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ABSTRACT 

The topo log ica l  s t r u c t u r e  and b o i l i n g  p o i n t  o f  i n d i v i d u a l  f u e l  molecules provide 
s u f f i c i e n t  in fo rmat ion  f o r  determinat ion o f  t h e i r  respec t ive  f r a c t a l  
d imens iona l i t ies  i n  the bu lk  l i q u i d  phase. Molecules considered need t o  be 
members o f  we l l -de f ined s e r i e s  such as homologous ser ies .  Our f r a c t a l  ana lys is  
y i e l d s  a time-averaged molecular conformation f o r  each species. The r e s u l t s  
a re  used t o  e s t i m a t e . t h e  f l e x i b i l i t y  o f  each species i n  the bu lk  l i q u i d  phase. 
The presence o f  heteroatoms or m u l t i p l e  bonds i n  the species can produce marked 
e f f e c t s  which are a l luded t o  i n  our  conclusion. The present ana lys is  elucidates 
the behavior o f  molecules i n  the  l i q u i d  phase and sheds useful  l i g h t  on the 
physicochemical p r o p e r t i e s  o f  many d i f f e r e n t  types o f  f u e l  molecules. 
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INTRODUCTION 

Owindling crude o i l  supp l ies  and the many u n c e r t a i n t i e s  i n  world o i l  markets 
render i t  impera t ive  t o  conserve our o i l  resources and t o  u t i l i z e  them a s  
e f f i c i e n t l y  as  poss ib le .  With t h i s  i n  mind, the method introduced here i s  
intended t o  c o n t r i b u t e  t o  the opt imal use o f  f u e l  molecules. This goal can 
be accomplished o n l y  a f t e r  the behavior o f  f u e l  molecules a t  the molecular 
l e v e l  has been thorough ly  e luc ida ted .  We show here how i t  i s ' p o s s i b l e  t o  gain 
valuable i n s i g h t s  i n t o  the  average conformation o f  f u e l  molecules and analyze 
the f a c t o r s  determining these conformations. In add i t ion ,  we est imate the 
f l e x i b i l i t y  o f  i n d i v i d u a l  molecules i n  the bu lk  l i q u i d  phase. A l l  t h i s  i s  
achieved by making use o f  no more than the  topo log ica l  s t ruc tu res  o f  the species 
under study and t h e i r  exper imenta l l y  measured b o i l i n g  po in ts .  Although we 
focus here on s t r a i g h t - c h a i n  hydrocarbon molecules, our methodology can be 
r e a d i l y  extended t o  more complex species. 

Our approach, o r i g i n a l l y  introduced i n  1986 by Rouvray and Pandey [1,2] has 
r e c e n t l y  been employed i n  the  study o f  species conta in ing  heteroatoms [3]. Key 
t o  the approach i s  the d e s c r i p t i o n  o f  hydrocarbon and o ther  chains as f r a c t a l  
ob jec ts ;  f o r  a d iscuss ion  o f  such ob jec ts  and appropr iate terminology, readers 
should consu l t  standard t e x t s  [4,5].  The f r a c t a l  d imens iona l i t y  o f  each 
molecular chain can be r e l a t e d  t o  i t s  time-averaged comformation i n  the bu lk  
l i q u i d  phase and then used t o  est imate the  molecular f l e x i b i l i t y .  A b r i e f  
mathematical e x p o s i t i o n  o f  the  s a l i e n t  fea tures  o f  our  approach now fo l lows.  
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MATHEWTICAL FORMALISM 

We adopt as a convenient measure f o r  the  shape o f  molecular chains the 
mean-squared end-to-end leng th  o f  the  species. A molecule M w i l l  s a t i s f y  a 
p r o p o r t i o n a l i t y  o f  the general type: 

r d nq, (1) 

where n i s  the  number o f  atoms i n  the backbone o f  the chain, and q i s  t y p i c a l l y  
some f r a c t i o n a l  number. An equiva lent  formulat ion i n  terms o f  the  f r a c t a l  
d imensional i ty  o f  M can a l so  be g iven thus: 

r ml’df, 

Because the  physicochemical p roper t i es  o f  molecules are known [6] t o  depend 
on t h e i r  time-averaged conformation i n  the b u l k  phase, we may w r i t e  f o r  some 
proper ty  P i  o f  the molecule M i  the f o l l o w i n g  re la t i onsh ips :  

Now, i f  P i  i s  p l o t t e d  against  n, o r  some o t h e r  sca la r  numerical desc r ip t i on  
such as a topolog ica l  index [6,7],  the p l o t  can be character ized by the  
p ropor t i ona l i t y :  

b i  P i  CC T i  9 (4 )  

where .Ti i s  the desc r ip to r  f o r  M i  and b i  i s  a constant determined f rom the  
slope o f  the  curve a t  T i .  From r e l a t i o n s  ( 3 )  and ( 4 )  we can conclude t h a t :  

The use of sca l i ng  arguments a t  t h i s  po in t ,  s i m i l a r  t o  those adopted by de Gennes 
[8], y i e l d s  the f i n a l  r e s u l t :  

f o r  two molecules M i  and M2 i n  a given ser ies.  
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RESULTS AND DISCUSSION 

For s i m p l i c i t y ,  we choose f o r  the P i  the b o i l i n g  p o i n t s  o f  members o f  normal 
alkane species and f o r  T i  the carbon number i n  t h e  chain. Relevant p l o t s  on 
l i n e a r  and l o g a r i t h m i c  scales are shown i n  Figures 1 and 2 respec t ive ly .  The 
f r a c t a l  d i m e n s i o n a l i t i e s  are obtained from the b l /b2  r a t i o s  by making use o f  
the  logar i thmic  p l o t ;  the  ac tua l  values can be read o f f  from the p l o t  i n  Figure 
3. Because the f r a c t a l  d imens iona l i t ies  provide a measure o f  the d i s t r i b u t i o n  
o f  mass w i t h  distance [4,5], they  can be used as measures o f  the time-averaged 
conformation o f  t h e  species they  character ize.  Frac ta l  d imens iona l i t ies  f o r  
c h a i n - l i k e  molecules a l l  l i e  w i t h i n  the  range 1 I d f  2, w i t h  u n i t y  
corresponding t o  a t o t a l l y  r i g i d  chain. As values o f  df become progress ive ly  
greater than u n i t y  they r e f l e c t  the  ex ten t  o f  f o l d i n g  up o f  the chain. Thus, 
f o r  the C 1 ,  C10, C20, and C30 chains, the respec t ive  df values are  1.00, 1.18, 
1.43 and 1.69. 

The df values determined from our  ana lys is  can be employed t o  y i e l d  an estimate 
o f  the f l e x i b i l i t y  o f  each o f  the species i n  the b u l k  l i q u i d  phase. Our estimate 
i s  given as the product o f  the number o f  bonds i n  t h e  chain, n i -1 ,  and the 
rec ip roca l  o f  the mean-squared end-to-end l e n g t h  o f  the chain, i .e .  

F i  = ( n l - l ) / r j .  ( 7 )  

Values f o r  F i  can be determined f o r  any chain conta in ing  n i  atoms from our 
r e l a t i o n  ( 3 )  above as f o l l o w s :  

where mc i s  the mass o f  the carbon atom (C=12). S u b s t i t u t i o n  o f  appropr iate 
values f o r  the C2, C10. C20, and C30 chains leads t o  f l e x i b i l i t y  values o f  
0.042, 0.156, 0.412 and 0.900 respec t ive ly .  On t h i s  measure o f  f l e x i b i l i t y  
therefore,  the  C30 chain i s  roughly 21.5 times more f l e x i b l e  than the  C2 chain. 

Our r e s u l t s  are i n  accord w i t h  c a l c u l a t i o n s  on long alkane and o ther  chain‘s. 
F l o r y  and Yoon [9 ]  showed t h a t  the average shape o f  polyethylene chains 
conta in ing  10 o r  more bonds may be v i s u a l i z e d  as e l l i p s o i d s .  Very recent work 
by Erman e t  a l .  [ l o ]  has confirmed t h i s  p i c t u r e  and presented est imates o f  
chain s t i f f n e s s  t h a t  a re  i n  broad agreement w i t h  the r e s u l t s  presented here. 
Moreover, the e f f e c t s  o f  heteroatoms i n  the  chain have been s tud ied  by us [31 
as have the  consequences o f  i n t r o d u c i n g  m u l t i p l e  bonds1 i n t o  t h e  chain. I t  
i s  known t h a t  b o t h  the  s u b s t i t u t i o n  o f  atoms heavier ‘khan carbon and the 
i n t r o d u c t i o n  o f  m u l t i p l e  bonds i n t o  the chain w i l l  r e s u l t  i n  a loss o f  
f l e x i b i l i t y  o r  a s t i f f e n i n g  o f  the  chain i n  general [3]. This i s  o n l y  t o  be 
expected from t h e  form o f  the  expression we have used, namely r e l a t i o n s h i p  
( 7 1 ,  f o r  the computation o f  the  chain f l e x i b i l i t i e s .  Clear ly,  our analysis 
sheds much usefu l  l i g h t  on the  i n t e r a c t i o n s  occur r ing  a t  the molecular leve l  
i n  the bu lk  l i q u i d  phase. I t  i s  hoped t h a t  s i m i l a r  analyses i n  the f u t u r e  
can be adapted f o r  the design and op t im iza t ion  o f  f u e l  molecules. 

3 8 8  



REFERENCES ' 

[l]. 
[2]. D. H. Rouvray, i n  Graph Theory and Topology i n  Chemistry, ed. R. B. King 

[31. 
[4]. B. B. Mandelbrot, The F rac ta l  Geometry o f  Nature (Freeman, San Francisco, 

[51. P. Pietronero and E. Tossati ,  eds, F rac ta l s  i n  Physics (Nor th Holland, 

[6]. J. K. Labanowski, I .  Motoc$and R. A. Damnkoehler, Computers Chem. 15, 

[7]. [a]. P.-G. de Gennes, Scal ing Concepts i n  Polymer Physics (Cornel1 Un ive rs i t y ,  

[9]. 
[lo]. B. Erman, I. Bahar, A. Kloczkowski and JTE.  Mark, Macromolecules 23, 

D. H. Rouvray and R. B. Pandey, J .  Chem. Phys. 85, 2286 (1986). 

and 0. H. Rouvray (Elsev ier ,  Amsterdam, 19871, p. 17. 
D. H. Rouvray and H. Kumazaki, J .  Math. Chem. i n  press.. 

1982). 

Amsterdam, 1986). 

D. H. Rouvray, S c i e n t i f i c  Am. 255, 40 (1986). 

I thaca, New York, 1979 . 
0. Y.  Yoon and P. J. d o r y ,  J. Chem. Phys. 61, 5366 (1974). 

47 (1991). 

5335 (1990). 

FIGURES 

Y 

l o o b i  $0 18.0 211,o 36.0 sJ.0 5A.o 

Carbon Number 

Figure 1 .  Plot of boiling point against carbon number on lineor scales for the first forty 
normal alkanes. 
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Figure 2.  Plot of boiling point against carbon number on logarithmic scales for the 
first forty normal alkanes. 
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Figure 3 .  Plot of the bl/b? ratio against carbon number on linear scales for the 
first forty normal alkanes. 
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