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SYMMETRY COORDINATES OF MOLECULAR VIBRATIONS O F  

"FOOTBALLENE" Cs0  
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E g i l  B r e n d s d a l  

Division of Physical Chemistry, The University o f  Trondheim, 
1-7034 Trondheim-IVTH, Norway 

ABSTRACT 

60 A complete s e t  of t h e  174 symmetry coordinates f o r  the C 

molecular model r e fe r r ed  t o  a s  footba l lene  i s  repor ted .  The model 

i s  the  truncated icosahedron (symmetry I h ) .  Hence i n  add i t ion  t o  

t r i p l e  degeneracy a l s o  quadruple and quin tuple  degeneracies occur.  

INTRODUCTION 

The a l ready  famous experiment by Kroto e t  a l .  [ l ]  of l a s e r  

vapor iza t ion  of g raph i t e  i n t o  a helium stream has  aroused a g r e a t  

dea l  of enthusiasm. The experiment was in t e rp re t ed  ("data a r e  

compelling" [2 ] )  i n  terms of c l u s t e r  formation, where C60 domina- 

tes the  p i c t u r e ,  a s  de tec ted  by mass spec t ra .  

I n  the  o r i g i n a l  pub l i ca t ion  Kroto e t  a l .  [ l ]  proposed a m- 

d e l  f o r  the  C60 compound with the  atoms i n  the  v e r t i c e s  of a 

truncated icosahedron. This model s a t i s f i e s  t he  te t rava lency  of 
n 

carbon i n  a completely conjugated (spL-hybridized) arrangement. 

319 

Copyright 0 1988 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



320 BRENDSDAL 

60 Fig. 1. The model of C 
''footballene" . 

The (hypothetic) molecule was named "buckminsterfullerene" [ l ]  

but for obvious reasons more frequently termed "footballene" in 
later publications. It has namely the nearly spherical shape of 

a football (in United States, a soccerball). Twelve pentagons and 
twenty hexagons are distinguished on its surface. The symmetry 

group is I The model is shown in Fig. 1. 
h' 

The C60 model of footballene was proposed independently by 
Haymet [ 3 ]  and others (see references in [ 2 ] ) .  AS a conclusion of 
a considerable amount of theoretical works and discussions, which 
all appeared in 1986 [ 4 - 1 0 ] ,  it seems to be a general agreement 
that footballene would be the most stable C60 structure in compa- 
rison with several alternatives, and that this structure may ac- 
count for the "superstability" in consistence with the extremely 
violent conditions under its formation [11. 

The very recent publication [ l l ]  from 1987 will probably set 
an end to this discussion. Thermodynamical data calculated by an 

MNDO method seem to prove unequivocally that footballene would be 
the most stable molecule among other C60 structures. 

On the background of the great interest in footballene it 
was supposed that an analysis of its molecular vibrations would 
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be  a welcome c o n t r i b u t i o n .  A t  t h e  same time t h i s  i s  a c h a l l e n g i n g  

t a s k  from t h e  theoretical/mathematical p o i n t  of  view. 

A l t o g e t h e r  t h e r e  a r e  r e l a t i v e l y  few v i b r a t i o n a l  a n a l y s e s  

a v a i l a b l e  f o r  i c o s a h e d r a l  models. An a n a l y s i s  of  t h e  X12 i cosa-  

hedral-cage model i s  due t o  Weber and Thorpe [121, who a l s o  per -  

formed a normal c o o r d i n a t e  a n a l y s i s  f o r  some dodecaborane a n i o n s ,  

b u t  d i d  n o t  s p e c i f y  any d e t a i l s  on symmetry c o o r d i n a t e s .  A com- 

p l e t e  se t  of  symmetry c o o r d i n a t e s  f o r  t h e  X12 model under cons i -  

d e r a t i o n  was publ i shed  f o r  t h e  f i r s t  t ime by Boyle and P a r k e r  

[131. The same problem was so lved  ( u s i n g  a d i f f e r e n t  approach)  

by Cyvin and Cyvin [141. Group- theore t ica l  d e t a i l s  f o r  t h e  sym- 

metry group I by Fernandez Gomez e t  a l .  [151 i s  a l s o  a s i g n i f i -  

c a n t  c o n t r i b u t i o n .  I n  a l a t e r ,  e x c e l l e n t  work Cyvin e t  a l .  [16]  

suceeded t o  extend t h e i r  a n a l y s i s  of  t h e  X12 symmetry coordina-  

tes t o  t h e  double-icosahedron, X12Y12, and r e p o r t e d  a normal 

c o o r d i n a t e  a n a l y s i s  f o r  t h e  dodecaborane i o n  1161 and haloge-  

n a t e d  dodecaborane i o n s  [ 1 7 ] .  No t rea tment  of symmetry coord ina-  
I 

tes f o r  a n  i c o s a h e d r a l  model w i t h  more than 24 atoms has  been 

l o c a t e d  i n  t h e  l i t e r a t u r e .  

I n  t h e  p r e s e n t  work a complete se t  of independent  symmetry 

c o o r d i n a t e s  f o r  t h e  molecular  v i b r a t i o n s  of  t h e  60-atomic f o o t -  

b a l l e n e  model i s  developed. The c o o r d i n a t e s  a r e  in tended  t o  be  

used i n  a normal c o o r d i n a t e  a n a l y s i s  i n  o r d e r  t o  c a l c u l a t e  t h e  

v i b r a t i o n a l  f r e q u e n c i e s  of  f o o t b a l l e n e ,  '60' 

VALENCE COORDINATES 

F i g u r e  2(a)  shows t h e  r e g u l a r  icosahedron  w i t h  t h e  numbe- 

r i n g  of i t s  12 v e r t i c e s  and 30 edges.  These edges d e f i n e  t h e  30 

r s t r e t c h i n g  c o o r d i n a t e s ,  which were adapted d i r e c t l y  t o  t h e  

t r u n c a t e d  icosahedron  ( f o o t b a l l e n e ) .  
i 

Three a d d i t i o n a l  types  of  va lence  c o o r d i n a t e s  were d e f i n e d  

i n  f o o t b a l l e n e .  v i z .  d ( s t r e t c h i n g ) ,  0 (bending)  and T ("boat" 

t o r s i o n ) .  F i g  2(b)  e x e m p l i f i e s  t h e s e  t h r e e  types  a s  they  emerge 

around one of  t h e  pentagons,  i n c i d e n t l y  No. 3 ( e n c i r c l e d  numeral) .  
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BRENDSDAL 

Fig .  2 .  ( a )  The regular icosahedron model with numbering of ver t i ces  and 

r 

$- and T-type coordinates exemplified. The particular "boat" tors ion (T) 

involves the bonds r l l ,  d3(1) and r18. 

coordinates. ( b )  One pentagon i n  the truncated icosahedron with the d-. i 

The p r e c i s e  d e s i g n a t i o n s  of t h e s e  c o o r d i n a t e s  a r e  d 3(1) '  '3(1) and 

' 3 0 ) '  
s c r i p t .  F igure  3 shows a p r o j e c t i o n  of t h e  f o o t b a l l e n e  model i n t o  

a p lane  w i t h  numbered pentagons: j = 1, 2,  ...., 1 2  (correspon-  

d ing  t o  t h e  numbering of v e r t i c e s  i n  t h e  icosahedron of F i g .  2 ) .  

A l l  d 

r o t a t i o n ,  as i n d i c a t e d  by arrows,  s e r v e s  t o  d e f i n e  t h e  sets  of 

where t h e  pentagon number i s  t h e  f i r s t  p a r t  of  t h e  sub- 

s t r e t c h i n g s  are i n d i c a t e d  by double  l i n e s .  The s e n s e  of 
j ( l )  

and l i k e w i s e  f o r  $,: and c o o r d i n a t e s  d j ( 2 ) '  d j ( 3 ) *  d j ( 4 ) '  d j ( 5 ) ,  " (i) 
T j ( i ) ;  i = 1, 2,  3 ,  4,  5. Not ice  t h a t  t h e  sense  of r o t a t i o n  i s  

c o n s i s t e n t l y  counterc lockwise  when t h e  model i s  viewed from t h e  

o u t s i d e .  F igure  4 tends  t o  e x p l a i n  t h i s  f e a t u r e .  ( I t  i s  recommen- 

ded t o  i n s p e c t  a r e a l  s o c c e r b a l l ,  which makes t h i s  p o i n t  immedia- 

t e l y  l u c i d . )  
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Fig .  3 .  Projection i n t o  a plane 
of the footbal lene model. The 
pentagons are numbered (the outer 
one being No. 1 2 ) .  See a lso  the 
t e x t .  

P ig .  4 .  Explanation of  the sense 
of rotat ion for  the f ive- fo ld  
symmetry a x i s  through the centers 
of pentagons No. 4 and No. 9 .  
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324 BRENDSDAL 

LINEAR COMBINATIONS OF VALENCE COORDINATES 

The r l ,  ...., r30 c o o r d i n a t e s  were grouped i n t o  symmetr ica l ly  

e q u i v a l e n t  c o o r d i n a t e s  i n  r e l a t i o n  t o  the  C group wi th  r e f e r e n c e  

t o  t h e  v e r t i c a l  f i v e f o l d  symmetry axis. S p e c i f i c a l l y :  
5 

rl ' . . - . 9  5 S e t  No. 1 Coordinates  

10 2 r6, ...., r 
3 r l l ,  ...., r 
4 r16, ...., r 
5 r21p ....) 
6 r269 ...., 

15 

20 

25 

'30 

The fo l lowing  l i n e a r  combinat ions were genera ted  by means of t h e  

p r o j e c t i o n  o p e r a t o r s  of t h e  C group; t h e  s u p e r s c r i p t s  r e f e r  to  the  5 
s p e c i e s  of  t h i s  group. 

5 

L:" = rl + ar2 + Br, + Br, + ar5 

y r 2  + 6 r 3  - 6 r 4  - y r 5  L1 - 
L:~ = r + Br, + ar + ar4 + Br5 

LEB = 6r2 - y r 3  + y r 4  - 6 r 5  

L; = r1 + r + r 3  + r 4  + r  

Elb  - 

1 3 

1 

The corresponding combinat ions are formed f o r  the  o t h e r  se ts ,  v i z .  

L 2  , L3 , ...., L6 , L 2  , ...., L:%. Here, and throughout  t h i s  

paper ,  the  symbols a, 8,  y, 6 a r e  used t o  d e s i g n a t e  t h e  f o l l o w i n g  

c o n s t a n t s .  

,1 A A E l a  

2'71 1 a = cos  - = - (K -  I), 5 4  

@ = COS - =  4a 5 - 6 = s i n c = l q i i T Z  5 4  

y = s i n  7 = 

The l i n e a r  combinat ions f o r  t h e  d-, 9- and T-type coordinate .s  

a r e  more complicated,  a l though they fo l low t h e  same scheme as 

above. We d e f i n e :  
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l ( 4 )  - yd1(5) 

l ( 4 )  + Bd1(5)  

1(5) 
- 6d 

A A  

- 6d 'dl (2) + *dl (3) 

l ( 1 )  + Bd1(2) + ad 1 ( 3 )  

K?lb(d) = 

KYk(d) = d 

<*(d) = 

+ ad  

*dl (2) - y d l ( 3 )  + y d l ( 4 )  

Ky, ...., <:. Furthermore,  t h e  d c o o r d i n a t e s  may b e  r e -  
The cor responding  combinat ions a r e  now formed f o r  K 2 s K3 s * . . * ,  

A 
K12 ' 
placed  by + ' s  o r  T'S throughout .  

SYMMETRICAL STRUCTURE 

The symmetry c o o r d i n a t e s  a r e  d i s t r i b u t e d  i n t o  t h e  s p e c i e s  of 

t h e  I group i n  t h e  fo l lowing  way. h 
= 2A (A) + 3T (A+EZ) + 6C (I: +EZ) + 8H (A+E1+E2) 

+ A u ( A )  + 4Tlu(A+E1) + 5T2u(A+E2) + 6Cu(E1+E2) + 7H (A+E +E ) 

(A+E1) + 4T 
rv ib  g 19 2g g 1  L' 

u 1 2  

The c o r r e l a t i o n s  w i t h  t h e  s p e c i e s  of t h e  C group a r e  inc luded  i n  

p a r e n t h e s e s .  
5 

SYMMETRY COORDINATES 

A complete se t  of  independent  symmetry c o o r d i n a t e s  was pro- 

duced by a p p l y i n g  t h e  p r o j e c t i o n  o p e r a t o r  techniques  t o  t h e  

l i n e a r  combinat ions of va lence  c o o r d i n a t e s  ( s e e  above) w i t h  r e f e -  

r e n c e  t o  t h e  s p e c i e s  of t h e  I group. The r e s u l t  i s  s p e c i f i e d  i n  

t h e  fo l lowing .  
h 

Normalizat ion f a c t o r s  are not  g iven  i n  t h e  above l i s t i n g .  

They were determined numer ica l ly  by a computer program, i n t o  

which t h e  s p e t r y  c o o r d i n a t e s  were coded. A s e r i e s  o f  programs 

a v a i l a b l e  a t  t h e  p r e s e n t  l a b o r a t o r y  were a c t u a l l y  used d u r i n g  t h e  

development of t h e  c o o r d i n a t e s  and f o r  the-king t h e i r  c o r r e c t -  

n e s s .  I n  t h e  f i r s t  p l a c e  they were checked f o r  o r t h o g o n a l i t y .  

Next t h e  G m a t r i x  was computed ( a s  a 174x174 mat r ix)  i n  o r d e r  t o  

a s s u r e  t h a t  (a )  a l l  i n t e r a c t i o n  terms between symmetry coordina-  

tes of  d i f f e r e n t  s p e c i e s  v a n i s h ,  and (b)  a l l  degenera te  sets of 

c o o r d i n a t e s  g i v e  i d e n t i c a l  and non-coupling G m a t r i x  b l o c k s .  This  
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test i n v o l v e s  t h e  t r i p l e ,  quadrup le  and q u i n t u p l e  d e g e n e r a c i e s .  

F i n a l l y  t h e  G m a t r i x  was i n v e r t e d  i n  o r d e r  t o  a s s u r e  t h a t  i t  i s  

n o t  s i n g u l a r .  
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