
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 30 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Spectroscopy Letters
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597299

Magnetic Circular Dichroism of Cyclic π-Electron Systems
Josef Michla

a Organisch-Chemisches Institut der Westfälischen Wilhelms-Universität, Münster, Germany

To cite this Article Michl, Josef(1977) 'Magnetic Circular Dichroism of Cyclic π-Electron Systems', Spectroscopy Letters,
10: 6, 509 — 517
To link to this Article: DOI: 10.1080/00387017708065508
URL: http://dx.doi.org/10.1080/00387017708065508

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597299
http://dx.doi.org/10.1080/00387017708065508
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SPECTROSCOPY LETTERS, 10(6), 509-517 (1977)  

MAGNETIC CIRCULAR DICHROISM OF C Y C L I C  'TI-ELECTRON SYSTEMS 

1 Jose f  Michl 

Organisch-Chemisches I n s t i t u t  d e r  West fa l i schen  
Wilhelms-Universi t a t ,  Muns ter ,  Germany 

ABSTRACT 

While t h e  simple PPP model accounts f o r  t h e  abso lu te  s i g n s  o f  low- 

energy m* t r a n s i t i o n s  i n  c y c l i c  r - e l ec t ron  chromophores (numerous new 

examples o f  app l i ca t ion  t o  he t e rocyc le s  a r e  g iven) ,  i t s  g r e a t e s t  c o n t r i -  

bu t ion  l i e s  i n  t h e  formula t ion  of simple genera l  r u l e s .  

known mirror-image p a i r i n g  theorem f o r  charged a l t e r n a n t  hydrocarbons and 

t h e  so f t -ha rd  r u l e  f o r  s u b s t i t u e n t  and heteroatom e f f e c t s  on c y c l i c  

i 'r-systemare now complemented by a A H O M O - A L W  r u l e  which permi ts  p red ic -  

t i o n  of t h e  abso lu te  s ign  of t h e  lowest energy B term i n  c y c l i c  a-systems 

which a r e  formally r e l a t e d  t o  an annulene conta in ing  4N+2 e l e c t r o n s .  

The p rev ious ly  

INTRODUCTION 

Magnetic c i r c u l a r  dichroism (MCD) provides  a measure of t h e  d i f f e rence  

between absorp t ion  of le f t -handed  c i r c u l a r  po la r i zed  l i g h t  and right-handed 

c i r c u l a r  po la r i zed  l i g h t  propagat ing  a long  t h e  d i r e c t i o n  o f  t h e  magnetic 
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510 M I  CHL 

f i e l d .  

non-degenerate s t a t e s  i n  i s o t r o p i c  so lu t ion ,  t h e  so -ca l l ed  B term, i s  

r e l a t e d  t o  t h e  a rea  under t h e  MCD peak ( in  t h e  absence o f  v ib ron ic  e f f e c t s  

i t s  shape follows t h a t  of t h e  absorpt ion peak):  

The customary measure o f  MCD i n t e n s i t y  o f  a t r a n s i t i o n  DtF between 

B = -33.53-lld31 elM/? (1) 

-1 where [elM is  molar e l l i p t i c i t y  p e r  u n i t  f i e l d  i n  deg. 1. m-’. mol 

gauss 

MCD peak i s  negat ive.  I n  t h e  e l e c t r i c  dipole  approximation , 

. 
-1 , and 5 is t h e  wavenumber. Note t h a t  t h e  B term is p o s i t i v e  i f  t h e  

2 

where 

+ 
Here, t h e  sums run over a l l  e l e c t r o n i c  states except a s  i n d i c a t e d , k i s  t h e  

magnetic and M t h e  e l e c t r i c  d ipo le  moment operator ,  and EA i s  t h e  energy of 

A-th state.  The con t r ibu t ion  (Bz,o+B:,F) i s  usua l ly  s m a l l ,  s i nce  it re- 

q u i r e s  t h a t  t h e  t r a n s i t i o n  DtF be simultaneously magnetic d ipo le  and e l ec -  

t r i c  d i p o l e  allowed and f u r t h e r  r e q u i r e s  a change i n  t h e  permanent dipole  

moment upon e x c i t a t i o n .  Also, t h e  con t r ibu t ions  BF are usua l ly  r e l a t i v e l y  

small, s i n c e  t h e  energy denominator EI-EO is  l a r g e  f o r  o rd ina ry  molecules 

-f 
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CYCLIC T-ELECTRON SYSTEMS 511 

compared t o  EI-EF f o r  a t  l e a s t  some s t a t e s  I .  Frequently then, mixing with 

j u s t  a few s t a t e s  I which are near  i n  energy dominates t h e  s i g n s  o f  B 

terms. 

molecules with degenerate ground and/or exc i t ed  s t a t e s ,  which y i e l d s  t h e  

so -ca l l ed  A and C terms, but  t h i s  s i t u a t i o n  i s  r a r e  i n  organic  molecules.  

General theory' a l s o  allows f o r  t h e  case o f  highly symmetrical 

SIGNS OF B TERMS FROM SEMIEMPIRICAL IT-ELECTRON MODELS 

Formula (2)  can be used f o r  numerical eva lua t ion  of B terms. In  

p r a c t i c e ,  t h e  sums m u s t  be t runca ted ,  and origin-dependence of t h e  magnetic 

moments then causes origin-dependence o f  t h e  ca l cu la t ed  B terms unless  t h e  

molecule has high symmetry . 
empir ical  models makes t h e  summations f i n i t e ,  and i f  ca re  i s  taken i n  t h e  

d e f i n i t i o n  of  t h e  matr ix  elements of  t h e  model ope ra to r s  H (Hamiltonian), 

R (pos i t i on )  and $ ( l i n e a r  momentum) so t h a t  [H,X] = i f i F / m  holds ,  t h e  

r e s u l t s  of exact  ( f u l l  CI) ca l cu la t ions  are origin-independent f o r  mole- 

cu le s  of  any symmetry . 

3 The f i n i t e  b a s i s  set o f  AO's used i n  semi- 

-+ 

4 

In t h e  present  survey, we s h a l l  concentrate  on t h e  signs of B terms 

of ITT* t r a n s i t i o n s  o f  cyc l i c  conjugated chromophores. These can be calcu- 

l a t e d  using semiempirical  models o f  var ious degrees o f  s o p h i s t i c a t i o n ,  bu t  

we s h a l l  use t h e  s implest  method which s t i l l  provides  reasonable  p red ic t ions  

and physical  i n s i g h t .  

i s  known t o  account f o r  var ious o t h e r  s p e c t r a l  p r o p e r t i e s  of molecules 

of t h i s  kind.  In r ecen t  years  it has been shown t o  p r e d i c t  c o r r e c t  MCD 

signs f o r  low-energy t r a n s i t i o n s  i n  many o f  them, as w e l l  ( f o r  a l i s t  of  

references,  s e e  ref. 6 ) .  I t  is  reas su r ing  t h a t  t hese  r e s u l t s  are indepen- 

dent o f  t h e  choice o f  parameters,  ex t en t  o f  conf igu ra t ion  i n t e r a c t i o n ,  and 

o the r  d e t a i l s  of t h e  method . A l s o ,  when only approximate solutlons of t h e  

model is used, such as C I  with s i n g l y  exc i t ed  conf igu ra t ions  only,  t h e  

r e s u l t s  s t i l l  show n e g l i g i b l e  o r i g i n  dependence even for molecules of low 

This i s  the  simple vers ion o f  t h e  PPP model,' which 
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512 MICHL 

4 symmetry . 
MCD s p e c t r a  i s  i t s  inhe ren t  i n a b i l i t y  t o  account f o r  mixing o f  m* states 

with s t a t e s  involving e x c i t a t i o n s  t o  o r  from o r b i t a l s  o f  0 symmetry, such 

as nT*. 

of  B terms o f  TIT* t r a n s i t i o n s  d e c i s i v e l y  unless t h e  con t r ibu t ions  due t o  

TT*-T~T* mixing vanish or  nea r ly  vanish,  which i s  r a r e l y  t h e  case.  

molecules i n  which B terms o f  n r*  t r a n s i t i o n s  i n  conjugated n-electron 

A p o t e n t i a l l y  se r ious  de f i c i ency  o f  any r - e l ec t ron  theory o f  

Fortunately,  it appears t h a t  such mixing does no t  effect t h e  signs 

In  those 

molecules have been measured, such as t h c  aza d e r i v a t i v e s  o f  benzene' and 

naphthalene , quinones'. e t c . ,  t hey  a r e  very small. 

however, t h a t  t h e  neg lec t  of  magnetic mixing of  m*-Uv* t ype  causes t r o u b l e  

a t  high energies ,  where simple PPP p r e d i c t i o n s  f r equen t ly  f a i l .  

8 I t  i s  q u i t e  poss ib l e ,  

I n  a d d i t i o n  t o  t h e  numerous comparisons o f  c a l c u l a t e d  and experimental  

MCD s i g n s  r epor t ed  by var ious authors  and summarized i n  ref. 6, w e  now 

p resen t  a few a d d i t i o n a l  comparisons of MCD s i g n  sequences f o r  t h e  low- 

energy region i n  s e l e c t e d  he te rocyc le s :  

benzofuran", thionaphthen", indole": +-; calc. : +- 

carbazole'': +-+-; calc. : +-+- 

dibenzofuran": +--+; ca lc .  : +--+ 

dibenzothiophenlO, dibenzoselenophen'': +---; c a l c .  : +--+ 
2-pyridone", 4-pyridone12, 2-pyrimidonel2, 4-pyrimidone 1 2  : 

-+; c a l c . :  -+ 
4-quinolone13, 3-methyl-l-i~oquinolone~~, 2-methyl-4-quinazolone 1 3  , 

4-methyl-2 -quinolone' 3,  3-methyl-2-q~inoxalone~~ : --+-. , calc.: ---+ 
13 4-hydroxy-2-quinolone : +-+-; c a l c . :  +--+ 

13 2-methyl-4-quinolone : -+-+; ca lc . :  -+-+ 

GENERAL RULES FOR MCD SIGNS OF LOW-ENERGY TT' TRANSITIONS 

While it is  c e r t a i n l y  of i n t e r e s t  t o  no te  t h a t  t h e  MCD s i g n s  o f  low- 

energy t r a n s i t i o n s  can be c a l c u l a t e d  by t h e  PPP model with a reasonable  

degree of r e l i a b i l i t y ,  even f o r  f a i r l y  complicated he te rocyc le s ,  t h i s  does 
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C Y C L I C  T-ELECTRON SYSTEMS 513 

not  n e c e s s a r i l y  produce much phys ica l  unders tanding  o f  t h e  o r i g i n  o f  t h e s e  

s igns  i n  terms o f  molecular s t r u c t u r e .  For tuna te ly ,  most f r equen t ly ,  very 

few con t r ibu t ions  of t h e  BF 

terms, and t h e i r  s igns  can be deduced from mere in spec t ion  of t h e  HLckel 

MO's of  a s u i t a b l e  pa ren t  system . 
approximations it i s  p o s s i b l e  t o  deduce genera l  r u l e s  f o r  MCD s i g n s  o f  

low-energy t r a n s i t i o n s  i n  c y c l i c  a-systems, and these  a r e  l i k e l y  t o  be of 

most importance f o r  t h e  non- spec ia l i s t .  The r e s t  o f  t h i s  survey is  devoted 

t o  t h e  formulation and app l i ca t ion  o f  such genera l  r u l e s  with emphasis on 

molecules somewhat s impler  than  t h e  he t e rocyc le s  j u s t  l i s t e d .  

t ype  a r e  of importance f o r  t h e  low-energy B 
I , F  

4 Even b e t t e r ,  with use o f  reasonable  

One r u l e  which was f i rs t  der ived  from theory14, and s i n c e  confirmed 

exper imenta l ly  on seve ra l  e ~ a m p l e s ' ~ ,  p r e d i c t s  t h a t  t h e  s ign  sequences 

f o r  two spec ie s  pa i r ed  i n  t h e  sense  o f  a l t e r n a n t  symmetry, such as benzyl 

ca t ion  and benzyl anion, should be  mi r ro r  images o f  each o t h e r .  

consequence o f  t h e  simple PPP model i s  t h e  d iv i s ion  o f  c y c l i c  n -e l ec t ron  

chromophores i n t o  s o f t  (uncharged a l t e r n a n t  hydrocarbons) and hard  (charged 

a l t e rnan t  hydrocarbons and non-a l te rnant  hydrocarbons) . The s o f t  chromo- 

phores have no i n t r i n s i c  s i g n  p a t t e r n ;  r a t h e r ,  t h e i r  MCD s ign  sequence 

i s  dominated by t h e  na tu re  and loca t ion  o f  s u b s t i t u e n t s  and/or heteroatoms 

i n  an e a s i l y  p r e d i c t a b l e  way r equ i r ing  a knowledge of t h e  Hiickel o r b i t a l s  

o f  t h e  pa ren t  chromophore. 

p a t t e r n  r e l a t i v e l y  d i f f i c u l t  t o  p e r t u r b  by s u b s t i t u t i o n  o r  i n t roduc t ion  of 

heteroatoms. 

6 experiments . 

A r e l a t e d  

6 

The hard chromophores have an i n t r i n s i c  s ign  

These r e s u l t s  o f  t h e  s imple  PPP model agree  q u i t e  w e l l  with 

Recently,  a p a r t i c u l a r l y  gene ra l  formulation o f  a rule f o r  s igns  o f  

low-energy B terms o f  conjugated c y c l i c  compounds which can be r e l a t e d  t o  an 

annulene conta in ing  4N+2 e l e c t r o n s  has been found . I t  is  based on t h e  

well  known f a c t  t h a t  many low-energy e l e c t r o n i c  s t a t e s  i n  t h e s e  molecules 

16 
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514 mcm 

b' 
can be, a t  least d i s t a n t l y ,  r e l a t e d  t o  states o f  t h e  per imeter  ( c f .  t h e  L 

La, Bb,  Ba no ta t ion  o f  P la t t l ' ) ,  and on t h e  r e a l i z a t i o n  t h a t  t h e  nodal 

p r o p e r t i e s  o f  t h e  per imeter  o r b i t a l s ,  which are o f  dec i s ive  importance i n  

determining MCD mixing s igns ,  a r e  no t  s i g n i f i c a n t l y  changed upon even very 

d r a s t i c  pe r tu rba t ions  o f  t h e  per imeter ,  such a s  c ros s - l ink ing ,  i n t roduc t ion  

of  conjugated br idges,  s u b s t i t u e n t s ,  and heteroatoms. 

For annulenes, t h e  MCD s i g n s  can be der ived i n  c losed form i f  a few 

reasonable approximations are introduced i n  t h e  s p i r i t  o f  t h e  classical 

work of Moffitt' '  (for more d e t a i l ,  s ee  r e f .  16 ) .  For a per turbed [n]- 

annulene with 4N+2 e l e c t r o n s  (n 2 S ) ,  fou r  low-energy states r e s u l t  and 

t h e  pu re ly  e l e c t r o n i c  con t r ibu t ion  t o  t h e  s i g n  of  t h e  lowest-energy B term 

can be s h o d g  t o  be given t o  a good approximation as 

s g n  B = sgn (AHOMO-ULIMO), (4) 

where AHOMO is  t h e  sepa ra t ion  of t h e  h ighes t  occupied Mo from t h e  second 

highest  occupied Mo, and ALUMO i s  t h e  sepa ra t ion  of  t h e  lowest unoccupied 

Mo from t h e  second lowest unoccupied Mo. 

The general  r u l e  can now be s p e c i a l i z e d  for  a v a r i e t y  o f  more l imi t ed  

cases ,  and four examples follow. 

a.  Annulenes with 4N+2 Electrons.  

Purely induct ive ( e l ec t ron  donating, -I; e lec t ron  withdrawing, +I) 

pe r tu rba t ion  leaves AHOMO = ALUMO t o  t h e  f i r s t  order ,  and small B terms a r e  

expected, i n  agreement with experimental  r e s u l t s '  f o r  t he  azines .  

o rde r  pe r tu rba t ion  theory p r e d i c t s  t h e  c o r r e c t  s igns  f o r  some of  t h e  az ines  

(py r id ine ) ,  but  t h e  magnitudes are very weak and i n  some ins t ances  mixing 

with nm* states may then be non-negl igible .  

causes AHOMO > A L U M  and p o s i t i v e  lowest B term i f  it is  e l e c t r o n  donat ing(-  

Second 

Purely mesomeric pe r tu rba t ion  
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CYCLIC n-ELECTRON SYSTEMS 515 

and AHOMO < ALUMO and thus  a negat ive lowest B term i f  it is  e l e c t r o n  withdraw- 

ing ( + E ) .  In t he  case o f  benzene, t h i s  again i s  i n  good agreement with experi-  

mental da t a  Such simple arguments at t h e  l eve l  of q u a l i t a t i v e  f i rs t  and 

second o rde r  pe r tu rba t ion  theory can a l s o  be used when seve ra l  s u b s t i t u e n t s  

a r e  p re sen t .  For in s t ance ,  an i n spec t ion  of  t h e  form of benzene o r b i t a l s  shows 

t h a t  two l i k e  s u b s t i t u e n t s  r e i n f o r c e  each o t h e r ' s  e f f e c t  and do so  more 

e f f i c i e n t l y  when they a r e  i n  1 ,4  p o s i t i o n s  than  i n  1 , 2  o r  1,3 pos i t i ons .  Other 

cases  of  po lysubs t i t u t ion  can be worked out s i m i l a r l y ,  and t h e  combination o f  

one I s u b s t i t u e n t  and one E s u b s t i t u e n t  i s  worked out  i n  r e f .  19 as an example. 

This p a r t i c u l a r  case has been inves t iga t ed  on t h e  aminopyridines and 2- and 3- 

f luoropyridines  (lowest B term always p o s i t i v e )  and t h e  cyanopyridines (lowest 

B term negat ive i n  t h e  4-cyano isomer but  p o s i t i v e  i n  t h e  2 and 3 isomers),  and 

exce l l en t  agreement with f u l l  PPP c a l c u l a t i o n s  and with experiment was found. 

20 

7,19 

b. Highly Symmetrical Alternant  Hydrocarbons (Degenerate HOMO and LUMO) 

Simple considerat ions show t h a t  hydrocarbons such as t r iphenylene 

o r  coronene should behave l i k e  annulenes:  I s u b s t i t u e n t s  have no e f f e c t  

t o  the  first order ,  + E  s u b s t i t u e n t s  y i e l d  negat ive lowest B terms, -E 

s u b s t i t u e n t s  p o s i t i v e  lowest B terms. Experimental da t a  a r e  p re sen t ly  not 

ava i l ab le .  

c. Uncharged Alternant  Hydrocarbons (Soft  Chromophores) 

In these ,  AHOMO = ALUMO i n  t h e  absence o f  f u r t h e r  pe r tu rba t ion .  

Knowledge of  t h e  c o e f f i c i e n t s  C 

Mo's  i n  t h e  p o s i t i o n  of s u b s t i t u t i o n  !J then s u f f i c e s  f o r  p red ic t ions .  

) i f  t h e  s u b s t i t u e n t  i s  o f  -I t he  lowest B term, sgn B = sgn (C 

o r  -E type,  and sgn B = sgn (C ~ r 2  - CE,l) i f  the  s u b s t i t u e n t  i s  of + I  or 

+E type.  

e x i s t  . 

and C f o r  t h e  h ighes t  two occupied 
PI 1 P , 2  

For 

2 
PSI - c!J. ,2  

2 

Agreement with experiment is  exce l l en t  although exceptions do 

6 
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516 MICHL 

d. Non-Alternant Hydrocarbons. 

Inspect ion o f  Huckel Mo energies  provides  c o r r e c t  s i g n  p red ic t ions  

f o r  t h e  lowest B term i n  molecules such as azulene2’, benz[a]azulene 13 , 

acenaphthylene22, ~ l e i a d i e n e ~ ~ ,  f l ~ o r a n t h e n e ~ ~ ,  and many o the r s .  

F ina l ly ,  t h e  approximate na tu re  of a l l  r e s u l t s  obtained i n  t h e  simple 

approximation should be  once more emphasized. 

only f o r  t h e  effects of  what are bel ieved t o  be t h e  gene ra l ly  dominant con- 

t r i b u t i o n s ,  and i n  those cases i n  which these  happen t o  vanish (AHOM0 = 

ALUMO), t h e  experimental  B terms ought t o  be r e l a t i v e l y  small, but  o f  m- 

p r e d i c t a b l e  s i g n s  as f a r  as t h e  s imples t  approach is  concerned. 

Thus, t h e  p red ic t ions  are 

In  conclusion, it can be s a f e l y  s a i d  t h a t  simple 71 e l e c t r o n  theory 

allows formulation o f  q u i t e  powerful general  r u l e s  for  MCD s igns  of  low- 

energy t r a n s i t i o n s  i n  c y c l i c  conjugated molecules.  

f o r  t h e  s tudy o f  t h e  e l e c t r o n i c  s t r u c t u r e  o f  such molecules and o f  t h e  

n a t u r e  of  s u b s t i t u e n t  effects. I t  is  conceivable t h a t  it w i l l  a l s o  f i n d  

use as an a u x i l i a r y  t o o l  i n  s t r u c t u r e  e luc ida t ion ,  and it is  a l r eady  clear 

t h a t  i t  is  much more powerful i n  t h i s  r e spec t  than o rd ina ry  U.V.-visible 

Thus, MCD i s  use fu l  

spectroscopy. 
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