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A skewed glyoxal molecule is considered as a model for the study of the optical activity of a- 
diketones. The rotational strengths are calculated for various angles of twist, between trans (0 = 0 ~ 
and cis (0 = 180~ The wavefunctions are computed both by the extended Hiickel method and by 
the SCF-CNDO method, considering all 22 valence electrons. The effect of configuration inter- 
action is studied. All two-center terms are included in the calculation of the electric and magnetic 
transition moments. The results predict the rotational strength of the lowest transition to be negative 
for 0 ~ < 0 < 90 ~ when the molecule is twisted in a right-handed way and to be positive for 90 ~ < 8 < 180 ~ 
In general, the lowest transition is followed by a transition with opposite rotational strength, in 
analogy to the predictions of a simple exciton model. 

Ein aus der ebenen Lage gedrehtes Glyoxalmolekfil wird als Modell zum Studium der optischen 
Aktivit~t yon a-Diketonen betrachtet. Die Rotationsst~irken werden ffir verschiedene Drehwinkel 
ermittelt, zwischen trans(O=O ~ und cis(O= 180~ Die Berechnung der Wellenfunktionen erfolgt 
sowohl nach der erweiterten Hfickelmethode als auch nach dem SCF-CNDO-Verfahren, unter 
Berficksichtigung aller 22 Valenzelektronen. Der EinfluB der Konfigurationswechselwirkung wird 
studiert. Die Berechnung der elektrischen und magnetischen (Jbergangsmomente schlieBt alle 
Zweizentren-Beitr~ige ein. Die Resultate zeigen, dab die Rotationsst~irke des langwelligsten fQber- 
gangs im Falle eines rechtsgedrehten Molekiils negativist ffir 0 ~ < 0 < 90 ~ und positiv fiir 90 ~ < 0 < 180 ~ 
Im allgemeinen wird der langwelligste Ubergang yon einem Ubergang mit entgegengesetzter Rota- 
tionsstgrke gefolgt, in Analogie zu den Voraussagen eines einfachen Exziton-Modells. 

Une mol6cule de glyoxale non-plane est consid6r6e comme mod61e pour l'6tude de l'activit6 
optique de e-dic6tones. Les forces rotatoires sont calcul6es pour diff6rents angles de torsion, entre 
la position trans (0 = 0 ~ et cis (0 = 180~ Les fonctions d'onde sont calcul6es par les m6thodes "extended 
Hfickel", ainsi que "SCF-CNDO',  en consid6rant les 22 electrons de valence. L'effet de l'interaction 
de configurations est 6tudi6. Tousles termes bicentriques sont inclus dans le calcul des moments de 
transition 61ectriques et magn6tiques. Les r6sultats montrent que la force rotatoire de la transition 
de plus basse fr6quence est n6gative pour 0~ 0 < 90 ~  une mol6cule tourn~e en sens droit et 
positive pour 90 ~ < 0 < 180 ~ En g~n6ral, la transition de plus basse fr6quence est suivie d'une transition 
dont la force rotatoire est oppos6e, en analogie aux pr6dictions d'un simple mod61e exciton. 

Introduction 

H i s t o r i c a l l y ,  t h e  m o l e c u l a r  o r b i t a l  t h e o r y  of  o p t i c a l  a c t i v i t y  h a s  g r o w n  o u t  

o f  t h e  " o n e  e l e c t r o n  t h e o r y "  [1, 2] .  A t t e n t i o n  was  f o c u s e d  o n  a c e r t a i n  p a r t  of  

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

a s s u m e d  to  b e  loca l i zed .  T h e  a s y m m e t r i c  e n v i r o n m e n t  o f  t he  c h r o m o p h o r e  was  

t r e a t e d  as  a p e r t u r b a t i o n .  A l i m i t e d  M O  d e s c r i p t i o n  of  t he  p e r t u r b e d  c h r o m o p h o r e  

s e r v e d  as  b a s i s  for  t h e  c a l c u l a t i o n  of  r o t a t i o n a l  s t r e n g t h s .  T h i s  a p p r o a c h  p r o v e d  

f ru i t fu l  for  s a t u r a t e d  k e t o n e s  a n d  led to  t h e  f a m i l i a r  s e c t o r  ru le s  [ -2-6] .  H o w e v e r ,  
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it was of more limited use in the study of "inherently dissymmetric" larger 
systems, such as unsaturated ketones, c~- and /%diketones or skewed dienes, 
which called for a more comprehensive MO description [-7, 8]. Recent advances, 
aided by the use of computers, have now made it possible to obtain approximate 
molecular orbitals extending over all atomic centers of relatively large molecules 
and taking into account all valence electrons. An optically active molecule may 
thereby always be treated as "inherently dissymmetric". In this sense quite a 
few investigations have already been carried out [9-12]. Within such calculations 
many new problems arise, and two questions seem to be of immediate importance. 
The first question concerns the contribution of the numerous interatomic terms to 
the values of the electric dipole and magnetic dipole transition moments. It 
appears that in calculations invoking the zero differential overlap approximation 
such two-center terms may, at least, partly, be neglected [13]. In general, this 
assumption may, however, scarcely be justified. The second question is a much 
more difficult and fundamental one. It pertains to the influence of configuration 
interaction, not merely on the magnitude, but possibly even on the sign of the 
rotational strengths. For it appears that the rotational strength may be very 
sensitive to configurational mixing. 

In the present note we consider from this point of view the simplest possible 
dicarbonyl compound, glyoxal. The molecule is "twisted" from the trans con- 
formation (0 = 0 ~ to the cis conformation (~ = 180 ~ and the rotational strengths 
are computed at various intermediate angles. Different types of wavefunctions 
are used: a)Extended Hiickel molecular orbitals, b)Wavefunctions of the 
SCF-CNDO type, with and without the interaction of singly excited configurations. 
By increasing the carbon-carbon distance for a given angle of twist (0 = 135 ~ 
the fading interaction of the two carbonyl groups is also studied. 

The Calculation of Rotational Strengths 

All molecular orbitals used in this investigation are expressed in terms of 
ls, 2s, 2p Slater atomic orbitals. Therefore a FORTRAN program was written 
to calculate the matrix elements of the operators V and r • V in such a basis. 
Electric transition moments are calculated in the dipole velocity form. While the 
operator Vis independent of origin, the operator r • Vis not. If Zq, and Zq define 
atomic orbitals centered on atoms q' and q we find in general: 

<zq, I r x  Vlz,,)--roqX<Zq, I Vlzq>+ <Xq, I r{~)x Vlzq>, 

roq = Xqi q- Yqj + Z q k .  

Xq, Yq and Zq are the coordinates of atom q in a general molecular frame of 
(q) reference, r designates the position vector with respect to the center of atom q. 

The computation of two-center integrals must be carried out in an internal 
coordinate system x, y, z for each atom q' and q, in which one axis, z say, coincides 
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with the lines joining the two centers. One then finds in the most straightforward 
way: 

0 
(sq,  I Vls,~) = Z(Sq,  I ~Z-Z [Sq) , 

(Sq, I Vl pq) = Xnxq(Sq' [ ~- I Pxq) 
0 

+ ynyq(sq'l~y ]Pyq) + Znzq(sq'l~z IPzq), etc., 

where x, y, z are unit vectors in the directions of x, y, z, and px, py, Pz are p-func- 
tions defined in the internal coordinate system. The direction cosines of any 
given p-function on q, pq, with respect to x, y, z are designated by nxq, nyq, nzq. 
From the vector components of Vin the internal coordinate system the respective 
components in the general i-, j-,  k-frame may easily be calculated. 

Concerning the numeric evaluation of the dipole velocity integrals, the 
operators ~/~x, O/~y, O/Oz acting on Slater functions give linear combinations 
of other Slater functions. Thus all the dipole velocity integrals may be expanded 
in terms of overlap integrals and evaluated as indicated by Lofthus [14]. 

The rotational strength R i . j  for a transition between states i and j is obtained 
by the relation 

e 2 ~3 
( E j - E i ) R i ~ j -  2m2c (il Vlj)( , j lrx Vii). 

If the value of the integral (i[ Vlj) is inserted in atomic units, we must yet divide 
the right-hand side by a o, the Bohr radius. We then find eZh3/2m2cao = 1.027 x 10 -48 
in cgs units. If Ri_ q itself is to be obtained in cgs units, (Ej - Ei) must of course 
be expressed in ergs. 

Calculat ions  on Glyoxal 

Table 1 gives the matrix elements of the k-component  of the operator r x V 
in the Slater atomic orbital basis for glyoxal twisted at an angle 0 = 45 ~ It serves 
to show the great number  of interatomic terms and the relatively large values 
of some of them. It may also be used as a numeric check for other investigators 
performing similar calculations. The atomic coordinates and Slater exponents are 
given in Table 2. 

1~'- 45  ~ "~--- 135 ~ 

Fig. 1. The definition of the angle O. The C-O bond which is closer to the observer is rotated to the 
right (clock-wise) 
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Tab le  3. Extended Hiickel energies in eV and rotational strengths in cgs units of twisted glyoxal 

angle  ~ a ~ a  a o b  b o a  b ~ b  

AE (eV) R-  1040 (cgs) AE R .  1040 AE R .  104o AE R.  1040 

0 ~ 2.02 0.0 8.09 0.0 4.73 0.0 10.80 0.0 
22.5 ~ 2.23 - 18.1 7.79 3.4 4.95 18.6 10.52 6.0 
45 ~ 2.81 - 2 8 . 6  7.00 10.6 5.55 27.4 9.74 11.3 
67.5 ~ 3.68 - 32.8 5.92 20.2 6.44 28.2 8.67 15.3 
90 ~ 4.76 - 33.4 4.77 30.0 7.49 25.6 7.50 17.7 

112.5 ~ 5.94 - 31.0 3.72 38.4 8.58 21.6 6.36 17.9 
135 ~ 7.06 - 2 5 . 0  2.87 41.5 9.57 16.1 5.38 15.1 
157.5 ~ 7.90 -- 14.3 2.32 30.3 10.27 8.9 4.69 8.9 
180 ~ 8.22 0.0 2.13 0.0 10.52 0.0 4.43 0.0 

R . IO "~~ 

30 

2O 

10 

o ~ 1~ -10 

-20 

-30 

t 

4 5  ~ 

t 

AE 

30 

20 

10 

0 

- 10 

-20 

-30 

R" 104~ 

. 0  

9 0  ~ 

i t >  

,dE 

0.10 ~o 

20 

1o 

I 
2 

- 10 

-20 

-3 

/ 3 5  ~ 

t t 
�9 O . O  

i, o 

Fig. 2. T rans i t i on  energies and  ro t a t iona l  s t rengths  for the angles  0 = 4 5  ~ , 90 ~ , 135 ~ , as ob ta ined  
from ex tended  Hfickel  ca lcu la t ions  (see also Tab le  3) 
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a) Extended H~ckel Calculations. The diagonal elements of the Hiickel 
matrix were set equal to valence state ionization potentials (Table 2), the non- 
diagonal elements were computed according to the formula: 

n q , q  = (2 .55 - [Sq,q I) Sq ,q(nq ,q ,  -1- H q q ) / 2  . 

Table 3 and Fig. 2 show computed transition energies and rotational strengths. 
All interatomic terms have been included in the calculation of electric and magnetic 
transition moments. At every angle of twist the molecule maintains a twofold 
axis of symmetry, perpendicular to the C - C  bond and bisecting the angle O. 
Consequently, all orbitals may be characterized according to their transformation 
properties under C 2 by either a (symmetric) or b (antisymmetric). Only those 
four transitions are shown, which at some angle ~ have either lowest or next to 
lowest energy. For  instance, at ~ = 4 5  ~ the transition a ~ a  has an energy of 
2.81 eV and lies lowest, whereas at ~ =  135 ~ its energy increases to 7.06eV, 
moving above the values for the a ~  b and b ~ b transitions. We then notice the 
following particular features: At an angle of 45 ~ (close to the trans conformation) 
the rotational strength of the lowest transition ( a ~  a) is negative, whereas the 
other transitions show a positive rotational strength. At O= 135 ~ (close to the 
cis conformation) the transition of lowest energy (a~b) is predicted to have a 
positive rotational strength, but there occurs at shorter wavelength the transition 
(a ~ a) with negative rotational strength. Close to the angle 0 = 90 ~ a degeneracy 
appears and it seems that the rotational strengths of the a ~ a and a ~ b transitions 
almost cancel each other. The calculated energy of the lowest transition is, in 
its dependence on ~, in qualitative agreement with the spectroscopically observed 
trend for cyclic ~-diketones [15]. 

b) SCF-CNDO Calculations. The general procedure follows the indications 
given in Ref. [16] and [17]. The detailed parametrization will be published as a 
separate investigation [18]. 

Table 4 and Fig. 3 show the results of calculations for the two lowest singlet 
excited states. The computations were performed both without and with the 
interaction of the forty lowest singly excited configurations. The molecular 
orbitals being normalized without overlap, it may appear justified to neglect 
two-center terms in the computation of the transition moments as well. We 
have nevertheless deemed it important to also include interatomic terms explicitly, 
using the same set of SCF MO's. (Although strictly speaking the orbitals should 
then be transformed so as to be normalized including overlap). 

In all cases we notice a pattern similar to the one encountered in the Extended 
Hiickel treatment: At angles below 90 ~ the transition of lowest energy is of 
overall symmetry A (a x a and (or) b x b) and the rotational strength is negative. 
At angles above 90 ~ the lowest transition is of symmetry B (a x b and (or) b x a) 
with a positive rotational strength. Close to 90 ~ a degeneracy again appears, 
irrespective of the particular method of calculation, and a partial cancellation 
of opposite rotational strengths occurs. In general, the CNDO calculations seem 
to predict that the rotational strength of the next to lowest transition is opposite 
in sign and smaller than the one of the lowest transition. 
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Fig.  3. Energies and rotational strengths of the two lowest transitions for the angle ,9 = 45 ~ 90 ~ 135 ~ 
as obtained from SCF-CNDO calculations (see also Table 4). Results at right are with configuration 
interaction and with the inclusion of interatomic terms in the computation of the transition moments 

By increasing the C-C bond distance we may study the decreasing inter- 
action of the two carbonyl groups. At a C-C distance of 3 It we find the two 
transitions A and B (Fig. 4) to be nearly degenerate with opposite rotational 
strengths of about equal magnitude. In the language of molecular orbitals localized 
on the individual keto groups I and II these two transitions may be designated 
by (n I + nn)~ (~* + rc~i) and (n I + nn)~ (re* - re*) respectively. The localized transi- 
tions n I ~ zc~' and n n--* ~* both have negative rotational strengths. 

The transition energies predicted by the calculations including configuration 
interaction are shifted somewhat too far to the red. Without configuration inter- 
action the agreement with data on cyclic ~ diketones is better [15]. 
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Fig. 4. Energies and rotational strengths of the two lowest transitions for varying C~C bond length 
at a fixed angle of 8 = 135 ~ as obtained from SCF-CNDO calculations (see also Table 4) 

Conclusions 

Prel iminary calculations on ~-cyclohexadione and compar ison  with the CD 
spectra of  some 1t, 12-diketosteroids show that  the sign of the rotat ional  strengths 
of the two lowest transit ions are mainly determined by the relative posit ion of  
the two carbonyl  groups. This allows us to believe that the twisted glyoxal model  
may  be useful in making  some predictions of  general validity for c~-diketones. If 
the diketone is twisted in a r ight-handed (see Fig. 1) sense, the rotat ional  strength 
of  the lowest transit ion should be negative for 0 ~  90 ~ and positive for 
90 ~ < 0 < 180 ~ A change of  sign occurs at or  a round  90 ~ These conclusions are 
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s u p p o r t e d  b y  all ca lcu la t ions ,  i r respect ive  of the  a d o p t e d  m e thod .  The  p red ic t ions  
c o n c e r n i n g  the  nex t  to  lowest  t r a n s i t i o n  are m o r e  sensi t ive to the pa r t i cu l a r  
a p p r o x i m a t i o n s .  In  gene ra l  it  appea r s  tha t  the  lowest  t r a n s i t i o n  is fo l lowed by  
a t r a n s i t i o n  wi th  oppos i t e  r o t a t i o n a l  s t rength .  W h e n  us ing  C N D O  wave func t i ons  
it does  n o t  seem unjus t i f i ed  to neglec t  two-cen te r  t e rms  in  the  t r a n s i t i o n  m o m e n t s .  
O n e  m u s t  howeve r  r e m e m b e r  tha t  this  also impl ies  neg lec t ing  all d i rect  c o n t r i b u -  
t ions  f rom h y d r o g e n  a toms .  In  the p re sen t  case this  is of  negl ig ib le  im por t ance ,  
b u t  m a y  p lay  a role  in  la rger  molecules .  
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