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The Electronic Spectra of [n]-Radialenes 
By 

E. HEmBRO~ER 

Application of Simpson's "Independent Systems Approach" to [n]-radialenes yields predic- 
tions for their electronic spectra which are in good qualitative agreement with observation. 

Application dn ,,Independent Systems Approach" de Simpson aux [n]-radial~nes fournit 
des pr6dictions pour lenrs sp~ctres 616ctroniques, qui sont qualitativement en bon accord avee 
l'experience. 

Die Anwendung yon Simpsons ,,Independent Systems Approach" auf [n]-Radialene liefert 
Voraussagen fiir ihre Elektronenspektren, die in guter qualitativer ~bereinstimmung mit der 
Beobachtung stehen. 

[n]-Radialenes are hydrocarbons  C2n H~n of  symmet ry  Dnh consisting of  n 
cross-conjugated double bonds:  

n 

Sym. 

IJ II II 

3 4 5 6 

Dsh D4~ Dsh D6h 

The electronic spectra of  the first al ternant  member  of this series (n = 4) [1] 
and of the hexamethyl  derivative of  [6]-radialcne (in the following denoted by  I) 
[2, 6] have been known for some time. These spectra consist of  one or more weak 
bands in the region ~ = 35000 to 40000 em -~ (e = 5000 to 7000)i followed at 
shorter wavelength by  an intense band  a t~  ~ 50000 cm -1 (e > 30000), as shown 
in Fig. t and Tab. A. 

H3C /CH3 

L II ~ H3C~CH3 
i ~ / ~ c H 3  II 

H3 C / CH 3 CH 3 CH 3 

I II 

l~ecently the electronic spectrum of the hexamethyl  derivative of  [3]-radialene 
(in the following denoted by  II) ,  t ha t  is of  the first non a]ternant  radialene, has 
been reported [3]. I n  contrast  to  the spectra of [4]-radialene and of  I it shows a 
first intense band  at ~ - - 3 3 0 0 0  em -1 (s = i8000), well separated from bands 
which follow at ~ > 50000 em -1 and lacks therefore the characteristic low inten- 
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T ~ b l e  A 

C o m p o u n d  I Y~ ~ Y~ ~ Y~ 

I I  . . . . . . . . . . . . . . . . .  I 32000  18000  
I 

[ 4 ] - R ~ d i a l e n e  . . . . . . .  . 37000  7000 

I . . . . . . . . . . . . . . . . . .  39000  6000  (43000) (4000) b 

5 0 0 0 0  

48000  5 0 0 0 0 ( ? )  

4 9 0 0 0  33000  

in  c m - L  b see Re f .  [6]. 

sity transitions which preceed the strong bands in the spectra of the two alternant 
systems [4]-radialene and I. 

As a first crude approximation we consider the [n]-radialenes as consisting of 
n double bonds ?" = 1, 2 . . . .  , n which do not interact in the electronic ground state 
of the system (Simpson's "Independent  Systems Approach" [5]): 

(W: stands for the doubly occupied MO W: = (~) j l  ~- ~:2)lp2-of the jtt~ double bond). 
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Fig. 1. Electronic Spectra of Hexamethyl-[3]-radialene (IIL [4]-I~adialene and of the Kexamethyl-[0J-radialene (I). 
The spectra (in apolar hydrocarbon solvents) are redrawn from the figures given in the following references: 
a) Hexamethyl-[3]-radialene I I :  The region'S" < 40000 cm -1 is taken from ref. [3]. The part~" > 40000 cm 1 has 
been recorded using a sample of I I ,  which was put at our disposal by Dr. KSBaICE. b) [4]-l~adialene: The spectrum 
for'~ < 4,0000 cm -1 has been given in ref. [1] together with the position and extinction of the high intensity band 
at 48000 cm-L The part of the spectrum from 42000 to 50000 em -1 has been extrapolated, making use of this 

information, c) ~examethyl-[6J-radiulene: Spectrum taken from ref. [6] 
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Furthermore we assume that  the gross structure of the electronic spectrum 
can be deduced by  taking into account only the energy deloealisation in the 
excited states, tha t  is the interactions between the transition moments ~j of the 
individual double bonds. 

I f  W-J = (~J~-- 9J~)//~is the antibonding MO of the ]th double bond, then the 
transition f rom/ ~  to the locally excited state 

1 ~--~{ll~i. J -7  ~[1+11~ 47 ~11} 
is aocompanied by a transition moment ~j = < r I ~  I ~; > which for symmetry 
reasons has the same absolute value ~ for all j. The interaction between )q and ~i 
(] r i) can be approximated roughly as follows 

< ~ I ~  I ~ > = ~ = ~ [cos <0~- 0~)-  3 cos Oj cos 0~] 
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Fig.  2. Dependence of  7t*~ on n, According to a. 
Dipole Dipole In te rac t ion  Approximat ion .  
Assumed s y m m e t r y  in the  [n]-radialcne : Dhn, 
Bond lengths :  C - - C  bonds :  1.43-~, C = C 
bonds :  1.35 ~ .  P a r a m e t e r  ~ = 50 ~ in uni ts  

of  cm ~-, i f  ~ in Debye-uni ts  

where R is the distance between the centers of 
the bonds ] and i and 0j, 0~ are the direction 
angles which the moments  ~I and fie make with 
the line joining the two corresponding bond 
centers. Fig. 2 shows how these interaction 
terms vary as a function of n, assuming the 
length of the single bonds to be 1.43 X and 
tha t  of the double bonds i.35 A. 

The correct linear combinations of the 
locally excited states 2~ are fully determined by 
symmetry.  For each irreducible representation 

2 ~i\  
F(J) of the group Dnh w e  have ~o = exp ~ - )  

1 

The corresponding energy 

(p(J)) = ;Tj  ] ~  ] ~ j  > 

can be written directly in terms of the yj~, as 
shown in Tab. B. (If  the absolute value ,u 
of the transition moment  is given in Debye 

units, then % = 50 #2 in cm -i. For a double bond one finds tha t  #2 ~ 12 (Debye 
units) 2, so tha t  ~ _ 50 �9 t2 _~ 600 cm-1). 

The resulting level scheme is shown in Fig. 3. The only transitions which are 
electronically allowed are: 

Alg  ~ ElU f o r  n e v e n ,  

A~ ~ E ~  for n odd. 

These transitions are indicated by  heavy arrows in Fig. 3. All other transitions are 
forbidden in the Dnh conformation. However bending modes or permanent defor- 
mations [6] of the appropriate symmetry  will make these transitions allowed, so 
that  they can be observed as weak bands in the electronic spectrum (dotted arrows 
in Fig. 3). In  particular, a reduction from Dna to D~  g in the even radialenes, e. g. 
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Z Z 

for [4]-radialene activates the Alg - ,  B i g  transition if n/2 is even, or the Alg -, B~u 
transition if n/2 is odd. The transition moment  becomes parallel to the z-axis. 

The predictions deduced from the independent systems model (Tab. B and 
Fig. 3) are seen to be in good qualitative agreement with observation (Tab. A and 
Fig. t). 

1. All [n]-radialenes, with the notable exception of [3]-radialene, should yield 
spectra in which weak bands preceed the intense band assigned to the Alg -~ E~u 
or the A' 2 ~ E '  i transition. On the basis of this model there should be one such weak 
band in the spectrum of [4]-radialene and two in that  of [6]-radialene. This seems 
to be indeed the case [1, 6]. 

2. In  (3)-radialene, the first absorption band of the electronic spectrum is 
assigned to the strongly allowed transition A'~ -+ E'l and should therefore be of 
high intensity. 

3. With increasing values of n the strongly allowed transitions A~s ~ E~u or 
A'~ -~ E'~ should shift to higher energies relative to U~., so that  the corresponding 
bands are found at  shorter wavelengths. 

Both predictions 2. and 3. are nicely borne out by observation. 
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Fig. 3. Level Scheme for [n]-l~adialenes, According to Sr~PSON'S Independent Systems Approach. Energies (in 
units of y.) are given relative to U,~ (energy of a locally excited state ~1)- 5Tote that the absolute value of U,I is not 
necessarily the same for all [n]-radialenes. Full arrows: electronically allowed transitions, (for Dnn conformation), 

dotted arrows: symmetry forbidden transitions. 
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T h e  fo l lowing  p o i n t s  m u s t  be  t a k e n  i n t o  a c c o u n t ,  i f  a m o r e  q u a n t i t a t i v e  cor re la -  

t i o n  is d e s i r e d :  
a) T h e  v a l u e  Uz for  a n  exocyc l i c  d o u b l e  b o n d  d e p e n d s  o n  n, t h a t  is o n  t h e  i n t e r -  

n a l  ang le  b e t w e e n  t w o  c o n s e c u t i v e  c a r b o n - c a r b o n  b o n d s  of  t h e  c e n t r a l  r ing .  Ua 

s h o u l d  be  s m a l l e s t  for  n = 3. T h i s  wil l  s h i f t  t h e  A'~ - ,  E'~ t r a n s i t i o n  of  [ 3 ] - r a d i a l e n e  

( a n d  t h e r e f o r e  a lso of  I I )  t o  l o n g e r  w a v e l e n g t h ,  r e l a t i v e  t o  t h e  b a n d s  o f  t h e  s p e c t r a  

of  t h e  h i g h e r  [n ] - r ad i a l enes .  
b)  S u b s t i t u t i o n  b y  a l k y l  g r o u p s  wil l  p r o d u c e  a b a t h o c h r o m i c  s h i f t  o f  t h e  ab-  

s o r p t i o n  b a n d s  (WooDWArD 
Table B" ru le) .  T h e  size of  t h e  sh i f t  wil l  

n = 3 [3]-Radialene (Da,,) b e  r o u g h l y  p r o p o r t i o n a l  t o  

g" (A~) = U~ + 2 7~ = Uz + 19.0 ~ t h e  n u m b e r  o f  a l k y l  g r o u p s  
s (E~) = U~ - 71~ = U~ - 9.5 z p e r  d o u b l e  b o n d , w h i c h  a g a i n  
s (A[) = 0 = 0 

c o n t r i b u t e s  t o  t h e  r e l a t i v e l y  

n = 4 [4] - t~adialene (D4h) l o n g w a v e  p o s i t i o n  of  t h e  f i rs t  

g (Alg) = U~ + 2 Y12 + 7~a = U~ + 26.0 u b a n d  i n  t h e  s p e c t r u m  of  I I .  
# ( E , )  = U~. -7~3  = U ~ -  5 .0u c) I t  is k n o w n  t h a t  t h e  
s (Big) = U~ - 2 y n  + Yla = U1 - 16.1 
# (A~g) = 0 = 0 " I n d e p e n d e n t  S y s t e m s  Ap-  

p r o a c h "  as u s e d  i n  t h i s  n o t e  
n = 5 [5]-l~adialene (Dsa) y ie lds  o n l y  p a r t  of  t h e  i n t e r -  

N (A~) = U~ + 2 7/2 - 2 Yla = U~ + 31.0 n a c t i o n  b e t w e e n  d o u b l e  b o n d s  
#(E~)  = U~ + V 5 - 1 7 / 2 -  V5-~1713 = U~ + 0.9 

E'  - [4], a c c o u n t i n g  for  a b o u t  
g ( 2 )  = Uz V 5 + i y n  + V5-~-17~ = U ~ - 1 6 . 4 ~  
# (A[) = 0 = 0 one  h a l f  o f  t h e  o b s e r v e d  s h i f t  

r e l a t i v e  t o  U~. I n c l u s i o n  o f  
n = 6 [6]-Radialene (D~n)  c h a r g e  r e s o n a n c e  s t a t e s  [4] 
d ~ (A~) = U~ + 2 y ~  + 2y~a + Yl~ = U~ + 34.7 
# (E~) = U~ + 7zs - Yz3 - Y~ = Ux + 6.7 u wil l  g ive  r i se  to  l a r g e r  sp l i t t -  

d ~ (E~) = Uz - 7/2 - 7~a + Yl~ = U;~ - 13.6 ~ ings  a n d  t o  m o r e  s t a t e s .  
5 ~ (B~)  = U~ - 2 7 n  + 2 7~a - 7~ = U~ - 21.1 z T h i s  wil l  l o w e r  t h e  t r a n s i -  

(AI~) = 0 = 0 t i o n  energ ies ,  e spec i a l l y  i n  

U~ = (2r [ o ~  [ 2~) is the  energy of a locally excited [3 ] - rad ia lene ,  w h i c h  h a s  n o  
s tate  relative to the  ground state energy ( i F  [ ~ / P )  = 0). n o n - b o n d e d  p a i r s  o f  exo-  

cycl ic  d o u b l e  b o n d s .  

A m o r e  d e t a i l e d  t r e a t m e n t  o f  t h e  e l e c t r o n i c  s p e c t r a  o f  [ n ] - r a d i a l e n e s  wil l  b e  

p u b l i s h e d  a t  a l a t e r  d a t e .  
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