  

the re f l ec t ions  with known s igns  and t h e i r  various 

symmetry equivalents and a search i s  made f o r  t he  

re la t iomhipa  of the  typet 

where (hkl) correapanils t o  t h e  indioes of tho r e f l e c t i on  

whoae sf gn i s  t o  be determined. (hlkal ,)  and (h2k212) 

a r e  the  indices of the ro f l ec t i om with known aS@s. 

If the re f l eo t ion  (hkl) i a  involved i n  M i r i te rac t iow of 

the type (2.19), i t s  s i gn  i s  calculated as 

where 8; and &n2k212 3 e r e  t he  values of E; with 
1 1 1  

Sigue, of the  ref iect iona with known s igns  involved i n  

the jth interact ion.  The progrmms thus calculate8 the! 

quaati ty SUl f o r  each re f l ea t ion  with unknown sign,  

The probabili ty Phkl of the  s ign  of Shkl being correc t  

i s  calculated w i n g  the formula [ 2 0 ]  

PI 
where an = Z; , with Zi being the atomio number of 

i= 1 
the  ith atom i n  t he  uni t  c e l l  consisting of M atoms. 

The acceptance l i m i t  f o r  the  probabi l i ty  was s e t  a s  0.998 

an8 the  a i m  of 202 ref lec t ions  with phkl) 0.998 were 



determined by the  programrme, 

Thus, t h e  a igns  of 290 + 202 m 492 were known at 

t h i s  atage. An E-map w a s  next  oomputed using t heae  492 

r e f l e c t i o n s  with E 2 1.10 ea ooe f f i c i en t s .  The d i a t r i -  

b v t i o n  of t h e  96 largeart peaks i n  th i s  mag i s  ahown i n  

Fig. 2.8. !the r a t i o  of r e f l e o t i o m  t o  t h e  Lota l  number 

of atoms was ) 10. However, i n  spits, of t h i s  h igh 

value ,  t h e  B-mag waar not s u f f i c i e n t l y  reeclvea  near  t h e  
1 x = , plane t o  enable i a e n t i f i c a t i o n  of  t h e  atoms of 

moleoule 33.  A s  f n  t h e  previous E-map with 290 a o e f f i c i e n t s ,  

only t h e  atomic poBit ions of moLeoule A were ooming up 

c l e a r l y  and t h i s  molecule was found t o  appetir l e e s  

distorted th.an i n  t h e  previoue, El-map. 

The model of rnoleculf: A obtained Irom t h e  aaw 

%map f i t t e d  t h e  e l e c t r o n  dens i ty  d l s t r e b u t i o n  near  t h e  

p lane  x = '5/4 i n  t h e  Four ier  may w i t h  41 c o e f f i c i e n t s  

(Fig. 2.6) and it alero oheokaa very well  with t h e  

o r i e n t a t i o n  ind9aa.tod by t h i s  Four ie r  map. As t h e  peak 

d i s t r i b u t i o n  ne:?r t h e  pl.c~ne r zm 14'4 i n  t h o  8-map wrlth 

492 c o e f l i a f e n t s  was not l a a ~ l i n g  t o  n neaningful  model, 

t h e  only op t ion  left; was t o  f i t  t r i a l  models f o r  molecule 

B .  A d i f f u s e  e l e c t r o n  r?ec.srltr i l i n t r i b ~ t i o n  was found t o  

be more euitcl,b:?bl.e f o x  fit t5n.g trial. models than  d iuo re t e  

E-map ppeaku, Ilence i t  was decided t o  utre t h e  l ess-  

resolved e l e c t r o n  densi ty  dl.* t r i b u t i o n  of t h e  &Pr i e r  





map with 41 ooefficients fo r  f i t t i n g  trial models. A s  

the  ooordinatea of moleoule A were unambiguously known 

a t  t h i s  stage, only two trial models had t o  be oonaidered 

f o r  molecule B , vis. ,  one i n  which moleoules A and B 

were pa r a l l e l  anB the other i n  which they were an t i -  

pa r a l l e l ,  I n  the subarequent t r i a l  s t ruc ture  f ac to r  

arrloul8tione, t he  methoxy oarbon atoms C(24) and C(48) 

were no% included and the oxygen atoms 0(23) and O(47) 

were a l s o  t rea ted  as  carbon a tom.  The numbering aroheme 

fo r  the atoms is shown i n  P i  . 2.9. 'Phe, i n i t i a l  

R-factors defined as  R 5 
91 Pol- l ~ * l /  
-TTJ-- fo r  t h e  pa ra l l e l  

and the  an t i pa r a l l e l  models were 0.597 and 0.519 

respeotfvely. I n  s i x  cyales of blcck-diagonal s t ruc tu re  

f ac to r  least-squares celculationa, the  a n t i p a r d l e l  model 

ref ined t o  R = 0.356 whereaa the pa r a l l e l  model refined 

only t o  R = 0.464. A weighting scheme of the f o m  

with t he  constants rr 5 0.70, b = -0.05 and a = -0.009 

waer used f o r  both the models. U s i n g  the B-value as the 

o r i t e r ion ,  a l l  the  fur ther  oalaulatione were made only 

on the an t i pa r a l l e l  model. Prom a differenoe e lec t ron  

density map computed a t  t h i ~  stage t he  posi t ions of the 

methoxy oarbon atone C(24) and ~ ( 4 8 )  were fixed,  i n  

t h e  subsequent least-eguares oaloulations , t he  methoxy 

earbon atoms were included and the oxygen atoms were 
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assigned oxygen maattering factora.  Fhe imt ipa rs l l e l  

moael ref ined t o  R = 0.259 i n  s i x  more cycles of l eas t -  

squares refinement. On ref ining the l ayer  sca le  

fac to r s ,  the R-value fu r the r  reduced t o  0.195 iand f i n a l l y  

converged t o  0.146 i n  12 more cyclers o f  refinement. I n  

these calculations,  a l l  the a tom were treated with 

i so t ropic  thermal parametere. On account of the low 
10 1 value of the  re f l ec t ion  t o  parameter r a t i o  (& C 2.5), 

a r i s i n g  from the extreme paucity of data, refinement of 

anisotropi  a  thermal parameters was not attempted. I n  

the couxee of the least- squares refinement, two re f l ec t ions  

viz. ,  200 and 210, were, found t o  have / E ' ~ \  >.)\Pol and 

hence were corrected f o r  secondary ext inot ion e f f ec t  

using Zachariaeen' e f owule. [21] 

*c o r r  'obe(' ' $(22) ' 'obe) 

where Poba is  the observed value of t h e  e t ruc ture  f ac to r ,  

Iobs i s  the observed integrated intensity 

K is the sca le  f ac to r  

I ca lc  i s  the calaulat  e8 istenslity. 



I 

9 i s  the  Bragg angle of t he  ref lec t ion ,  A* (2e) i s  
1 

the absorption fac to r  corresponding t o  28, A* ( 0 )  is 

the absorption f ao t a r  a t  28 = 0. 

The S a . 5  programme ueed i n  the above analysis  

WaB originally wri t ten by R. Shiono an8 modified by 

B. S. Reddy f o r  t he  IBM 360/44 computer. 

2.4 Disorder 

I n  the course of t h e  least- squares reEinenent 

of t he  stmo ture ,  some disconcerting fea tures  were 

obaerved i n  t he  thermal parameters as well as the  

moleoulerr dimensions of one of the  molecules. The 

B-value@ of t h e  atoms of molecule 3,  i . e , ,  atoms C(25) 

throagh C(48), were Pound t o  be generally higher than 

those of the  atoms of molecule A, i.e., ~ ( 1 )  through 

C(24) (see Table 2.8). I n  par t icu lar ,  the  B-values of 

the a50 nitrogen atoms H(31) and M(32) and t h e  atoms 

of the  phenyl r5ner;s on e i t h e r  s ide  of t h i s  a~o-bond 

were conspicuously hi&. The B-values of N(31) and 

M(32) were the  highest,  being about 2-2.5 times the  

average f o r  the r e s t  of t he  s t ructure.  Also, the 

nitrogen a%oma M(3l) and M(32) always tended t o  move 

towards each other during the  least- squares refinement, 

leading t o  a very abort  -843- distance. A t  the  end 

of  Che above r e f i n a e n t ,  the ~ ( 3 1 )  e N(32), distance 



Atom -- 

thermal parameters a t  the end of the 
refinement, R = 0.146 

@ 2 
B(1n A ) --- ~ t o m  - 
4.7 625 
6.5 62 6 
3.8  C27 
3.3 028 
5.7 C29 
5.0 CgO 
4.5 831 
5.2 N32 
5.5 c33 
4.5 c34 
4.5 c75 
5.1 C56 
3.3 637 
5.2 
4.8 H39 
4.3 C40 
4.5 C41 
3.4 C42 
4.6 C43 
3.3 c44 
3.6 G45 
4.4 C46 
5.0 047 
6.2 C48 



was 0.94 f .  Manual adjustment of th i s  l eng th  i n  t h e  
9 

oourse of t h e  leas t- squares  refinement was not  

effeativor,  as t h e  leas t- squares  s h i f t s  always made 

i t  s h o r t  again. 

A d i f f e r ence  Four ie r  map waa now computed 

which d i e t i n c t l y  revealed  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  
3 

of about  2 e l e o t r o n s / ~  i n  the  neighbourhaod of t h e  

-8(31)=N('j2)- bond. Th i s  f e a t u r e  c l e a r l y  suggested 

t h e  p o s s i b i l i t y  of d i so rde r  i n  t h a t  region. I n  order  

t o  ana lys s  t h i s  f u r t h e r ,  another  d i f f e r e n c e  Four ier  

map was computed a f t e r  removing t h e  con t r i bu t ions  of 

N(31) and N(32). Pig. 2.10 ahows t h e  composite 

t . leotr0n dens i ty  of t h i s  d i f f e r ence  nap. On t h e  b a s i s  

of t h i s  mag, an a l t e r n a t e  p a i r  of poaitionsl could be  

f i xed  f o r  N(31) and N(32). Phe two s e t s  of p o s i t i o n s  

f o r  t h e  n i t rogen  atoma have a l s o  been marked i n  Fig. 

2.10. The new model warn found t o  be  t h e  r o t a t i o n a l  

oonformer of t h e  i n i t i a l  one about the l i n e  jo in ing  

t h e  atoms C(28) and C(33). To es t imate  t h e  p r o b a b i l i t y  

of occurrend:c of t h e  two s e t s  of positions of t h e  n l t r o g e n  

atoms N(31) and N(32), t h e i r  p o s i t i o n a l  occupanay 

f a c t o r s  were r e f ined  by leas t- aquares  technique. I n  

f o u r  cycle@ of refinement,  t h e  ocmpancy f a c t o r s  

r e f i n e d  t o  0.7 f o r  t h e  o r i g i n a l  s e t  of atomic pos i t i ons  

and 0.3 f o r  t h e  new s e t  f i xed  from t h e  d i f f e r e n c e  map. 

The leas t- squares  o d o u l a t i o n s  t hus  confinned t h e  
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aompolrite differencse eleotron damerity diatxlbution i n  
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for  Bl(31) and W(312) are indioatird. 



suspected p o s i t i o n a l  d i so rde r  i n  t h e  neighbourhood of 

t h e  aeo bond i n  molecule II. The r e f ined  occupancy 

f a c t o r s  i nd i ca t ed  t h a t ,  i n  t h e  u n i t  c e l l ,  70$ of 

rnolecule B had one t ype  of  oonformation and the remai- 

ning 30h had a d i f f e r e n t  type  of conformation, one 

be ing  t h e  r o t a t i o n a l  conformer of the  o ther .  The H(31) 

atoms of t h e  two models were 1 -00 a p a r t  and t h e  ~ ( 3 2 )  

atoms ware 1.03 1 zapare. 

The c r y s t a l  s t m c t u r e  was f u r t h e r  r e f i ned  by 

i nc lud ing  t h e  molecular  d i so rde r  i n  t h e  least-oquaree 

oalculationrrr. Two s e t s  of atomic p o ~ s i t i o m  wi th  

appropr ia te  ocoupancy f a c t o r s  were used f o r  t h e  atoms 

N(3l)  and N(32). W i t h  t h l e ,  the  t o t a l  number of  

independent atoms i n  the asymmetric part of t h e  u n i t  

o e l l  w a s  50. Hence, t h i s  s e t  whioh included t h e  d i so rde r  

about t h e  aeo-bond w i l l  h e r e a f t e r  b e  r e f e r r e d  t o  as t h e  

50 atoms s e t .  When the  refinement converged, t h e  R- 

va lue  was 0.121 f o r  1071 observed r e f l e c t i o n s .  

A t  t h i s  s t age ,  i t  was f e l t  t h a t  t h e  aromatic 

rim$ atoms oonneoted by t h i s  conalderably d isordered 

ano-bond could a l s o  be  dl@ordered. The p i c t u r e  of a 

8 i   ordered azo-bond connecting two p e r f e c t l y  ordered 

phenyl r i n g s  capp~errc~d l o  be phys i ca l l y  l e s s  nteariin&eul. 

Hence, another  d i f  ferenco map was computed a f t e r  

removing t h e  con t r ibn t ions  of N(31), N(32) and t h e  



oarbon a t o m  of t h e  phenyl r ings  connected by these 

ni t rogen a t o m .  The differenoe eleotron density w a 8  

very diffuse.  H e n  though, d i sc re te  peaks oomespo* 

ding t o  two s e t s  of posi t ions  f o r  the  carbon atoms 

were not found, the  d i f fuse  nature of t h e  dens i ty  

allowed t h e  p o s s i b i l i t y  of f i x i n g  a secona s e t  of 

atomic posi t ions  f o r  all the r i n g  atoms. Thus, the  

a l t e r n a t e  model whioh w a s  t he  r o t a t i o n a l  conformer of 

the  e a r l i e r  om were extended t o  t h e  carbon atoms a l s o  

two s e t s  of pos i t ions  were assigned t o  fourteen 

atoms ~ ( 2 5 )  thro4gh ~ ( 3 8 )  including N(3l) and N(32). 

Fig. 2.11 ahows the two r o t a t i o n a l  cronf ormers. a a a t -  

squares refinement was done with an occupancy faotor  

of 0.7 f o r  the  o r i g i n a l  s e t  of posi t ions  and 0.3 f o r  

t h e  new s e t  of poeitione. 'Phis s e t  corresponds t o  62 

independent a t o w  i n  the  asymmetric p a r t  of the  u n i t  

o e l l  and w i l l  therefore  be re fer red  t o  as the 62 atoms 

aet .  When the  least- squares refinement oonverged, the  

R-value had reduced t o  0.126. The R-value f o r  t h i s  

B e t  is s l i g h t l y  higher than t h e  value 0.121 obtained f o r  t h e  

50 iatoma s e t .  Thle i s  probably due t o  the f a c t  that 

i n  t h e  model f i t t e d  f o r  the  aromatic carbon atoms, 

t h e  separat ions  between the, a l t e r n a t e  posit ions of 

the  oarbon atoms were exaggerated, and hence were 

artif i c i  a l .  A A l  fur ther  d i scwe ion  i n  this 
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ahap te r  w i l l  mainly be with re fe rence  t o  t h e  50 atome s e t .  

Two s t r i k i n g  e f f e c t s  of t h e  i n t roduc t ion  of 

d i so rde r  were ( i )  t h e  i n c r e m e  i n  t h e  l e n g t h  of the 

-E1(31 )d(32) bond which was abnormally s h o r t  e a r l i e r .  

(This bond leng th  had increased t o  1.31 4 i n  t h e  0.7 

conformer and 1.28 4 i n  t h e  0.3  confomer.  ) and 

( i i )  t h e  high thermal parametera of some of t h e  atoms 

of molecule B had decreareed, t h e  l a r g e n t  now being 
2 

8.0 4 f o r  M(32), wk~ich was only about  1.6 t imes t h e  

average value %or t h e  r e s t  of t h e  stxvuc ture .  

It may now be mentioned t h a t  e n  molecule B i n  

which p o s i t i o n a l  d i so rde r  was found t o  occur was t h e  

one which could n o t  b e  i d e n t i f i e d  from t h e  var ious  

Bourier and E-maps and f o r  which atomic pos i t i on@ were 

f i x e d  only from a t r i a l  model. The d i f f u s e  blnd 

ambi$uous na ture  o f  t h e  e l e c t r o n  denlsity observed f o r  

t h i s  molecule i n  %he var ious  maps was probably a 

r e s u l t  of t h e  p a r t i d .  pos i t ioaaZ d i sorder .  

S imi la r  pos i t i ond .  d i so rde r  about t h e  -N-8- 

bond connecting two phenyl r i n g s  has been observed I n  

.the c r y s t a l  $ txuc tures  of p-azotoluene - L22./, t ~ w -  
aeobenzene [23], the, high temperu~ture polymorph of 

e t h y l  -- p-aeoxybenzoate [24] and -, p-a~OXyanlsole L 251, 
a d e t a i l e d  accoun: o f  whlch i s  given i n  Chapter 6 of 

t h i s  t h e s i s .  Woeketra, Meertem and Vos [26] have 



reported .a s imi lar  type of disorder about the  -O=C- 

bond connecting two phenyl r ings  i n  t he  c ry s t a l  

s t ruc tu re  of  s t i lbene.  

2.5 Results and Deecrigtion 

The f i n a l  posi t ional  and thermal parameters of 

a l l  the atoms i n  the 50 atoras s e t  a r e  given i n  Table 

2.9. The final posi t ional  and thermal parametera of 

the  two s e t s  of posit ions fox f;he stoma C(25) through 

~(38) i n  the  62 atoms s e t  a r e  also included i n  t h i s  

table .  The observed and calculated values of s t ruc tu re  

f ac to r s  f o r  a l l  the meaaured r e f l e c t i o m  are  l i s t e d  i n  

Fable 2.10. The interatomic distances and valencg 

anlgles axe shown i n  Fig. 2.12. Fig. 2.13 contains t h e  

interatomic bond lengths and angles f o r  molecule B i n  

the, 62 atoms s a t ,  The setimated standard deviations 

of t he  moleoular dimensions a r e  generally high. The 

f r ac t i ona l  posit ional parameters used i n  the calcula- 

t i o n  of bond loagths and valency angles were correct  

up t o  the Bixth deaimal place. Bowever, they have been 

rounded o f f  t o  the t h i r d  decimal place i n  Table 2.9 

because o f  1,lze high standard deviations. %he molecular 

dilnenviom i n  .the disordered region d i f f e r  oonsidariably 

frorn .the standard values. I n  par t iau lar ,  thoae 

involv$.ng tho atoms ~ ( 2 8 ) ~  ~ ( 3 3 )  and ~ ( 2 8 1 ) ,  ~ ( 3 3 1 )  i n  



Z i n a l  fractional positional coordinates and thermal 
parameterar estimated standard dedations are given 

in  parentheaee 

(a) %atoms s e t  
PIomcu1;E A 

-7" 
--..--.-- ---- 

~t am x(x10 ) y(x~7) -7 ---.--- e(xl0 ) 
-- -- B Pi- 

--------*---- 

C ( 1 )  917(4) 283(2) -346(2) 5.2(0.9) 

C(2) 1027(5) 259 (2) -323(3) 6.3(1.0) 

C(3) 989 (4) 221(1) -245(2) 4.2(0.8) 

c(4) 838(4I 21%(1) -196(2) 3.5(0.7) 

c(5) 729(4) 236( 1) -218(2) 4.7(0.8) 

C(6) 77~(4) 273(2) -296(2) 5.4(0.9) 

~ ( 7 )  7a6(3) 174( 1) -117(2) 4.6(0.6) 

M(8) 886(3) l53(l) - 99(2) 5.1(0.7) 

C(9) 827C4) 117(1) - 18(2) 4.2(0.8) 

C(q0) 941 (4) 93(1) 3(2) 4.4(0.8) 

C(11) 908(4) 59(1) 82(2) 4. g(0.8) 
E(12) 758(4) 48(1) 138(2) 5.1(0.9) 

C(13) 645(4) 72(1) 117(2) 3.9(0.7) 
c(14.1 680(4) 107(1) 40(2) 5.2(0.9) 

N(15) 706f.3) 25(1) 220(2) 5.1(0.7) 

c(l6I 795 44) -21 (1) 235(2) 4*7(0.8) 
c(17) 746(4) -51 (1) 322(2) 3.8(0.8) 
c(18) 853(4) -87(l) 334(2) 4.2(0.8) 
c(19) 817(4) -116(1) 418(2) 4. g(0.9) 

C(2O) 675(4) -lOS(l) 487(2) 4.2(0.8) 
~(21) 570(4) -75(1) 474(2) 4.3~0.8) 

C(22) 606 (4 1 -46(1) 389(2) 4.9(0.9) 
a231 649(3) -137(1) 567(2) 5.5(0.6) 
C(24) 507 (5) -13o(zj --- .---- 

6.4(1.0) ---. - 643(3j - 

continued 



Table 2.9 aontinued 

aontinued 



Table 2 .9  oontinuted 
(b) 62 atoms set 
MOLECULE B - Disiordered Part - 
Atom x(zl~3) ~ ( ~ 1 0 ~ )  z(xl 03) -5 



rlnr obrraved und ealeulatod valuor o f  r%ruotrPro faotcpxr ( ~ 1 0 )  
iolF a l l  %ha meamf 04 1~ell00iJlolll) e i  mu. 
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t h e  62 atoms s e t  a re  s t r ik ing ly  umisual. The widely 

d i f ferent  valenoy angles a t  C(28) ,  O(281) and C(33), 

U(331) may be a t t r ibu ted  t o  t he  i a c t  t h a t  even though 

the separations between N(31) and N(311). and N(32) 

and R(321) a re  about 11, t he  pa i r s  of carbon atoms 
9 

C(28) and C(281), and C(33) and C(331) a r e  qui te  close.  

This l e ads  t o  a s t ra ined  molecular geometry a t  C(28), 

C(281), C ( ' 3 5 )  and ~ ( 3 3 1 ) .  SXruilar unusual molecuiru: 

dimenaiontr llave been reported by Krigbaum and Taga (24) 

i n  the  c rys ta l  s t m c t u r e  of t he  high temperature goly- 

morph of ethyl-9-hur;oxgbeneoate where a s imilar  type  -- 
of dieroraer hae been observed. Iiowever, i n  MBPAA, the 

molecular dimensi om i n  t h e  dlsoraered region oannot 

be considered r e l i ab l e  because the cross  terms which 

show the aorrelatiun. between an atoru and Its disordered 

counterpart,  have not been included i n  tihs least- squares 

refinement. Therefore, any fur ther  discussion on these 

dimensions i s  not m e d n g f u l .  The dimensions of molecule 

R anA t h e  rest of molecule B a r e  normal, within the 

l i m i t s  o f  expnrimental e r ror .  

The least-@ qumerr planes 'through ^the Y B F ~ O U L ~  

groups of atoms i n  the s2;ruc:ture wesol calculated with 

respect t o  an orthogol?al s e t  of axes u s i q  EL prograzzme 

wri t ten  by D r .  lul, V i  ,j wan f o r  the XBM 36~/~44 computer, 

based on the me?;had of B:l..ow [27]. Ildlle 2 - 1 1  @$vee 

%be equatlonw of  t h e  var low mem p l l n n e ~  and the 



TABLE 2.11 

Equations of the various least-squares mean planes ma 
0 

8isplacements A i n  A of atoms from them. 

h e  an Atoms d e f i a - k  Equation of the 
the mean plane me an plane - 

(xi ) C 28 3 3 2 )  0 . 9 7 5 8 6 ~  - 
0 1 1  33 0 . 2 1 7 4 4 ~  = 0*02056$ 2.978 2  - 

continued 



I s b l e  2.1 1 continued 

Mean plane Atom Displa ement 6 
number i n  I 



Table 2.1 1 continued 

mean lane ! num er 



tlisplacements of atoms from these  planes.  23e aromatio 

r i nge  and t h e  azo groups i n  t h e  e t r u c t u r e  a r e  p lanar .  

I n  molecule A, t h e  ang le  between t h e  plane normals of 

r i n g s  1 an8 2 i e r  3 O ,  and r i n g  3 i s  incLlned t o  r i n g s  2 

and 1 by 190 and 210 r e ~ p e o t i v e l y .  The corresponding 
4 . 

Values f o r  t h e  molecule B are 7 O ,  -280 and - 3 3 O  r e speo t i -  . . * 
r e l y  i n  t h e  50 atom5 s e t .  Bigs. 2.140 and 2.14b show 

t h e  perspec t ive  view of t h e  HJ3PAA molecules i n  t h e  50 

atoms s e t .  Fig. 2 . 1 4 ~  i s  t h e  perspec t ive  view of t h e  

d isordered molecale B i n  t h e  62 atoms s e t .  Xn each 

case ,  t h e  molecule has been projec ted  on We me,= plane  

of r i n g  1. The r i n g  numbering .Is 8hovm i n  Big. 2.12. 

Paelring: The arrangements of t h e  molecules i n  

p lanes  parpendiculnr  t o  a- and o-axes a r e  ehoim i n  

Fig. 2.15 and Pig* 2.16 r e spec t ive ly ,  2he cryotdlogrerphi-  

c a l l y  independent molecules are d i f f e r e n t i a t e d  by  t h e  

t h lok  and t h e  th in .  l i n e s .  For t h e  m k e  of c l a r i t y ,  

the  disordered p a r t  of molecule R with 0.3 oacupanoy 

has  been omitted from t h e s e  packing dingrams. The 

c ry~ta2 . lograph ica l lg  independent molecules A and B foam 

t h e  x&:irest neighbours i n  the s t r u c t u r e  and have a 

oepara,tl.o:3 of about 5 A O  along t h e  a- di rec t ion  (Big. 2.1 5) .  
* 

%!hey a r e  o r ien ted  a n t i p a r a l l e l  t o  e:xch other.  The 

s l : i& t ly  overlapping ph.earyl rings l .n moleaulee A a d  

B are nor or iented  p a r a l l e l  but  a e  i n a l i n s d  t o  one 
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Noleoulax arrurgmen0 i n  the bo-plate. ehe dotted l iner 
reprseenf the -U+ bond. %he b u l o  guadmzple 1eleea1.~ 
unlf wed  tor bereribing the paoking h u  oleo been indiaad;eb. 
Xn the dlaordored region only the poritionr w&Bh 0.7 
oooupanoy have been marked. 



Moleoular arrangaaent i n  tho sib-plan0 . In tho dieorUea@b 
roig;ion only tho poaitione with 0.7 oooupanoy have been 
markad. 



another, t h e  inc l ina t ion  being 580 a t  one end, 

changing t o  990 near the molecular centre  and becoming 

1080 a t  the  other end. l?he anglela: beeween the  varioue . 
plane normals a r e  tabulated i n  Table 2.1 2. To describe 

t h r  packing of the  molecules i n  the  c rys ta l ,  it i s  

convenient t o  conaider the  crystal lographical ly  inde- 

pendenti moleoulas, and t h e i r  symmetry equivalents, 

generated by  a centre oL inversion at  the  or igin,  as 

one un i t .  !this uni t  has been iX&icd,bed i n  Big. 2.15. 

The two pa i r s  of noleaulen i n  t h i s  quadruple uni t  

are  oriented ax~'biparallal t o  each othor. The quadruple 

un i t  i s  inclined to the  c-airs by about 5 5 O .  Hence, 
t 

the noigbbouring unit8 related by the o-cell t r ans l a t i on  

are s o  dia2laced fha t  the end o f  one uni t  falls near 

the! centre of t he  neighbowing un i t ,  forming an i n f i n i t e  

column of quadruple molecular uni te  arranged i n  an 

imbricated fashfoln along t h e  o-axis. Aacording t o  

Ox4ay [28], the Imbricated arrangement o f  molecules i n  

the c rys ta l l ine  phase i s  the  basic pczckf ng arrangement 

required f o r  t he  nematic beha'criour of t h e  substance, 

aria the  cryrstal s t ruc tu res  of most of t h e  nematogenic 

compounds determined s o  far exhibi t  t h i s  type of peeking 

arrangement i n  %he i r  reapsctive cxystul l ine actales 

[25, 25, Y O 9  31, 723. Along the b-direction, ad Jaoent 

imbricated columns are re la ted  by the  2, soxew and t he  

c-glide. The molecular un i t s  i n  a d  jacent columnar are  



Anglee between the normals of the  various mean planes 
defined i n  Table 2.11 

G i a L  numbers of the, mean Angle between the plane 
plane a normals i n  degrees 



incl ined t o  each other by about 700 and form a . 
herringbone-like pat tern.  Similar herringbone type 

of molecular paoking has been found i n  the crys ta l  

s t ruc turee  of t h e  nematogenia benaylidene aniline-p- - 
oarboxylicr acid [31],  and 2,2 I-dibromo-4, 4 I-bis- 

(p-methoxybenzylidene - amino) biphenyl [32], and t h e  

smectogens CBOOA (Ghapter 9 of t h i a  thee is )  and t h e  

high temperature polymorph of e thyl  p-asowbenzoate [ 2 4 j  . - 
Along the a-direction, t he  molecular arrangement 

cons is t s  of an a l t e rna te  an t i pa r a l l e l  atacking of t he  

A and the B type of moleoulee extending i n f i n i t e ly .  

I n  t h e  s t ruc ture ,  the  methaxy end group of each 

moleoule i s  oriented i n  the d i rec t ion  of the  -TI=CH- 

group of a neighbouring molecule. This feature,  vie. ,  

the methoxy or  t h e  ethoxy group of one molecule pointing 

towards a nitrogen atom i n  the cent ra l  region of i t s  

neighbouring moleoule, haa ale0 been observed i n  the  

c ry s t a l  s t ruc tures  of 4,4'-aeodiphenetole [ 3 0 ] ,  

anisaldehyde-aeine [29] w d  p-aeoxyanisole [25], which - 
a re  a l so  nematogenic. 

The three-dimnsional c rys ta l  s t ruc tu re  i s  

s t ab i l i s ed  by non-bonded van der Waals forces  between 

molecules. Table 2.13 lislts a l l  the intermolecular 

contact  distances l e s s  than the sum of t he  van der  

Waals radii, i n  the 50 atoma eret. A l l  the contacts 



Intermolecular oontact distanoes l e s s  than 
the sum o f  the van der WaalS radii 



a r e  between oarbon atoms, the average value being 

3.54 %. The s t ruc ture  has 106 contact distance8 l e s s  

than 4 and none of them i s  abnormally short .  

Molecule A is surrounded by 14 neighbouring 

molecules with oontact distanoes l e s s  then 4 %, whereas, 

moleoule B has only 12  neighboure. However, i n  the 50 

atoms s e t ,  the number of oontaota l e e s  than 4 1 is the 

same f o r  both the molecules, the number being 106. On 

the other hand, i n  the  62 atoms s e t ,  molecule & hati 154 

oontacts l e s s  than 4 1, a s  ompared t o  188 f o r  molecule B. 

This fea ture  could be a t t r ibu ted  t o  t he  exaggerated 

separations between the  two s e t s  of posit ions f o r  the 

oarbon atoms of molecule B i n  the  62 atoms s e t ,  r e su l t ing  

i n  an a r t i f i c i a l l y  increased volume. This, i n  turn,  would 

oause moleoule B t o  have a l a rge r  number of contacts w i t h .  

the neighbouring molecules , compared t o  molecule A. %is 

ar t i f i c i a l .  increase i n  the volume of moleoule B i s  found 

t o  r e s u l t  mainly i n  an increase i n  the numbex of contacts 

between t h i s  molecule and i t s  own symmetry equivalent 

n6ighbours. Thus, the number of oontacts f o r  molecule A 

i n  the  62 atoms s e t  is only about 25% more than t ha t  i n  

the 50 atoms s e t ,  whereas, f o r  moleoule B, the number of 

oontacts i n  the former s e t  i s  about 75$ nore than t h a t  i n  

the l a t t e r  s e t .  
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