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COLUMNS. 111. METHYLBENZENES 

METHYLNAPHTHALENES, METHYL-BIPH~NYLS, 
AND A SELECTION OF POLY-AROMATICS 

G. DE VRIES' AND R. F. R E K K E R ~ *  
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2Department o f  Pharmacochemistry 

Vri j e  Universiteit 
De Boelelaan 1083, 1081 HV Amsterdam 

The Netherlands 

ABSTRACT 

R e t e n t i o n  d a t a  o f  m e t h y l b e n z e n e s ,  m e t h y l n a p h t h a l e n e s  a n d  
m e t h y l b i p h e n y l s  d e t e r m i n e d  o n  normal-phase s i l i c a  and  a l u m i n a  
co lumns  a re  s u b m i t t e d  t o  m u t u a l  c o m p a r i s o n .  B i n d i n g  o f  a l l  t h r e e  
c l a s s e s o f c o m p o u n d s  t o  t h e  a d s o r b e n t s  seems e x c l L l s i v e l y  l o c a t e d  
i n  t h e  7d-cloud o f  t h e i r  a r o m a t i c  s y s t e m s .  C s n c l - s i v e  e v i d e n c e  
c a n  b e  o b t a i n e d  f r o m  r e t e r : t i o n  e x p e r i m e n t s  on a s e l e c t i o n  o f  
p o l y - a r o m a t i c  h y d r o c a r b o n s  w i t h  v a r y i n g  n - p r i t t & r n s .  

UV-spec t r a l  l i t e r a t u r e - d a t a .  

o f  t h e  i n v e s t i g a t e d  s r o m a t i c s  b o t h  t o  s i l i c a  and t o  a l u m i n a .  

A d d i t i o n a l  i n f o r m a t i o n  t o  t h i s  v i ew i s  o b t a i n a b l e  fram 

A set  of p i c t u r e s  v i s u e l i z e s  o u r  vievls  on t h e  a d s o r p t i o n  

* t o  r e c e i v e  a l l  c o r r e s p o n d e n c e  

465 
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466 DE VRIES AND REKKER 
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FIGURE 1. Schematization o f  t he  b ind ing  o f  alkylbenzenes on 
s i l i c a  and alumina, r e l a t i v e  t o  t h e  b ind ing o f  ben- 
zene on these adsorbents; t h e  lower p a r t  o f  t he  f i g -  
ure p i c t u r i z e s  t h e  adsorbent e i t h e r  a c t i v e  w i  h 
i t s  s i lanolgroups ( s i l i c a  gel)  o r  wi th  i t s  A 1  - s i t e s  
(alumina]. 

t 

INTRODUCTION 

I n  a previous paper (1) we inves t i ga ted  the  chromatograph- 

i c  behaviour o f  a l k y l -  and alkylhalogenobenzenes on normal-phase 

s i l i c a  and alumina columns. Retentions o f  methylbenzenes, ex- 

pressed a s  l o g  k ' l c a p a c i t y  f a c t o r ] ,  are regulated by the  number 

o f  s u b s t i t u t i n g  methylgroups and t o  a l esse r  extent  - al though 

s i g n i f i c a n t l y  - symmetry condi t ions i n  the  s u b s t i t u t i o n  p a t t e r n  

p lay  a r o l e .  Binding o f  methylbenzenes t o  s i l i c a  or alumina i s  

v i sua l i zed  i n  f i g . 1  where t h e  aromatic moiety o f  t he  molecule 

presents i t s e l f  as the  a t tach ing  pa r tne r  t o  t he  adsorbent. 

The present paper deals w i t h  the  r e t e n t i o n a l  behaviour o f  

rnethylbenzenes, methylnaphthalenes, methylbiphanyls and a num- 

ber  o f  poly-aromat ics;  spec ia l  a t t e n t i o n  w i l l  be given t o  the 

quest ion as t o  how f a r  t h e  re ten t i ons  o f  t he  t i t l e  compounds 

can be c o l l e c t z d  under one general denominator. And f u r t h e r ,  
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ALKYL- AND HALOGEN-SUBSTITUTED AROMATICS. 111 467 

i t  would be of great  use i f  we could succeed i n  designing how 

the inves t i ga ted  aromatic compounds are attached t o  the  adsor- 

bents. 

EX PER1 NENT AL 

Retent ion data of methylbenzenes as repor ted i n  Table l a r e  

from ea - r l i e r  s tud ies (2). The remaining compounds i n  t h i s  t a b l e  

(methylnaphthalenes and methylbiphenyls) were measured under 

condi t ions s t r i c t l y  comparable w i t h  those f o r  the methylbenzenes. 

The greater  p a r t  of t h e  poly-aromatics show up unacceptably 

l ong  r e t e n t i o n  t imes under the  given condi t ions o f  t h e  exper i -  

ments, so t h a t  t he  whole se r ies  - i n c l u d i n g  benzene, naphtha- 

lene and b iphenyl  - had t o  be measured on s i l i c a g e l  w i t h  s l i g h t -  

l y  increased water-content (1  mg per gram o f  s i l i c a g e l )  i n  order 

t o  keep t h e  r e t e n t i o n  t imes i n  a f u l l y  surveyable range. 

Regarding other  mater ia ls ,  apparatus a n d  f u r t h e r  exper i -  

mental condi t ions,  reference i s  made t o  t he  f i r s t  paper i n  t h e  

present se r ies  ( 2 ) .  

RESULTS A N )  DISCUSSION 

The equ i l i b r i um between a h o r p t i o n  and desorpt ion i s  o f  a 

dynamic nature,  i . e . ,  the molecules under considerat ion f i n d  

themselves i n t e r m i t t e n t l y  f r e e  i n  t h e  mobile phase and adsorbed 

t o  the  adsorbent; t he  t ime-rat io  between these t w o  s i t u a t i o n s  

v i r t u a l l y  determines r e t e n t i o n  and depends on a number o f  f a c t o r s  

such as type o f  adsorbent, s t ruc tu re  o f  t he  adsorbent, number 

and l o c a t i o n  o f  i t s  a c t i v e  s i t e s ,  p roper t i es  - phys ica l  as w e l l  

as chemical - o f  t he  adsorbed molecules and p rooer t i es  o f  t h e  

mobile phase. 

METHYLBENZENES , METHYLNAPHTHALENES AND METHYLBIPHENYLS 

Log k'  versus Number o f  Methylqroups 

Teble 1 overviews t h e  exper imental ly der ived l o g  k'-values 

o f  t h i r t e e n  methylbenzenes, seven methylnaphthalenes and t h i r t e e n  

methylbiphenyls. 
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468 DE VRIES AND REKKER 

TABLE 1 
Palymethylderivatives o f  Benzene, Naphthalene and Biphenyl 

on S i l i c a  a n d  Alumina Columns 

No Subs t i tuents  l o g  k '  (S i l ica)  l o g  k '  (Alumina) 
obs. e s t .  A obs. e s t .  A 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Benzenes 
u n s u b s t  . 
1- 
1 I 2-di 
1 ,3 -d i  
1,4-di 
1 ,2 ,3- t r i  
1 ,2  , 4- t r i  
1 ,3 ,5- t r i  
1 ,2 ,3 ,4- te t ra  
1 ,  2, 3, % t e t r a  
1 ,2 ,4 ,5- te t ra  
penta 
hexa 

0.375 
0.461 
0.585 
0.548 
0.512 
0.690 
0.633 
0.621 
0.767 
0.736 
0.716 
0.820 
0.881 

0.377 
0.462 
0.587 
0.546 
0.506 
0.692 
0.631 
0.631 
0.756 
0.736 
0.716 
0.821 
0.885 

-0.002 
-0.00 1 
-0.002 

0.002 
0.006 
-0.002 

0.002 
-0,010 

0.011 
0.000 
0.000 

-0.00 1 
-0.004 

-0.032 
0,093 
0.350 
0.233 
0.193 
0.591 
0.433 
0.318 
0.778 
0.643 
0.625 
0.929 
I .  176 

-0.004 
0.111 
0.316 
0.226 
0.226 
0.521 
0.432 
0.342 
0.727 
0.637 
0.637 
0.932 
1.227 

-0.028 
-0.018 

0.034 
0.007 

-0.033 
0.070 
0.001 

-0.024 
0.051 
0.006 

-0.012 
-0.003 
-0.051 

Naphthalenes 
14 u n s u b s t .  0.582 (0.582) 1.43 (1.43) 
15 1- 0.650 0.667 -0.017 1.61 1.55 0.06 
16 2- 0.659 0.667 -0.008 1.62 1.55 0.07 
17 1,2-di 0.754 0.792 -0.038 1.90 1.75 0.15 
18 1,4-di 0.676 0.7.12 -0.G36 1.77 1 .66  0.11 
19 1,5-di 0.695 0.752 -0.057 1.81 1.66 0.15 
20 2,3-di 0.777 0.792 -0.015 1.94 1.75 0.19 

21 u n s u b s t .  0.97 10.97) 1.54 (1.54) 
22 2- 1.08 1.05 0.03 0.78 1.66 -0.88 
23 4- 1.08 1.05 0.03 1.96 1.66 0.30 
24 2,2'-di 1.15 1.14 0.01 0.48 1.77 -1.29 
25 3,3'-di 1.15 1.14 0.01 2.52 1.77 0.75 
26 4,4'-di 1.15 1.14 0.01 2.37 1.77 0.60 
27 3 , % d i  1.11 1.14 -0.03 1.73 1.77 -0.00 
28 2,3,2:3Ltetra 1.34 1.39 -0.05 0.74 2.18 -1.44 
29 2,4,2',4'-tetra 1.32 1.31 0.01 0.45 2.00 -1.55 
30 2,5,2',5?-tetra 1.23 1.23 0.00 0.146 2.00 -1.85 

Biphenyls 

31 3,4,3',4"tetra 1.38 1.39 -0.01 2.76 2.18 0.58 
32 2 ,4 ,5 ,2 ' ,4~% 

33 2 I 4 , 6  I 2', 4: 6L 

Notes: Bracketed values a r e  used as references ( s e e  text) ;  

hexa 1.43 1.48 -0.05 0.26 2.42 -2.16 

hexa 1.28 1.48 -0.20 -0.10 2.23 -2.33 

Estimated log  k' -va lues  a r e  from eqn.2 ( s i l i c a )  and 
eqn. 8 (alumina), respect ively.  
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ALKYL- AND HALOGEN-SUBSTITUTED AROMATICS. I11 469 

Log k' -va lues ( l o g  capaci ty  factors)  are obtained from re- 

t e n t i o n  times us ing t h e  equation 

l o g  k'  = l o g  (tR - to) / to 

where t 

t h e  r e t e n t i o n  t ime o f  t he  unretained mobile phase. 

i s  t he  r e t e n t i o n  t ime o f  t h e  compound considered and to R 

Resul ts on a S i l i c a g e l  Column 

I n  one o f  o u r  e a r l i e r  pub l i ca t i ons  (2) we found t h a t  methyl- 

benzene r e t e n t i o n  on s i l i c a  i s  l a r g e l y  regulated by the  number 

o f  s u b s t i t u t i n g  methylgroups (nCH3) as i s  c l e a r l y  v i sua l i zed  by 

the  s o l i d  l i n e  i n  f i g .  2. 

T o  a l e s s e r  extent  symmetry condi t ions p lay  a r o l e :  t h e  o r ig -  

i n a l  c o r r e l a t i o n  c o e f f i c i e n t  r = 0.985 ( o f  acceptable qua l i t y )  

could be s i g n i f i c a n t l y  improved t o  0.9994 ( I )  by the  i n t r o d u c t i o n  

o r tho  para Of  ( "or tho para 
denot ing the  number o f  CH3-groups p a r t i c i p a t i n g  i n  o r tho  and para- 
s u b s t i t u t i o n ,  respec t i ve l y .  I n  t h e i r  way these d i f f e rences  between 

o r tho  and para substitution-numbers * seem t o  represent q u i t e  

p roper l y  t h e  d i f f e rences  i n  symmetry condi t ions between t h e  sev- 

era1 s u b s t i t u t i o n  pat terns (eqn 1) . 

and n - n  ) as a second parameter; w i t h  n 

wl 

l o g  k'  = 0.085(+0.002) n + 0.020 (~0.003) (northo - nbara 1 
CH3 

+ 0.377 (fO.007] (eq . I )  

n = 13 r = 0.9994 s = 0.006 F = 4390 

The data-plots f o r  methylnaphthalenes and methylbiphenyls, 

respec t i ve l y ,  represented i n  f i g .  2 revea l  a r a t h e r  c lose paral-  

l e l i s m  w i t h  t h e  methylbenzenes. Although some pronounced d i f f e r -  

x Two examples may i l l u s t r a t e  how these d i f f e rences  are estimat- 
ed: I12,3,4-tetramethylbenzene: northo - n  para = 4 - 2 = 2 ;  
hexamethylbenzene: 6 - 6 = 0 .  

values i ns tead  of ("ortho-" 
t h i s  connect ion(corre1at ion coe f i c i e n t :  0.997) . 

*4f The successful  a p p l i c a t i o n  o f  t h e  methyl-group d ipo le  moment 
) (2) i s  worth mentioning i n  

para 
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FIGURE 2. P l o t  o f  observed log k '  f o r  methylaromat ics versus 
t h e  number of methylgroups. Column: s i l i c a  g e l .  

0 rnethylbenzenes; + methylnaphthalenes; 0 methyl- 
b ipheny ls ;  0 denotes unsubs t i t u ted  pa ren t  compounds 
( e i t h e r  benzene, naphthalene or hipher ly l )  ; t h e  c t h e r  
numbers a r e  s i m p l i f i e d  s w b s t i t u t i o n  codes cor res-  
ponding w i t h  column 2 f rom Tab le  1. 
p = pentamethyl;  h = hexamethyl. 
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ALKYL- AND HALOGEN-SUBSTITUTED AROMATICS. I11 41 1 

ences c e r t a i n l y  occur,  e s p e c i a l l y  i n  t h e  b ipheny l -ser ies ,  t h e  two 

broken l i n e s  seem no t  t o o  u n r e a l i s t i c .  A t  l e a s t  t hey  i n v i t e  us 

t o  some f u r t h e r  cons ide ra t i ons  w i t h  rega rd  t o  equa t ion  1. 

I t s  i n t e r c e p t  i s  p r a c t i c a l l y  equa l  t o  t h e  observed l o g  k ' -  

v a l u e  o f  benzene ( = 0.375). I f  t h e  r e t e n t i o n  i n c r e a s i n g  e f f e c t  of 

a CH3-group r e a l l y  has a cons tan t  va lue  of 0.085, i . e . ,  is nat 
depending on t h e  na tu re  o f  t h e  aromat ic  pa ren t  s t r u c t u r e  t o  

which i t  has been a t tached;  and i f  f u r t h e r  t h e  magnitude o f  t h e  

a d d i t i o n a l  (northo - n para ) parameter i s  s u f f i c i e n t l y  c o n s i s t e n t ,  

we a r e  a l lowed t o  t rans fo rm eqn. 1 i n t o  eqn. 2: 

= 0.085 nCH + 0.020 (nbrtho - n  ) + P (eq.2) pa ra  
3 

log k'PMeAr 

w i t h  log klpMeA, r e p r e s e n t i n g  t h e  r e t e n t i o n  va lue  o f  any o f  t h e  

33 compounds from Tab le  1 and t h e  i n t e r c e p t  P deno t ing  t h e  

l o g  k ' - v a l u e  of t h e  p roper  paren t  s t r u c t u r e :  benzene, naphtha- 

l e n e  o r  b ipheny l .  

V e r i f i c a t i o n  o f  eqn. 2 cou ld  most c o n v i n c i n g l y  be achieved 

by  drawing up f o l l o w i n g  t h r e e  r e g r e s s i o n  equat ions :  

l o g  klpM:i: = l.OOO(~0.015) l o g  kfpMeBz(eq. 2) + 

0.000 (20 . 022) 

n = 13 r = 0.9394 s = 0.005 F = 9490 

l o g  kIpM:iS = 0.833(+0.229) - l o g  kIPMeN(eq. 2) + 

0.034(+0.164) 

n = 7  r = 0.972 s = 0.017 F = 67.0 

l o g  k '  Obs = 0.880(t0.085) l o g  ktpMeB(eq. 2) + PMeB 

0.141(+0.105) 

n = 12 r = 0.991 s = 0.020 F = 524 

where t h e  i n d i c e s  PMeBz, PMeN and PMeB denote polymethylbenzene, 

polymethylnaphthalene and po lymethy lb ipheny l ,  r e s p e c t i v e l y ,  and 

t h e  r i gh t -hand  member l o g  k' - v a l u e s  were ob ta ined from eq. 2. 

Be ing  a severe o u t l i e r ,  2,4,6,2',4',6'-hexamethylbiphenyl was 

o m i t t e d  f rom r e g r e s s i o n  equa t ion  5; i t s  r e s i d u a l  amounts t o  
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472 DE VRIES AND REKKER 

0.16 a n d  e q u a l s  t h e  e i Q h t - f o l d  s t a n d a r d  e r r o r  o f  estimate. T h e  

t y p i c a l  r a t h e r  e x c l u s i v e  b e h a v i o u r  of t h e  compound w i l l  come up 

f o r  d i s c u s s i o n  i n  o n e  o f  t h e  n e x t  s e c t i o n s .  

T h e  good q u a l i t i e s  o f  e q u a t i o n s  3, 4 a n d  5 j u s t i f y  t h e  i n -  

c o r p o r a t i o n  o f  t h e  t h r e e  d a t a - s e t s  i n t o  o n e  e q u a t i o n :  

l o g  k '  PMeAr Obs - - 0.995(+0.0~5) l o g  k tpMeAr(eq .  2)  - 
0 .OO 1 (LO. 022) ( e q . 6 )  

n = 3 2  r = 0.998 s = 0.020 F = 6610 

A g r a p h i c  r e p r e s e n t a t i o n  of t h i s  f u l l y  s a t i s f y i n g  e q u a t i o n  i s  

g i v e n  i n  f i g .  3. 

E v e n  t h e  d a t a - s e t  of m e t h y l n a p h t h a l e n e s  is i n s e r t a b l e  i n  

t h i s  t o t a l  e q u a t i o n :  none  o f  t h e  s e v e n  compounds v i r t u a l l y  be- 

h a v e s  as  a n  o u t l i e r .  C l o s e  i n s p e c t i o n  of t h e  m e t h y l n a p h t h a l e n e  

r e s i d u a l s ,  however ,  reveals t h a t  a n  improved  f i t  i n  e q n .  6 is 

a t t a i n a b l e  by  i n t r o d u c i n g  f o r  e a c h  CH3-group n e i g h b o u r i n g  one 

of t h e  r i n g  j o i n t s  a c o r r e c t i o n  of -0.20, i . e . ,  a v a l u e  e q u a l  

t o  t h e  o n e  n e c e s s a r y  f o r  e x p r e s s i n g  =-CH3 o c c u r r e n c e .  A 

l a c k  of s u i t a b l y  s u b s t i t u t e d  m e t h y l n a p h t h a l e n e s  p r e v e n t e d  u s  

from w o r k i n g  o u t  a more d e t a i l e d  a p p r o a c h ,  SO t h a t  w e  h a v e  t o  

c o n f i n e  o u r s e l v e s  t o  r e p o r t i n g  t h a t  t h e  c o r r e l a t i o n  coef f ic i -  

e n t  o b t a i n e d  f o r  e q n .  6 shows  a n  i n c r e a s e  f r o m  0 . 9 9 7 8  t o  0.9986 

a f t e r  t h e  i n t r o d u c t i o n  o f  t h e  a b o v e  i n d i c a t e d  c o r r e c t i o n .  

R e s u l t s  on a n  Alumina Column 

A s imi la r  t r e a t m e n t  as d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  

f o r  m e t h y l b e n z e n e s  on s i l i c a g e l  was e l a b o r a t e d  f o r  t h e  e x p e r -  

i m e n t s  o n  a l u m i n a .  Here t o o ,  t h e  p a r a m e t e r  of first c h o i c e  is 

t h e  p a r a m e t e r  nCH 

l i n e .  I t s  c o r r e l a 2 i o n  c o e f f i c i e n t  ( r  = 0 . 9 6 9 ,  see ref.2) i s  
s l i g h t l y  i n f e r i o r  t o  t h a t  o b t a i n e d  on s i l i c a g e l  (r = 0.9851 

b u t  it underwen t  a s i g n i f i c a n t  improvemen t  t o  r = 0.995 af te r  

t h e  i n t r o d u c t i o n  o f  a s e c o n d  p a r a m e t e r ,  which h a s  d u e  connec-  

t i o n  w i t h  symmetry c o n d i t i o n s  i n  t h e  s u b s t i t u t i o n  p a t t e r n ;  

a s  i s  v i s u a l i z e d  i n  f i g .  4 by  t h e  s o l i d  
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FIGURE 3. P l o t  o f  observed log k '  versus estimated 1ogk'- 
values obtained from eqn.6. Column: s i l i c a  ge l .  

biphenyls; 0 denotes unsubst i tuted parent compounds 
( e i t h e r  benzene, naphthalene or biphenyl) ; the  other  
numbers are s i m p l i f i e d  s u b s t i t u t i o n  codes corres- 
ponding w i th  column 2 f r o m  Table 1. 
p = pentamethyl; h = hexamethyl. 

methyl benzenes ; + ; 0  methyl naphthalenes methyl- 
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FIGURE 4. P l o t  o f  o b s e r v e d  log k' f o r  m e t h y l a r o m a t i c s  v e r s u s  
t h e  numbEr  o f  m e t h y l g r o u p s .  Column:  a l u m i n a .  

r n e t h y l b e n z e n e s ; +  m e t h y l n a p h t h a l e n e s ;  0 m e t h y l -  
b i p h e n y l s ;  0 d e n o t e s  u n s u b s t i t u t e d  p a r e n t  c o m p o u n d s  
( e i t h e r  b e n z e n e ,  n a p h t h a l e n e  o r  b i p h e n y l )  ; t h e  o t h e r  
n u m b e r s  aye s i m p l i f i e d  s u b s t i t u t i o n  c o d e s  c o r r e s -  
p o n d i n g  w i t h  c o l u m n  2 from T a b l e  1 .  
p = p e n t a m e t h y l ;  h = h e x a m e t h y l .  
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t h e  extended regress ion equation [der ived i n  r e f .  2 )  i s  repre- 

sented by eqn. 7: 

l o g  k '  = 0.115(+_0.032) nCH3 + 0.090(+0.028) no - - 

0.004(f0.063) (-7.7) 

n = 13 r = 0.995 s = 0.039 F = 500 

where n denotes the  number of or tho-pairs i n  t h e  s t ruc-  

t u r e s  under considerat ion.  Note, t h a t  t h e  a p p l i c a t i o n  o f  n o - o  

i n  eqn. 7 d i f f e r s  f r o m  t h e  p re fe r red  parametr izat ion selected 

- n ) instead f o r  eqn. 1. Using the  parametr izat ion (northo 

of i n  eqn. 7 would r e s u l t  i n  an unacceptable decrease o f  

i t s  q u a l i t y  (see r e f .  2 ) .  

0 - 0  

para 

The i n t e r c e p t  o f  eqn. 7 i s  p r a c t i c a l l y  not d i f f e r e n t  f r o m  

t h e  l o g  k '  - va lue  o f  benzene observed on alumina (= -0.032), so 

t h a t  we f e l t  q u a l i f i e d  t o  apply  an equiva lent  argueing as g iven 

i n  t h e  previous sect ion f o r  eqn. 1 and t o  t ransform eqn. 7 i n t o  

eqn. 6: 

l o g  k '  = 0.115 nCH + 0.090 n o - o  + P  
3 PMeAr 

Fol lowing equations were der ived f o r  eqn. 8 i n  a stepwise 

v e r i f i c a t i o n  procedure: 

l o g  k'pMzkz = 1.000(+0.066] l o g  ktpMeBz (eqn. 8) + 

0.000 (20.040) 

n = 13 r = 0.995 s = 0.036 F= 1090 

where the  i nd i ces  PMeBz and PMeAr denote polyrnethylbenzenes and 

polymethylaromatics, respec t i ve l y ,  and t h e  r ight-hand member 

l o g  k ' -values were obtained from eqn. 6. Equation 10 i s  v i sua l -  

i z e d  by the  s o l i d  l i n e  i n  f i g .  5 and i t  inc ludes 13 methylben- 

zenes and the  t r i o  naphthalene, b iphenyl  and 3,5-dimethylbi- 

phenyl. Contrary t o  eqn. 6 der ived i n  t h e  previous sect ion f o r  
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FIGURE 5. P l o t  o f  observed l o g  k '  versus estimated l o g  k ' -  
values obtained f r o m  eqn. 10. Column: alumina. 

0 methylbenzenes;+ methylnaphthalenes; 0 methyl- 
b iphenyls;  0 denotes unsubst i tu ted parent compounds 
( e i t h e r  benzene, naphthalene or biphenyl) ; the other  
numbers are s i m p l i f i e d  s u b s t i t u t i o n  codes corres- 
ponding w i t h  column 2 f r o m  Table 1. 
p = pentamethyl; h = hexamethyl. 
The s o l i d  l i n e  connects the methylbenzene-series, 
naphthalene, b iphenyl  and i t s  3,5-dimethyl-deriva- 
t i v e ;  t h e  two broken l i n e s  connect t he  seven naph- 
thalenes, and biphenyl ,  4-methylbiphenyl and 4,4'- 
d imethylbiphenyl ,  respec t i ve l y .  
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ALKYL- AND HALOGEN-SUBSTITUTED AROMATICS. I11 411 

s i l i c a g e l ,  it o p p o s e s  t h e  i n c o r p o r a t i o n  o f  t h e  r e m a i n i n g  com- 

pounds  from T a b l e  1, e s p e c i a l l y  t h e  o r t h o - s u b s t i t u t e d  b i p h e n y l s .  

T h e  l a t t e r  compounds would s e r i o u s l y  d e t e r i o r a t e  t h e  q u a l i t y  o f  

o u r  e q u a t i o n .  

It i s  p o s s i b l e ,  however ,  t o  i n c o r p o r a t e  a l l  s e v e n  me thy l -  

n a p h t h a l e n e s  i n  a s e p a r a t e  r e g r e s s i o n :  

l o g  k',,;:: = 1.536(+0.167)  l o g  knpMeN ( e q n .  8) - 
0.736 (LO. 270)  

n = 7 r = 0.996 s = 0 . 0 1 9  F = %7 

A l t h o u g h  s a t i s f y i n g  i n  i t s e l f ,  t h i s  e q u a t i o n  c a n  i n  no way 

b e  combined w i t h  e q n .  1 0 ,  on a c c o u n t  o f  i ts  d e v i a t i n g  s l o p e ,  

which i s  a p p r o x i m a t e l y  5 0 q ' a h i g h e r  t h a n  t h a t  of e q n .  10. Same 

a d d i t i o n a l  commenting w i l l  b e  g i v e n  i n  o n e  of t h e  n e x t  s e c t i o n s .  

V i s u a l i z a t i o n  o f  some A t t a c h m e n t  P a t t e r n s  

I n  o r d e r  t o  o b t a i n  some n o t i o n  w i t h  r e s p e c t  t o  t h e  p o s i t i o n -  

i n g  o f  t h e  s t u d i e d  m o l e c u l e s  O R  t h e  a p p l i e d  a d s o r b e n t s ,  w e  con- 

s t r u e d  f i g s .  6 - 9  p a y i n g  d u e  a t t e n t i o n  t o  t h e  d i f f e r e n c e s  be- 

t w e e n  s i l i cage l  and  a l u m i n a .  Because t h e  s o l v e n t  s t r e n g t h  of 

hexane  i s  p r a c t i c a l l y  z e r o ,  a n y  c o m p e t i t i o n  o f  hexane  m o l e c u l e s  

i n  t h e  a d s o r p t i o n  mechanism c a n  b e  e x c l u d e d  and t h e  same w i l l  b e  

t r u e  f o r  i n t e r a c t i o n s  be tween  t h e  s o l v e n t  and  t h e  s o l u t e s  a t  is- 

s u e .  A c o o r d i n g l y ,  t h e  f i g u r e s  show o n l y  t h e  way i n  wh ich  w e  
t h i n k  t h a t  t h e  e x e m p l i f i e d  s o l u t e  molecules  a r e  l o c a l i z e d .  

I n  t h e  d r a w i n g  o f  t h e  s o l u t e  molecules  w e  f o l l o w e d  t h e  sug-  

g e s t i o n s  g i v e n  by  Gould (3) .  

Wiih,reg& to-the-adsorbents: a .  t h e  s i l i c a g e l  s t r u c t u r e  

i s  d e r i v e d  from a f i g u r e  p r e s e n t e d  by  H a l p a a p  (4) ; the  s i l a n o l  

g r o u p s  c a n  f r e e l y  r o t a t e  a r o u n d  t h e i r  a x e s  p e r p e n d i c u l a r  t o  t h e  

s i l i c o n  a t o m s  a n d  t h e y  a re  a b l e  t o  p a r t i c i p a t e  i n  hydrogen-bonding 

w i t h  t h e  a r o m a t i c  7T-system o f  t h e  s o l u t e .  B e s i d e s ,  p a r t i a l  non- x 

* D e  B o e r  a n d  V l e e s k e n s  (5) d i d  n o t  r ea l i ze  t h e s e  f ac t s .  I n  t h i s  
r e s p e c t  w e  w i sh  t o  r e f e r  t o  t h e  o v e r v i e w  g i v e n  by  KnEz inge r (6 )  
on t h e s e  t o p i c s .  
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FIGURE 6. P r o p o s e d  p o s i t i o n  o f  a molecule of  4 - m e t h y l b i p h e n y l  
a d s o r b e d  on a c r y s t a l l i n e  s i l i c a g e l  s t r u c t u r e ;  o n l y  
t h e  oxygen  a t o m s  and  a r e s t r i c t e d  number o f  s i l a n o l  
groups a re  sketched. Upper  p a r t :  t o p  v i e w ;  lower  
p a r t :  s i d e - v i e w .  
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ALKYL- AND HALOGEN-SUBSTITUTED AROMATICS. I11 479 

FIGURE 7. Proposed position of a molecule o f  2,4,6,2',4',6'- 
hexametbylbiphenyl on a crystalline silicagel struc- 
ture: only the oxygen atoms and a restricted number 
o f  silanol groups are sketched. Upper part: top- 
view; lower part: side-view. 
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480 DE VRIES AND REKKER 

FIGURE 8: Proposed p o s i t i o n  o f  a molecule o f  4-methylbiphenyl  
adsorbed on y-alumina. Upper p a r t :  top-view; 
l ower  p a r t :  side-view. 
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+ + + + + + + + 

n f 

+ + + + + + + + 

+ + + + + + + + 
FIGURE 9 .  Tentatively proposed localization o f  adsorbed mole- 

cules o f  benzene, naphthalene, 3- (or 3,s) methyl- 
biphenyl, 4,4'-dimethylbiphenyl, 2- (or 2,2'-)  me- 
thylbiphenyl and 2,4,6,2',4',6'-hexamethylbiphenyl 
on a y-alumina surface. All sketches are given in 
side-view. 
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c r y s t a l l i n i t y  and cu rva tu re  o f  pore w a l l s  add t o  a whole range o f  

d i s tances  between t h e  h y d r o x y l  groups present  on t h e  su r face  o f  

t h e  s i l i c a g e l .  T h i s  i m p l i e s  t h a t  hydrogen bonds between t h e  

cen t res  o f  bo th  mo ie t i es  o f  t h e  aromat ic  b i p h e n y l  d e r i v a t i v e s  

and s i l a n o l  groups a r e  e a s i l y  achieved. The ex i s tence  o f  such du- 

a l  s i t e  adso rp t i on  leads  t o  t h e  conc lus ion  t h a t  adso rp t i on ,  and 

i n  t u r n  r e t e n t i o n ,  i s  f u l l y  c o n t r o l l e d  by  t h e  p r o p e r t i e s  o f  t h e  

adsorbate molecules i n  t h e  dynamic process o f  ad- and deso rp t i on  

on t h e  column. 

b. i n  d e p i c t i n g  t h e  l o c a l i z a t i o n  on alumina (YA1203, a s p i n e l  

s t r u c t u r e  w i t h  c a t i o n  de fec ts )  we made use o f  a f i g u r e  g i v e n  by 

P e r i  (7) .  F o r  p r a c t i c a l  reasons, however, we chose f o r  an a l t e r -  

n a t i v e  s e c t i o n  th rough t h e  c r y s t a l  l a t t i c e .  

I n  essence, t h e  s i t u a t i o n  o n  alumina i s  n o t  d i f f e r e n t  f rom 

t h a t  on  s i l i c a g e l  as  f a r  as t h e  methylbenzenes and methylnaph- 

tha lenes  a r e  concerned. Al though t h e  c i r c u l a t i n g  d r y  hexane dot;s 

n o t  remove a l l  f r e e  h y d r o x y l  groups from t h e  sur face ,  i t  is 

s t a t e d  ( 8 ) ,  however, t h a t  ap ro ton ic  s i t e s  o r i g i n a t i n g  f rom a lu -  

minum i o n s  i n  a "reduced s t a t e "  a r e  much s t ronger  than  H -  bonds 

(see a l s o  Snyder (9)). T h i s  w i l l  r e s u l t  i n  an  inc reased p o l a r i -  

z a t i o n  o f  t h e  adsorbed molecules,  as w i l l  be discussed i n  a 

fo r thcoming paper. 

Low r e t e n t i o n s ,  comparable w i t h  those of methy l  benzenes, 

a r e  observed for or tho -subs t i t u ted  methy lb ipheny ls :  no te  t h e  

s c a t t e r e d  p o i n t s  i n  t h e  l ower  r igh t -hand p a r t  o f  f i g u r e  9. T h e i r  

l o c a t i o n  is connected w i t h  t h e  f a c t  t h a t  t h e  mti lecules i n  q ~ ~ e s -  

t i o n  have p r a c t i c a l l y  f u l l y  l o s t  c o p l a n a r i t y ,  so t h a t  o n l y  c i n i  

o f  t h e  t w r i  phcny l -nuc le i  i s  l o c a l i z e d  c lose  t o  ail A 1  - s i t e .  + 
Cont ras ted  t o  t h e  r a t t i e r  f lexib1.e aITlorpilO~A5 s i l i c a g a l  t h e  

r i g i d  c r y s t a l l i n e  s t r u c t u r s  o f  alumina prevents  t h a  a t t r a c t i o r ;  

of mors tl?an one phenyl-nucleus d u r i n g  t h e  adso rp t i on  process. 

Evidence frorr; UV-spectral  Data  

I n  t h e  t h i r t i z s  ex tens i vc  s t u d i e s  were performed on tl;e 

UV- l igh t  abso rp t i on  c f  b ipheny ls  (10, 1 I) , p a r t i c u l a r l y  i n  uicw 
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TABLE 2 
U l t r a - v i o l e t  Data of M e t h y l s u b s t i t u t e d  B i p h e n y l s  

(C-band A b s o r p t i o n s )  

B i p h e n y l  a m a x  l o g  E 

u n s u b s t i t u t e d  2 4 8  nni 4 . 2 3  
f l u o r e n e  260 4 . 2 8  
4-methyl 252 ,I 4 . 2 8  
4 , 4 ' - d i m e t h y l  255 ,I 4.32 
2-methyl  237. o 4 . 0 1  
2 , 2 ' - d i m e t h y l  2281 ,, 3.78 
2 , 6 - d i m e t h y l  231: I,  3.75 
2 , 6 , 2 ' - t r i m e t h y l  2301 ,, 3.60 
2 , 6 , 2 ' , 6 ' - t e t r a m e t h y l  a b s e n t  
2 , 4 , 6 , 2 ' , 4 '  , 6 ' -hexamethy l  a b s e n t  

No te :  i - = i n f l e c t i o n  ( s h o u l d e r )  

o f  t h a  c o r r e c t  u n d e r s t a n d i n g  of r e s o n a n c e - d e c o u p l i n g  phenomena 

c a u s e d  by  c t e r i c  effects. 

T h e  z v a i l a b l e  d a t a  r e v e a l s  t h a t  t w o  d i f f e r e n t  t y p e s  o f  

s p e c t r a l  c h a n g e s  i n d u c e d  by  s t e r i c  i n h i b i t i o n  o f  c o p l a n a r i t y  be- 

t w e e n  t h e  composing r e s o n a t i n g  mo- i e t i e s  i n  a rnolecule s h o u l d  b e  

d i s t i n G u i s h e d :  

a) s t e r i c  e f fcc ts  c a u s i n g  d s c r e a s s s  i n  w a v a l e n g t h  o f  t h e  con ju-  

g a t i v e  a b s o r p t i o n  band ( i . e .  , increasE of t r a n s i t i o n  e n e r g y )  

combined h i t h  d e c r E a s e s  i n  a b s o r p t i o n  i n t e n s i t y  ( i . e .  , l o w e r i n g  

o f  t r a n s i t i o n  p r o b a b i l i t i e s )  ; 

b) s t e r i c  e f fec ts  m a i n l y  c a u s i n g  d e c r e a s e s  i n  a b s o r p t i o n  i n t e n -  

s i t y ;  

B i p h e n y l s  a p p e a r  t o  b e l o n g  t o  t h e  first c a t e g o r y  as be- 

comes a p p a r e n t  from t h e  small  c o m p i l a t i o n  o f  d a t a  g i v e n  i n  T a b l e  

2 (10) . B i p h e n y l  shows a we l l -deve loped  c o n j u g a t i o n  band (C-band) 
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blue-sh i f ted by 12 nm compared w i th  f luorene i n  which the  t w o  

phenyl groups must be p r a c t i c a l l y  uniplanar i n  order t o  correct -  

l y  accomodate t h e  methylene br idge. The observed b l u e - s h i f t  f o r  

b iphenyl  i n d i c a t e s  a s l i g h t  d i s t o r t i o n  f r o m  the  coplanar s i t ua -  

t i o n  i n  s o l u t i o n  [here ethanol) o f  the same magnitude as observed 

by Dhar (12) 

means cover an i n t e r p l a n a r  angle as h igh as 45 repor ted by Bas- 

t i ansen  (13) f o r  gaseous biphenyl .  

i n  the  s o l i d  c r y s t a l l i n e  s t a t e  but  i t  does by no 
0 

We are o f  op in ion t h a t  o u r  conclLlsions dravin f r o m  the  des- 

c r i bed  adsorpt ion phenomena are w e l l  i n  l i n e  w i t h  t h e  above me- 

morized UV-data and t h a t  t he  f i gu res  6 - 9  represent r e a l i s t i c  

attachment pat terns o f  t he  i nves t i ga ted  s t ruc tu res  on the  t w o  

adsorbents: an i n t e r p l a n a r  angle o f  ~ 1 5 '  between the  t w o  phenyl 

grodps was appl ied f o r  non-orthosubstituted biphenyls i n  drawing 

f igures 6 and 8 where both r i n g s  have an a t tach ing  func t i on .  

F i g .  7 v i sua l i zes  the  b ind ing o f  a maximally d i s t o r t e d  biphenyl  

s t r u c t u r e  on s i l i c a g e l ;  one r i n g  f u l l y  attached a'nd the  second 

r i n g  deprived o f  a t tach ing  p o s s i b i l i t i e s .  What remains f o r  t h i s  

second r i n g  i s  some secondary impact on i t s  par tner  r i n g ;  by 

means o f  t he  negative phenyl e f f e c t  t he  attached r i n g  w i l l  l ose  

i n  e f f e c t i v e  b ind ing  power and t h i s  i s  t he  reason t h a t  2,4,6,2', 

4' ,6'-hexamethylbiphenyl takes such except ional  p o s i t i o n  (see 

F ig .3  ) . 
The 'deformat ion'  o f  t he  attachment p a t t e r n  i s  pregnant when 

the  hexamethylbiphenyl i s  adsorbed on  alumina. Owing t o  t h e  ri- 

g i d i t y  o f  t he  alumina s t r u c t u r e  the phenyl group seeking f o r  a t -  

tachment w i l l  be l i f t e d  up too f a r  t o  f i n d  reasonable accomrno- 

da t i on  (see F igs .  Ci and 9). 

POLY-AROMATICS 

Retent ion o f  a Se lec t i on  o f  Polv-aromatics on S i l i c a g e l  

Resul ts displayed i n  the  preceding sect ions conf i rm o u r  

previous f i n d i n g  (2) t h a t  b ind ing  o f  t h e  three se r ies  o f  com- 

pounds t o  s i l i c a  as w e l l  as t o  alumina depends on the  avai la-  
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b i l i t y  o f  a s u i t a b l e  X - e l e c t r o n i c  s y s t e m .  I n  o r d e r  t o  c o l l e c t  

some more d e c i s i v e  i n f o r m a t i o n  w e  i n v e s t i g a t e d  t h e  r e t e n t i o n a l  

b e h a v i o u r  of a s e l e c t i o n  of p o l y - a r o m a t i c s  o n  s l i g h t l y  'moisteti- 

e d '  s i l i cage l .  T h e  a r o m a t i c  p a r e n t  s t r u c t u r e s  a l r e a d y  s t u d i e d  i n  

t h e  a b o v e  s e c t i o n s  were i n c l u d e d  i n  t h i s  i n v e s t i g a t i o n  so  t h a t  

T a b l e  3 o v e r v i e w s  l o g  k ' - v a l u e s  o b t a i n e d  f o r  s e v e n t e e n  hydro-  

c a r b o n s .  Due c o m p a r i s o n  w i t h  t h e l r  t o t a l  number o f  7t - e l e c t r o n s  

( n T )  s u g g e s t s  a c lose r e l a t i o n s h i p .  For t h e  first s i x  items f r o m  

t h e  t a b l e  f o l l o w i n g  e q u a t i o n  c a n  b e  d e r i v e d :  

l o g  k '  = 0.067(+_0.006) n n  - 0.907(+0.086) (es. 12) 

n = 6 r = 0.998 s = 0.024 F = 861 

A p p l i c a t i o n  of t h i s  e q u a t i o n  t o  Nrs 7 -  17 e n a b l e s  US t o  trace 
f o u r  a p p a r a n t  o u t l i e r s :  c o r o n e n e ,  o r t h o - t e r p h e n y l ,  o r t h o - q u a t e r -  

p h e n y l  and  1 , 3 , 5 - t r i p h e n y l b e n z e n e .  T h e  r e m a i n i n g  a r o m a t i c s  a l l  

g i v e  a s a t i s f y i n g  f i t  i n t o  e q n .  12 as shown i n  t h e  last  column 

b u t  o n e  o f  T a b l e  3. 

I n s t e a d  of t h e  number of Z - e l e c t r o n s ,  w e  may u s e  as  well 

d e l o c a l i s a t i o n  e n e r g i e s ;  e x p r e s s e d  i n  p - u n i t s  (PI .  -20 kca l /Mol )  , 
t h e s e  e n e r g i e s  (EO( p ) )  c a n  b e  c o r r e l a t e d  w i t h  o u r  o b s e r v e d  re- 

t e n t i o n  v a l u e s  by  means o f  f o l l o w i n g  e q u a t i o n :  

l o g  k'  = 0.158(+0.011)  E D ( p )  - 0.807(+0.072) (eq.13)  

n = 13 r = 0.994 s = 0.031 F = 682 

P r o p e r  ED( p ) - v a l u e s  r e q u i r e d  f o r  d r a f t i n g  e q n .  13 were col lect-  
e d  from l i t e r a t u r e  ( 1 4 ,  15). T h e  i n a b i l i t y  o f  t h e  a b o v e  mention-  

ed f o u r  o u t l i e r s  t o  f i t  eqn .  1 3  (see a l s o  F i g .  10) c o u l d  h a v e  

f o l l o w i n g  r e a s o n s :  f o r  c o r o n e n e  t h e  n o n - a v a i l a b i l i t y  of s u f f i c i e n t  

s p a c e  o n  t h e  a d s o r b e n t  t o  assert  i ts e x c e s s i v e  I t - f i e l d  and  f o r  - o r t h o - t e r p h e n y l ,  o r t h o - q u a t e r p h e n y l  a n d  1 , 3 , 5 - t r i p h e n y l b e n z e n e  

matters of n o n - p l a n a r i t y  c o u l d  be  o f  i m p o r t a n c e .  S t e r i c  e f fec ts  

i n  t h e  first two compounds are e v i d e n t  (16) a n d  t h e  small t h o u g h  

s i g n i f i c a n t  d e v i a t i o n  f o r  1 , 3 , 5 - t r i p h e n y l b e n z e n e  f i n d s  s u p p o r t  

i n  i n v e s t i g a t i o n s  d o n e  b y  O r e l k i n  a n d  L a n s d a l e  ( 1 7 ) .  
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486 DE VRIES AND REKKER 

TABLE 3 
Reten t ion  o f  Aromat ics versus D e l o c a l i z a t i o n  Energy 

No Aromatic l o g  kAbs "n log k;5t E m  

1 
2 
3 
4 
5 
6 

7 
0 
9 

10 
11 
12 
13 
14 
15 
16 
17 

benzene 
naphthalene 
a nthracene 
t e  t r a c e  ne 
b ipheny l  
para- te rpheny l  

coronene - ortho- te rpheny l  - mete-terphenyl  
f luoran thene 
benzanthrene - ortho-quaterpheny l  
1,3,5-triphenyl-benzene 
phe na n t  hrene 
chrysene 
py re  ne 
pery lene 

003033 1 2 3 

6 7 

10 11 

-0.53 6 
-0.21 10 
0.04 14 
0.31 18 

-0.08 12 
0.26 18 

0.55 24 
0.16 18 
0.24 18 
0.22 16 
0.31 18 
0.32 24 
0.49 24 
0.07 14 
0.35 18 
0.15 16 
0.47 20 

o 4 

8 8 

-0.51 2.00 

0.03 5.31 
0.30 6.93 

-0.10 4.38 
0.10 6.77 

-0.24 3 .m 

0.70 10.57 
6.77 0.30 

0 . 3 0  6.77 
0.17 6.50 
0.30 7.10 

9.16 0.70 
9.15 0.70 

0.03  5.45 
0 . 3 0  7.19 

- - - 

- - - - 
0.17 6.51 
0.43 8.25 

5 

Q 

12 13 

16 17 14 15 

Column: s i l i c a g e l  (see EXPERIMENIAL), 
Under l i ned  va lues  a r e  o u t l i e r s .  
nZ : number o f  p i -e lec t rons .  
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0.75 

0.50 

0.25 

0 -  

487 

- 

log I<'Arorn. 
- 

- 

/ I' 

FIGURE 10. Plot of log k'  for a series of aromatics versus 
delocalisation energies (expressed in -units. The 
numbering is as given in T a b l e  3. Column: silica gel  
under "moist" conditions. Four arrows suggest how 
the outliers 7, 8, 12 and 13, if proper corrections 
could be applied, will fit the regression line. 
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CDNCLUSION 

R e t e n t i o n - v a l u e s  ( e x p r e s s e d  as  l o g  k '  ( c a p a c i t y  - f a c t o r s ) )  

o b t a i n e d  on  normal-phase s i l i c a g e l  a n d  a l u m i n a  c o l u m n s  f o r  meth- 

y l n a p h t h a l e n e s  a n d  m e t h y l b i p h e n y l s  f o l l o w  t h e  same rules as t h o s e  

e s t a b l i s h e d  i n  a p r e v i o u s  s t u d y  f o r  m e t h y l b e n z e n e s .  

Each  m e t h y l  g r o u p  h a s  a c o n s t a n t  i m p a c t  on  l o g  k '  a n d  d e v i -  

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

are m a i n l y  a t t r i b u t a b l e  t o  s te r ic  i n f l u e n c e s  a n  r e s o n a n c e .  F o r  

compounds w i t h  a s u f f i c i e n t  number o f  o r t h o - m e t h y l  g r o u p s  t h i s  

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

m o i e t i e s .  O u r  i d e a s  c o n c e r n i n g  t h e  a d s o r p t i o n  are  v i s u a l i z e d  i n  

a number o f  p i c t u r e s .  

T h e  d e s c r i b e d  i m p a c t  of a m e t h y l  g r o u p  o r i g i n a t e s  i n  t h e  

p o s i t i v e  mesomer i c  e f f e c t  o f  t h i s  g r o u p  ( n e g a t i v e  H a m m e t t  U )  

which is r e s p o n s i b l e  f o r  a n  i n c r e a s e  o f  t h e  7 t - e l e c t r o n i c  'ac- 

t i v i t y '  of t h e  a r o m a t i c  r i n g ( s )  . 
T h a t  ' n - b i n d i n g '  t o  t h e  a d s o r b e n t s  i s  v i r t u a l l y  t h e  p r i n -  

c i p a l  f a c t o r  i n  t h e  a c h i e v e m e n t  of t h e  a t t a c h m e n t s ,  f i n d s  d u e  

s u p p o r t  i n  a d d i t i o n a l  r e t e n t i o n  s t u d i e s  a n  a s e l e c t i o n  o f  p o l y -  

a r o m a t i c s .  T h e  c o r r e l a t i o n  be tween  l o g  k1  a n d  d e l o c a l i s a t i o n  

e n e r g i e s  which are d e c i s i v e  f o r  t h e  7t - e l e c t r o n  ' a c t i v i t y '  of 

t h e  a r o m a t i c s  i s  of t h e  e x p e c t e d  s t a t i s t i c a l  s i g n i f i c a n c e  

Ir 

1. 

2 .  

3 .  

4. 

= 0.994) . 
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