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DEPENDENCE OF THE RELATIVE MCATION OF THX 

n p  - AND $)i*- STATES OF MOLECULES ON THEXR STRUCTURE 

I. Unsaturated and Aromatic Carbonyl Compounds 

I n s t i t u t e  of Biological Phgsics, Acad. of Sci .  of USSR, Pus- 
V. M. Komarov 

cino, Moscow Region, USSR. 

V.G.Plotnikov 
Karpov I n s t i t u t e  of Physical Chemistry, Moscow, USSR. 

ABSTRACT 

The e f f ec t  of  the length andtopologyof the conjugated 

and pT*- bond system on the r e l a t ive  locat ion of the n . -  

molecular s t a t e s  of the unsaturated and aromatic carbonyl mo- 

lecules  is theoret ical ly  investigated. 

INTRODUCTION 

Spectral ,  luminescent and photochemical propert ies  of  mo- 

l ecu les  with unsaturated bonds and heteroatoms containing the 

n- electrons are  determinated t o  a considerable degree by the 

r e l a t ive  disposi t ion of  t h e i r  n p -  and 57- excited electro- 

nic s t a t e s  '-4. A t  present there  a re  many works concerned with 

the experimental study o f  t he  e f fec t  of the molecular struc- 

t u r e  on the  r e l a t ive  disposi t ion o f  these s t a t e s  (see 3-4 and 

references therein).  
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364 KOMAROV AND PLOTNIKOV 

Majority of theoretical investigations of the dependence 

of the relative nF*-andj$*- 

lecular structure based on the one-electron, .and one-configu- 

ration approximation, or even employed the Hcckel method 

5-7. The derived results are merely qualitative and some es- 

sential features of the problem at hand can not be described 

in such an approximation, as will be apparent below. There are 

several works 8r9in which the calculation of the energies of 
the nF*- a n d j p  - states have been performed with the use of 
more exact methods, However, the problem of the relation bet- 

ween the relative disposition of the np*- andF7- states 

and the structural characteristics of the molecule was not 

raised. Therefore in the present and in the forthcoming pa- 

pers we reexamine the indicated problem as correctly as pos- 

s ible . 

state dispositions on the mo- 

I , 

The length of the conjugated bond system o f  a molecule 

is the most important characteristic on which the relative di- 

sposition of the nF *- and FjT*- states is dependent. Previou- 
s l y  this point was considered in works Is5. In particular it 
was shown that the energy of the lowest$F*- state i n  polyen- 

aldehydes is decreasing more rapidly than the energy of the 

np*- state when increasing the length of conjugated chain, 

Thus the molecules with a highly developed system of conjuga- 

ted bonds have thejiF*- state as their lowest singlet or tri- 

plet state. Experimental data agree with this conclusion. Ho- 

wever, they indicate ’ that often the energy of the np- sta- 
tes not only is not decreasing on growing the system of con- 
jugated bonds but it is also increasing. Besides, it is known 

at present that the relative disposition of thez?*- and nj?- 
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nn*- AND nn*-STATES OF MOLECULES. I 365 

s t a t e s  depends not o n l y  on the extent of  the conjugated system, 

but also on i t s  topology 3'11. These questions can be s t u d  ied 
theore t ica l ly  i n  the approximation that  evidently takes in to  

account the interact ion between electrons and configuration 

in te rac t  ion. 

In  t h i s  paper we study the e f f ec t  o f  the extent o f  the 

conjugated bond system and i ts  topological properties on the 

r e l a t ive  disposi t ion o f  the lowest e x c i t e d j i F -  and n p -  sta- 

t e s  f o r  the molecules of the unsaturated and aromatic carbo- 

nyl  compounds a s  a pa r t i cu la r  example. 

IvETHOD OF CALCULATION 

The PPP-method was used t o  calculate the e n e r a  l eve l s  

and wave functions of the molecules. The calculat ion of the 

energy leve ls  (&) of n-electrons based on the employment o f  

a model t ha t  does not take into account the delocal izat ion of 

n-electrons. The arguments f o r  such a choice of  the model fo l -  

low from the r e su l t s  o f  the calculations of molecules with n- 

electrons i n  which a l l  the valent e lectrons have been taken 

in to  consideration '* . These calculations indicate  that the 

delocal izat ion of  the n-electrons in carbongl compounds is 

small and, what is par t icu lar ly  important, the  wave funct ion 

of n-electrons i s  noticeably nonzero only f o r  the atoms tha t  

a re  adjacent t o  C=O group. An experimental foundation of the 

model f o l l o w s  f r o m  the f a c t  tha t  the ionizat ion poten t ia l s  of 

the n-electrons i n  the molecules of the same kind do not chan- 

ge appreciably f rom molecule t o  molecule 1 3 .  For example, 
when passing from the molecule (CHz,)~cd to c45-cH3c=0 - mo- 

lecu le  the ionizat ion poten t ia l  is  decreasing o d y  by 0,3 6v. 
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366 KOMAROV AND PLOTNIKOV 

Since the n-electron delocalization over 6-bonds is not ne- 

gl igibly small, it is taken in to  consideration when choosing 

the  parameters f o r  calculation. 

In  the described model the wave function of the n-elec- 

t rons of carbonyl compounds is the non-hybridized 2px-orbital 

of the oxygen atom ( the x-axis i@. perpendicular t o  the C=O 

bond and l i e s  i n  the plane o f a  molecule) The n-orbital  energy 

&, is  equal t o  the diagonal matrix element F,, 

energy matrix f o r  which one can wri te  . 
of  the Fock 

6 , 8 .  

I where Un= Un+im is the one-center core in tegra l  f o r  n-elect- 

ron on the 2px-orbital a t  the oxggen atom; Ptt - the5-elec-  

t ron  density on the atom t; Zt - the core 3-electron charge 

of the atom ti; $&&ghe in tegra l  of the  Coulomb repulsion 

between two electrons one of which is on the  2px-orbit o f  the 

oxygen atom and the other one is  on the 2pz o r b i t  of  the atom 

t (including the oxygen atom as well);  Poo- the$-electron 
on density on the oxygen - one-center exchange in- 

tegra l  of the  oxygen atom 8. 

si 

The geometry of molecules were estimated f rom the data 

of the work ' 4 .  One-center integrals  G p  were evaluated acco- 

rding t o  Julg The Mataga-Nishimoto formula has been 

used f o r  the calculation of  the two-electron integrals .  The 

resonance in tegra ls  

Wolfsberg-Helmholtz l7 with  the parameter K= -1,17. The core 

poten t ia l s  Up and Un were estimated w i t h  consideration 

varied t o  the  best coincidence of the calculated values of the 

ionization poten t ia l s  and the energies of the s ing le t - t r ip le t  

3were calculated from the formula of the P p  

/ 
f o r  

surroundings I 8  and t h e i r  values together w i t h  'd gx2pz  were 
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nir*- AND rn*-STATES OF MOLECULES. I 367 

and singlet-singlet transitions of the formaldehyde molecule 

with their experimental values. The magnitudes of all the 

employed parameters are listed in the table. 

The energies of the mono-excited singlet and triplet con- 

figurations with respect to the ground state energy are given 

by the formulas 

AET-j = E d -E i- Iij+2Kij 

aEF-j = Ej-Ei-I id 

(2) 

( 3 )  

where i any j are the YO between which the transition occurs; 

Iij and K - Coulomb and exchange integrals for electrons on ij 
i-th and j-th MO. Nondiagonal matrix elements of the configu- 

ration interaction matrix were calculated from the standard 

formulas (see, e.g.*). The interaction between a l l  the mono- 

excited configurations for which E.-E.<10 ev has been acco- 

unted for in the calculations. For aromatic molecules the cal- 

culation of the energies of the triplet l’,’;~;* - states were 
performed in the limited basis (up to seven) of mono-excited 

configurations. 

J 1  

TABLE 

The Parameters Employed in the Calculations (ev). 
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368 KOMAROV AND PLOTNIKOV 

RESULTS AM) DISCUSSION 

-, TNW- 
I Y ’  

Dependence of  the lowest excited Sl;i;”-,Snp* 

and Tn?+- s t a t e  glergies on the length of the system o f  con- 

jugated bonds i n  the molecules H-(CH=CH)N - CH=O end Ar-CHJO 

( A r  - phenyl, naphthyl, anthracene) i s  shown on Fig. 1, and 2. 

It i s  seen from these f igures  tha t  the coincidence bet- 

ween the calculated and experimental Values of the excited 

s t a t e  energies i s  sat isfactory.  This may be regarded as a 

confirmation of the appl icabi l i ty  of the model employed i n  the 

calculation. 

From the f ig .  1 and 2 i t  follows that the energy o f  the 

Fp - s t a t e s  i s  appreciably decreasing on the  lengthening o f  

conjugated bond system. As f o r  the energies o f  the SnP- s t a t e €  

they are  a t  f i r s t  lowering but then they increase.  One can in- 

- 

N 
0 2 4 6 

FIG. 1,- 
The Energiea o f  the Lowest Excited )I)I *- and n p * -  s t a t e s  of 
the Molecule H-(CH=CH)N-CH=O as a Function o f  the Length of 
the Conjugated Chain. 
O-,A--, x-, 0- experimental values of  the Spp*-, Sq7*-, Tnq*- 
and T j i j j * -  s t a t e s  respectively taken f rom the works 3 9 4 ~ ~ .  
( - )  and (- - -1 the  r e s u l t s  of our calculation. 
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n**- AND m*- STATES OF MOLECULES. I 369 

6 

4 

2 

0 
C d 

FIG. 2 
b a 

The Energies of the Lowest Excited j$*- and nJ*- states of 
the Molecule Ar-CH=O as a Function of the Extent of the Con- 
jugated Bond System. (a)-Formaldehyde, (b)-Benxaldehyde, (c)- 
2-Naphthaldehyde , (d1-2-Anthraldehyde . 
0-,A-, X-j 0 -experimental values of the energies of the S,%7*-, 
Snji*-, T R - and !P,v*- states respectively taken from the 
works 3,"1'4:8,11. 
( - )  and ( -  - - >  - the results of our calculation. 

fer from the formulas ( 2 1 ,  ( 3 )  that the energy of the nF*- 
configuration 

InJ*, for the magnitude of %H * is relatively small. For small 
conjugated systems, as they are growing, the first 

(decreasing predominantly at the expence of the>* - orbit 
energy lowering) dominates in the variation of the energy of 

the n p -  configuration. For large systems, on the contrary, the 

delocalixation of the5* orbitals is crucial that leads to the 

predominant decreasing (asymptotically as N-') of the Inj*- 

integral as compared with e3*- Ehwhen N increases. 

is determined mostly by two terms:c--6; and 
/F* 

j' 

This explains the different behaviour of the energy of the 

np- states for small and long chains of conjugation when N 
grows. 

When the conjugated bond system is growing a decreasing 

of the S-T splitting of the nF*- states occurs that is caused 
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WMAROV AND PLOTNIKOV 370 

by the increasing of thep*- orbit delocalization. However, 

this splitting would be somewhat smaller if the calculations 

were perfomed with no regard for the configuration interaction. 

All the possible cases of the dependence of the relative 

position of the3)7* and nj+- states on the structure of the 

conjugated bond system are not exhausted by the described 

above. Fig. 3 presents the position of the lowest excited sta- 

tes of p-benzoquinone, 1,4-naphthaquinone and 9,10-anthraqui- 

none (In these cases the splitting of the np*- states was ig- 

nored). 
One can see f r o m  this figure that the decreasing of the 

energy difference between the n>*- a d  FP- States at the len& 
thening of the conjugated bond system occurs. Nevertheless, thc 

lowest excited singlet state is the I$*- etate even for 9,lO - 
anthraquinone having highly developed conjugated system. This 

A&" w 
! 

I 

a b C 
FIG. 3 

The Energies of the Lowest Excited States: (a)-p-Benzoquinone, 
(b)-l,4-Naphthaquinone, (c)-9,10-Anthraquinone. 
O - ~ A - ~ X - , O  -experimental values of the ene gies of the S$,i*-, 
Sn~*-, Tnz*- and Tjq-*- states, taken from 3. 
(-.I and ( -  - -1 - the results of our calculation. 
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n**- AND IT**- STATES OF MOLECULES. I 371 

means t h a t  the  r e l a t i v e  p o s i t i o n  o f  thej’iji*- and n p -  s t a t e s  

depends not only on the length  o f  the system of conjugated 

bonds, but a l s o  on i t s  p a r t i c u l a r  type. 

As an example confirming t h i s  conclusion we d isp lay  on 

Fig. 4 the r e s u l t s  of the c a l c u l a t i o n  of t h e  lowest exci ted 

s t a t e  energies  of 7,8-benz-2-naphthaldehyde and 2-anthral  - 
dehyde. 

Thus, from the  ana lys i s  performed i t  is  apparent t h a t  a 

various behaviour of the energies  of  the nF*- andpp-  s t a t e s  

a t  the changing of the type and length of the  conjugated bond 

system of the  carbonyl compounds can be described within the 

framework of the model t h a t  does not incorporates  the deloca- 

l i z a t i o n  of t h e  n-electrons patent ly .  And the  i n t e r e s t i n g  th ing  

i s  t h a t  though the i n t e r s e c t i o n  of the  nF* andfiT* s t a t e s  a t  t h e  

lengthening of the  conjugated chain may occur,  the r e l a t i v e  

pos i t ion  o f  these s t a t e s  s t rongly  dependson the  d e t a i l s  of t h e  

conjugated system s t r u c t u r e  a s  well  a s  on t h e  extent  of the  

conjugation of the C=O group with the  r e s t  of the molecule. 

6 -  

4 -  

2 -  

U -  
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372 KOMAROV AND PLOTNIKOV 

However the applicability ofa localized n-electron model 

to arbitrary molecules doesnot follow from the present results. 

In particular, it may turn out that n-electrons are appreciab- 

ly delocalized in molecules having weak 0'-bonds with energy 
close to the energy of the 2px-electrons of the oxygen atom. 

It ehould be also emphasized that a disaccount of a par- 

tial delocalization of the n-electrons in carbonyl molecules 

with a large conjugation system may lead to the overestimated 

theoretical values of the nz*- state energies a8 compared 

with the experimental data. Particularly this may be seen 

from the Fig. 3. 
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