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By 
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A semiempiricai SCF LCAO MO-CI calculation has been performed for the nucleotide 
bases. According to the results we obtain a better agreement with the experimental singlet 
excitation energies, if we use the SCF eigenvectors of the Pople-type matrix in the CI calcula- 
tion instead of the eigenveetors obtained after the first iteration step. On the basis of some 
parameter variation a set of integrMs has been determined which yields as largest deviation 
between the experimental and theoretical excitation energies for the first two intensive 
excitations of the five bases (A, T, G, C and U) I eV. The possibilities of further improvements 
are discussed. 

In the second part of the calculations the oscillator strength values (]) of the G-C base 
pair and of the GpG, GpC, CpG and CpC dinueleotides have been determined using the first 16 
singlet excited configurations of these composite systems for the CI calculation. The compari- 
son of the results obtained with the appropriate / values of the constituent single bases shows 
a hypochromicity of the first absorption band system in the case of all the four dinueleotides 
and a slight hyperehromieity in the ease of the G-C base pair. 

Fiir fiinf Nuldeotidbasen wurden semi-empirisehe SCF MO-CI Reehnungen angestellt, 
wobei sich nach Variation bestimmter Parameter ein Satz yon In~egralen ergab, der fiir die 
ersten beiden starken Banden aller untersuchten Basen eine Abweichung yon hSchstens t eV 
liefert. Ferner wurden die Oszillatorenstgrken des G-C-Basenpaares sowie der GpG, GpC, 
CpG und CpC Diaukleotide bestimmt. Dabei warden die ersten t6 einfach angeregten Zu- 
stgnde in die Konfigurationswechselwirkung eingesehlossen. Ein Vergleieh dieser/-Werte mit 
denen der einfachen Basen zeigt hypochromes Verhalten der ersten Absorptionsbanden ailer 
vier Dinukleotide, w~hrend im Faile des G-C-Basenpaares ein sehwacher hyperchromer Effekt 
auftritt. 

Un ealcul semi-empirique SCF LCAO ~IO-CI a 6tg effeetud pour cinq nuel~otides. Par 
variation de eertains paramgtres on obtient un jeu d'int6grales qui conduit a des gn~rgies 
d'excitations pour les deux premigres bandes intenses de ehacune de ees bases (A, T, G, C et U) 
ne dgviant plus qu' t eV. De plus, les forces oscillatriees de la paire de bases G-C et des dinuc- 
l~otides GpG, GpC, CpG et CpC sent ealeulges, les t6 premiers gtats singulets excit6s ~tant 
compris dans ]e caicul CI. Le eomparaison de ees ] avee eeux des bases constituantes montre 
un effect hypocfirome du premier syst~me de bandes pour ]as quatre dinucl6otides et un faible 
effet hyperchrome pour la paire G-C. 

Introduction 
I n  a previous paper  [8] we have reported some P~tRISEU-PARR-PoeLE type 

calculations [13, 14] on uracil (U). I n  the case of U a good agreemenb with the 
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first two expe r imen ta l  exc i t a t ion  energies has  been ach ieved  b y  per forming  a 
l imi ted  CI be tween  the  singlet  exc i ted  s ta tes  using the  wave  funct ions  which we 
have  ob ta ined  as the  e igenveetors  of  the  Pop le - type  m a t r i x  af ter  the  first i t e r a t ion  
step. This  was, however ,  no t  the  case, i f  we pe r fo rmed  the  l imi ted  CI wi th  the  
SCF eigenvectors .  To be able to  decide, whe ther  th is  is the  general  s i tua t ion  wi th  
pyr imid ine  and  pur ine  t y p e  molecules,  or whether  i t  is only  acc iden ta l ly  so for U, 
i t  seems to be in te res t ing  to  ex tend  these calculat ions also to  the  other  nucleot ide  
bases :  t h y m i n e  (T), cytosine  (C), adenine (A) and  guanine  (G). F u r t h e r  we i n t end  
to  inves t iga te  the  effect of the  va r i a t i on  of  the  offdiagonal  e lements  of  the  core 
H a m i l t o n i a n  (Di, : in tegrals)  on the  results .  The presen t  cMcu]ations have  been 
pe r fo rmed  with  th ree  sets of  values  for the  fi~, i in tegrals .  

I t  should be mentioned that VEmL~D and PULL~-~ [18] previously have carried out a 
semiempirical SCF LCAO MO calculation for the ground states of the nucleotide bases and 
some related compounds. Since they have approximated the different integrals occuring in the 
PAgISER-P~-POPLE method in a slightly different way than we have done, it seems inter- 
esting to compare their resulting charge distributions with ours. Further, NESBET [12] has 
recently pubIished a semiempirioal SCF LCAO MO calculation with limited CI for the excited 
states of the nucleotide bases. I t  is also interesting to compare his results with ours. 

I n  the  second pa r t  of the  calculat ions  we have  pe r fo rmed  a l imi ted  CI calcula- 
t ion  be tween  the  singlet  exc i ted  s ta tes  of the  G-C base  pa i r  and  the  GpG, CpC, 
GpC and  CpG dinucleot ides*.  I n  these calculat ions we have  s topped  the  i t e r a t ion  
procedure  of  the  Pop le - type  m a t r i x  a f te r  the  first i t e r a t ion  s tep  and  we have  
pe r fo rmed  the  CI wi th  the  e igenveetors  ob ta ined  in  th is  way.  F r o m  the  resul ts  we 
have  ca lcu la ted  no t  on ly  the  exc i t a t ion  energies, b u t  also the  osci l la tor  s t r eng th  
values (/) of  the  exci ta t ions  of  these  systems.  Compar ing  the  l a t t e r  wi th  the  
app rop r i a t e  [ -values of the  single bases,  we could t r y  to  i n t e rp re t  the  hypochromi -  
c i ty  of  the  d inucleot ides  also on the  basis  of  calculat ions,  which assume only 
over lap  t y p e  (and no exc i ton  t y p e  [17]) in te rac t ions  be tween  the  super imposed  
bases of  DNA.  Thus  this  pa r t  of  our work  is a ref inement  of  a previous  calculat ion,  
in  which an  a t t e m p t  has  been made  to  a t t a c k  the  p rob lem of  hypoch romic i ty  of  
po lynue leo t ides  on the  basis  of  H/ ickel  calculat ions  per formed  on dinucleot ides  [6]. 

Method 

First we have solved the eigenvalue problems of the Hiickel matrices of the single nuclco- 
tide bases and of the GpG, CpC, GpC and CpG dinucleotidcs (for the SCF LCAO MO calcula- 
tion of the G-C base pair see a previous publication [15]). The used at and fl~, ~ values for the 
single bases are given in ref. [7] with the exception of tic, ~ and tic, o. For//c, N we have used 
the values tic, N = 0.80/~, 1.25/~, and for tic. o the values//c, o ~ i.30//, 2.00 fl, 1.50//, respec- 
tively. For G-C and for the dinucleotides we have used only the values t%, N = 0.90 fi and 
tic, o = 2.00/3. In the ease of the dinucleotides, we used those values of fit, j integrals between 
atoms belonging to different bases, which have previously been determined on the basis of the 
appropriate overlap integrals (for the details see [7]). 

Substituting the elements of the Hiickel charge-bond order matrices ~o~ into the elements 

* By this notation we refer to dinueleotide systems, which contain two superimposed bases 
in the same relative steric position as they occupy in a single helix of the Watson-Crick model 
of DNA. 
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of the  appropriate Pople-type matrices, the  matrices ~ with elements 

F(1)  = /~iJ 1 ~(0) 4, 
- -  ~ ~,~j ~ j  ( 2 )  

were constructed and  their  eigenvalue problems solved. (The nota t ion here is the  same as 
used by  POrL~ [14]). 

The Coulomb integrals 7~J have been approximated by  the expression [11] 
e2 (3) 

Here the  J~,~ internuclear  distances have been computed in the case of the  single bases from 
the  geometry given by  SPnNCE~ [16] and in the  case of the  dinucleotides from the  data  given 
by  LAZ~G~I~)GE et al [9J. The constants  a~, ~ were obtained by  using the relat ion 

e2/a~, j  = 1 ( I i  - -  E~  + I j - -  E j )  , (4) 

Fig .  1. The first  16 exci ted configurat ions of  a composi te  s y s t e m  conta in ing  ~wo par t s  

where I~ and E~ are the ionization potent ial  and  electron affinity respectively, of the  i ' th  a tom 
in its appropriate valence s tate  (see H~ccE and  JAFF~ [5]). I n  the  case of thymine  we have 
used for I~ and  E~ of the C-atom of the  methyl  group values - -  4.473 fl and  - -  0.870 fl (values 
for an  aliphatic C-atom), respectively, while for a C-atom in the ring they  are - -  4.478 fl and 
- -  0.243 fl, respectively. For fl~, r the  same values have been used in units  offl  as in the  Hfickel 
calculation (flc, c = l fl = - -  2.39 eV according to P ~ x s n ~  and  P ~ R  [13]). 

Self consistency (constancy of the  elements of the charge-bond order mat r ix  up to three 
decimals) has been reached in five or six i terat ion steps. 

Wi th  the  aid of the eigenvectors of the  mat r ix  ~ a l imited CI calculation has been perform- 
ed for the first singlet excited states. For  this we have used the eigenvectors of the  matr ix  
obtained after the  first i terat ion step in all cases. Fur ther  we have repeated the calculation 
for the  nucleotide bases also with the  SCF eigenvectors. For the single bases we have taken  
into account  only the  first four excited configurations m -> m + I,  m -~ m + 2, m - -  1 ~ m + t 
and  m - -  t -+ m + 2 (m denotes the  quan tum number  of the highest  filled MO). I n  the  case of 
G-C and  of the GpG, CpC, GpC and  CpG diuucleotides the  16 excited configurations, which 
arise from the  abovementioned first four excited configurations of the  const i tuent  single 
bases, have  been included in the CI calculation (see Fig. 1). 

The elements of the  interconfigurational ma t r ix  ~ for singlet-singlet t ransit ions have the  
form [8] 

~ ~ - / ~  I ~ 1%~> = ~ ~ (2 ~ ~ ~ c ~ -  ~ c~ ~ ~ )  ~ +  ( ~ -  ~) ~,~ ~ (~) 

Fig,  2. The SCF charge densit ies of  the nueleotide bases :  a) flc,~ = 0.80 fl, flc,o = 1.30 fl; 
b) flC,N = 0.90 fl, flC,O = 2.00 ~ / l " ~  
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Here n is the number of centers, c~ denotes the p ' th  component of the l ' th eigenvector of ~ ,  
s~: and s~ are the ]c'th and i ' th  eigenvMues of J ,  and ~$~ and ~:~ are Kroneeker ($'s. In the case of 
a singlet-triplet transition we have an expression which differs from (5) only by the absence of 
the first (exchange) term in the parenthesis. 

Using the eigenveetors of 1~, b,, we have also calculated the transition moment vectors 
of the different excited states by the expression 

Rv = Z b~, ~ R~-~.  (6) 
i--->k 

Here i and/c run over the quantum numbers of the filled and unfilled states, respectively, in 
those excitations i - ~  k, which were taken into account in the CI calculation. The different 
transition moment vectors R~-+~ can be calculated most easily from the simplified expression 
[8] 

n 

R~-~ = V2  Z e~p e~ r~ ,  (7) 
p = l  

where r~ denotes the position vector of the p'th atomic nucleus. 
Finally with the aid of the R ,  vectors and the different E~ eigenvalues of 1~ we have ob- 

tained the different oscillator strength values of the excited states: 

], = L085 • t0 -5 v~ R~; v, = E,/he.  (8) 

Resu l t s  

I n  F ig .  2 we g ive  t h e  S C F  charge  dens i t i e s  for  t h e  five nuc l eo t i de  bases  a) w i t h  

tic, ~ = 0.80fi a n d  tic, o = 1.30fl a n d  b) w i th  rio, ~ = 0.90fl, tic, o = 2.00ft. 
I n  Tab .  I we g ive  t h e  first  fou r  s ing le t  e x c i t a t i o n  energ ies  o f  t h e  nuc l eo t i de  

bases  o b t a i n e d  b y  a l i m i t e d  CI  t o g e t h e r  w i t h  e x p e r i m e n t a l l y  f o u n d  f irs t  t w o  

Table I. The [irst singlet excitation energies o/the nucleotide bases in e V 

u T A G 

Lit. I SCF 1. it. I SCF Lit. S C F |  1. it. I SCF 1. it. 

a) tic, N ~  = 0.80 fl, tic, o = 1.30 fl (fl = - -  2.39 eV) 

d E 1 4.80 
A E 2 5.58 

d E a 5.83 
AE4 V ~  

El. exp [16] 

A E2, ex, [17] 

A E 1 

d E 2 

A E3 
,JE, 

5.65 4.85 5.64 

6.94 5.85 6.96 
7.33 8.28 

4.81 4.67 

6.11 ! 5.94 

4.20 4.57 

4.73 5.01 

5 . 9 2 !  6.45 

4.63 shoulder) 

4.75 

5.99 

d El, exp [16] 

E2, exp [17] 

b) tic, ~/-~ = 0.90 fl, tic, o = 2.00 fl (fl = - -  2.39 eV) 

5 . 7 8 ! 6 . t 9  

7.48 7.86 

V.~ 8.32 
10.21 t0.47 

2.94 3.96 

5.33 5 . 9 2  

7.60 

4.49 

5.03 

4.8t 

6.11 

5.25 6.t9 4.21 4.75 

~ 4.7__~3 5.02 
7.31 8.32 5.62 6.17 

9.54 it0.47 6.09 ~ - ~  

i(4.63 shoulder) 

4.67 i 4.75 ' 
5.94 I 5.99 

2.99 4.11 

7.21 8.41 

4.49 
5.03 

C 

SCF 

2.80 4.40 

~-~  5.65 
5.76 6.79 

8.14 8.24 

4.61 

6.26 

2.99 4.68 

~-~  5.86 
6.26 7.10 

8.46 8.39 

4.61 

6.26 
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transition energies AE~, exp and ~E~, exp. The significance of the underlined values 
will be explained in the discussion. 

Tab. 2 contains the oscillator strength values and the transition moment 
vectors. The directions of the latter are given by the angle between the vectors 
and the line pointing from atom I to atom 2 (for the numbering of the molecules 
s e e  F i g .  2). 

~  

o.~. 

2 ~  _ _ _  

~ ~ / _  - -  

-4 

[---  

[---  

n-~ c q  

In Tab. 3 we give the first triplet 
excitation energy of the nucleotide bases 
calculated without CI. 

In Tab. 4 the 16 first singlet excita- 
tion energies of the G-C base pair are 
given which we have obtained using a 
limited CI and only parameters b). 

. 
1 

2 

Fig. 3. The specification of the direction of the transition 
moment vectors 

For the purpose of comparison in 
Tab. 5 we give the first four triplet 
excitation energies of the G-C base pair 
again calculated with the parameters 
b) and withoutCI. 

In Tab. 6 we give the /-values of 
G-C and of the GpG, CpC, GpC and 
CpG dinucleotides obtained with CI 
using parameters b). For comparison 
we have included in the table also the 
first four /-values of the G and C single 
bases computed after the first iteration 
step with the same fit, ~ parameter 
values. 

Finally in Tab. 7 we compare the 
sum of the /-values of the single bases 
and of the composite systems. In column 
a we give the sum of the/-values of the 
composite systems while column b gives 
the sum of the /-values of the consti- 
tuent bases. The underlined values in 

' t h e  table indicate the sums of /-values 
belonging to the first two intensive 
absorption regions. 
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Table 7. Sums o/ /-values within spectral regions/or base compounds (a) as compared with those 
/or the constituent bases (b) ; negative values o/ (a -- b) /b indicate hypochromicity, positive values 

hypcrchromicity 

Compound 

GpG 

GpC 

G-C 

cpG 

CpC 

Region (eV) 

2.6 - -  3.6 

4.2 - -  4.8 

5.0 - -  5.6 
6.3 - -  8.2 

2.7 - -  3.2 

4.0 - -  5.3 
5.3 - -  6.5 

7.2 - -  7.8 
7 .9 - -9 .6  

2.7 - -3 .2  

4.0 - -  5.3 
5.3 - -  6.5 

7.2 - -  7.8 
7.9 - -9 .6  

2.7 - -  3.2 

4.0 - -  5.3 
5.3 - -  6.5 

7.2 - -  7.8 
7.9 - -  9.6 

2 .7 - -3 .7  

4.9 - -  5.t 
5.9 - -  7.t 

8 .5 - -9 .8  

a = Z/oom~ 

0.803 

0.246 

0.196 
0.540 

0.625 

0.179 
0.894 

0.262 
0.375 

0.667 

0.188 
0.719 

0.27t 
0.053 

0.628 

0A90 
0.829 

0.260 
0.080 

0.379 

0.257 
2.036 

0.363 

b = Zf~ .... 

0.870 

0.t96 

0.i38 
0.488 

0.651 

o.~79 
0.984 

0.244 
0.149 

0.651 

0.279 
0.984 

0.244 
0.t49 

0.651 

0.279 
0.984 

0.244 
0.149 

0.432 

o.2)4 
1.968 

0.298 

a - b  
b 

- -  0.077 

0.255 

0.420 
0.107 

- -  0.040 

- -  0.359 
- -  0.091 

0.074 
1.517 

0.025 

- -  0.326 
- -  0.269 

0 . t t l  
- -  0.064 

- -  0.035 

- -  0.319 
--0.258 

0.066 
- -  0.463 

- -  0.t23 

0A47 
0.035 

0.2t8 

Discuss ion  

C o m p a r i n g  t h e  o b t a i n e d  cha rge  dens i t i es  o f  t h e  single bases  in  cases a) a n d  b) 

(see Fig .  2) w i t h  t hose  o b t a i n e d  b y  VEILLAI~D a n d  PULLMAN [18] we can  see t h a t  

on  t h e  one  h a n d  t h e r e  are  o n l y  s l igh t  d i f ferences  in  t h e  cha rge  d i s t r i bu t i ons  be-  

t w e e n  t h e  cases a) a n d  b). On  t h e  o t h e r  h a n d  t h e  resu l t s  o f  VEILLAnD a n d  PULL- 

MAN s h o w  a l i t t l e  l a rge r  d e v i a t i o n ,  e spec ia l ly  in  t h e  cases o f  n i t r o g e n  a t o m s  in  t h e  

sp 2 h y b r i d  s ta tes ,  wh ich  c o n t r i b u t e  t w o  e lec t rons  to  t h e  de loca l ized  z e l ec t ron  

sys tem.  T h e  gene ra l  p i c tu r e  is t h a t  t h e  t / ,  i i n t e g r a l  va lues ,  u sed  by  these  au thors ,  

a l low a l a rge r  de loca l i z a t i on  for  t h e  2 ~ e lec t rons  o f  t h e  sp2.N a toms ,  t h a n  t h e  t*, 3' 

va lues  used  b y  us. 

T u r n i n g  n o w  to  t h e  p r o b l e m  of  t h e  e x c i t a t i o n  energ ies  o f  t h e  single bases  we 

h a v e  to  m e n t i o n  first  o f  all  t h a t  ou r  a t t e m p t  to  o b t a i n  rea l i s t ic  s ing le t  e x c i t a t i o n  

energ ies  w i t h  t h e  p a r a m e t e r  v a l u e s  tic, ~ = t . 2 5 t  a n d  tic, o = t . 5 0 f l  (fl = 
- -  2.39 eV), wh ich  p r o v e d  p r e v i o u s l y  [8] successful  in  t h e  case  o f  U,  fa i led  com-  

p l e t e l y  in  t h e  case o f  C. T h e r e f o r e  we h a v e  n o t  c o n t i n u e d  t h e  ca l cu l a t i on  o f  t h e  

o t h e r  nuc l eo t i de  bases  w i t h  these  p a r a m e t e r  va lues .  
I n  Tab .  t wh ich  g ives  t h e  resu l t s  o b t a i n e d  f r o m  t h e  p e r f o r m e d  s e m i e m p i r i e a l  

l i m i t e d  CI  ca l cu l a t i on  o f  t h e  s ingle t  e x c i t a t i o n  energies  o f  t h e  bases  in  cases a) a n d  
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b) t h e  u n d e r l i n e d  va lues  are  t hose  e x c i t a t i o n  energ ies  wh ich  be long  t o  t h e  first  

t w o  t r a n s i t i o n s  h a v i n g  la rge  osc i l l a to r  s t r e n g t h  va lues  (unde r l i ned  ] -va lues  in  

Tab .  2) as c o m p a r e d  to  t h e  ] va lues  o f  t h e  o t h e r  exc i t a t i ons .  Since  t h e  m o r e  

i n t e n s i v e  a b s o r p t i o n  b a n d s  u s u a l l y  c o v e r  t h e  w e a k e r  ones,  wh ich  occur  in  t h e i r  

n e i g h b o u r h o o d ,  we h a v e  to  c o m p a r e  o n l y  t h e  t w o  u n d e r l i n e d  e x c i t a t i o n  energ ies  

w i t h  t h e  k n o w n  t w o  e x p e r i m e n t a l  va lues .  

In  eormection with this selection of "measurable excitations" we have to make some 
comlnents. A detailed analysis of the numerical data obtained has shown that  since the inter- 
configuration matrix elements between singlet excited states are rather small (the inter- 
configurational matrix elements between triplet excited states are somewhat larger), the 
obtained excitation energies differ only slightly from those, which we should obtain without 
CI. Therefore we can expect that  a more detailed CI calculation, taking into account a large 
number of configurations, would influence the values of the first excitation energies and the 
corresponding f-values only slightly. This has the consequence that  the choice of the first 
two intensive excitations would probably remain the same. On the other hand we can see from 
Tab. 2 that  changes in the used fie, j integral values can influence the resulting f values more 
seriously. This can be demonstrated also if we compare our f values with those givenin NESBeT'S 
[12] paper. The change of the ] values with the fl~, ~ values will only in the case of U influence 
our choice of the first two intensive excitations. Here as second intensive band should be 
chosen the third excitation with parameters a) and the second one with parameters b)*. I t  
should be mentioned that  with NESBET'S [12] results the choice of the first two intensive 
excitations is completely the same as with our parameter values (N~ssET does not treat  U 
and T separately). I t  is also interesting to compare in Tab. 2 the f values obtained with the 
first iterated and SCF eigenvalues of the ~ matrix. We can see that  in some eases (for in- 
stance in ease a) f2 and Is of G and C, or in case b) ]i of A and ]2 of C, (see Tab. 2) there are 
drastic changes, which may change also the choice of the first two intensive excitations. For 
this reason the use of the SCF ] values and excitation energies seems more founded. From all 
these we can conclude that  although the selection of the first two intensive excited states of 
the nucleotide bases is of course somewhat arbitrary, yet it seems probable that  the experi- 
mentally measured first two absorption maxima are due to the excitations, whose excitation 
energies we have underlined in Tab. t .  

C o m p a r i n g  n o w  t h e  u n d e r l i n e d  t w o  e x c i t a t i o n  energ ies  o f  t h e  single bases  in  

Tab .  t w i t h  t h e  first  t w o  e x p e r i m e n t a l  e x c i t a t i o n  energ ies  we can  f ind t h e  fo l lowing  

r e g u l a r i t b s .  

i .  F o r  t h e  t w o  e x c i t a t i o n s  o f  U a n d  T a n d  for  t h e  first  e x c i t a t i o n  o f  A,  t h e  

e x c i t a t i o n  energ ies  c a l cu l a t ed  w i t h  t h e  first  i t e r a t e d  e i g e n v e e t o r s  s h o w  a b e t t e r  

a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  ones  in  b o t h  eases a) a n d  b), t h a n  t h e  t h e o r e t i c a l  

v a l u e s  c a l cu l a t ed  w i t h  t h e  S C F  e igenvee to r s .  A t  t h e  s a m e  t ime ,  h o w e v e r ,  for t h e  

f irs t  e x c i t a t i o n  o f  G a n d  C in  b o t h  eases a) a n d  b) t h e y  g ive  a v e r y  b a d  a g r e e m e n t  

(dev ia t ions  o f  1.5 - -  t .6  eV). T h e r e f o r e  a n d  for  t h e  r easons  m e n t i o n e d  a b o v e  i t  is 

b e t t e r  to  r e s t r i c t  ourse lves  t o  t h e  S C F  resu l t s** .  

2. C o m p a r i n g  t h e  S C F - C I  e x c i t a t i o n  energ ies  in  cases a) and  b) we can  see t h a t  

us ing  the/~i ,  j va lues  o f  case b) we o b t a i n  for  t h e  first  e x c i t a t i o n  energ ies  of  G a n d  

I t  should be mentioned that  in the cases of U and T with both sets of parameters a) and 
b) our fourth excitation is more intensive than the second or third one. Since, however, this 
fourth excitation lies about t .5 - -  2.0 eV above the third excited state, it is not probable that  
it will cover the third one. Furthermore using other fi~,j values N~SB~,T [12] obtained approxi- 
mately the same [ values for the third and fourth excited states of T. Therefore the above 
choice of the second intensive excited s~ate is probably the correct one. 

** A further disadvantage of the method of limited CI after the first iteration of the 
matrix is, as one can see from Tab. t and 2, that  the results are more strongly depending on 
the choice of the ~, j  parameters, than the results of the SCF-CI calculations. 
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C somewhat better  agreement than with the parameters of case a). On the other 
hand, however, the SCF-CI results with the parameters b) give a considerably 
worse agreement for both excitations of U and T and for the second absorption 
max imum of C (deviations up to 2.00 eV). The use of the parameter  values of case 
a) pointed out by  G. BE}CT~I~I~ [2] gives a tolerable compromise, in which larger 
deviations between the experimental and theoretical excitations than about 
i.00 eV do not occur (we find the maximal  deviation by  the second excitation of 
T to be equal of 1.02 eV). I t  should be mentioned tha t  N~SBET [12] in this case 
only has a deviation of 0.50 eV, but his results for G and C show a worse agreement 
with the experimental values, than  ours. 

To reproduce better the spectra of the nucleotide bases it would be necessary to perform 
similar calculations on larger series of substituted purine and pyrimidine type compounds 
varying the used fl~, j integrals. From these rather time consuming calculations it would be 
possible to determine the best possible set of/~i, j integrals for the reproduction of spectra. It  
should be pointed out, however, that according to our opinion, since the nucleotide bases are 
chemically rather different compounds, this "best" series very probably will be just another 
compromise and will not describe exactly the experimental spectra. 

Turning now to the problem of oscillator strength values we find the usual 
situation in tha t  the agreement between the theoretical and experimental values 
in both cases a) and b) is bad (see Tab. 2). In  most cases also the ratio between the 
two underlined theoretical ]-values differs from the experimental ratio. We can 
further see from the data  given in Tab. 2 tha t  the directions of the different 
transition moment  vectors (the ~ angles) are extremely sensitive to the choice 
of the fl'~,i parameter  values. We find also larger changes in the ~i angles, than in 
the absolute values of the R~ vectors, if, instead of SCF eigenvectors, we use the 
eigenvectors of the ~ matr ix  obtained after the first iteration step. All this indi- 
cates tha t  the simple Pariser-Parr-Pop]e method is not suitable for a good approxi- 
mation of the intensity of such complicated systems as the nucleotide bases. 

From Tab. 3, which gives the first triplet excitation energies of the nueleotide 
bases calculated without CI and with the sets a) and b) of/~i,j integrals, we can see 
tha t  the SCF values are about 2.00 eV for G and C and are higher for A, T, and U. 
We find tha t  the values obtained with the eigenvectors of the ~-  matr ix  after the 
first i teration step are in all cases considerably smaller than  the SCF values. 
Comparing the SCF triplet excitation energies of cases a) and b) we can see that  
the change of the used fii,1 parameters  has smaller effect on the first triplet excita- 
tion energies of the nucleotide bases than on the singlet ones (see Tab. t). 

The values of the first i6 sing]et excitations of a G-C pair given in Tab. 4 were 
obtained after a CI of the i6 configurations, which arise from the previously 
considered four configurations of the appropriate single bases (see Fig. t), using 
the/~/,J integrals of case b). Comparing these SCF results with those referring to the 
G and C single bases (see the second par t  of Tab. l), we can see tha t  some excita- 
tions preserve their identities (for example the first excitation of the G-C base pair 
can be classified as the first excitation of G, or the third excitation of G-C comes 
from the third excitation of C). 

For most excitations, however, we do not find such a clear situation after the 
CI, and so we cannot classify the different excitations as pure G type, or pure 
C type, or as "mixed"  excitations (see Fig. 1). 
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I t  is interesting to point out that  the first two SCF triplet excitation energies 
of a G-C base pair are again around 2 eV (1.99 eV and 2 . i l  eV, respectively; 
see Tab. 5). This is not in too bad agreement with the experimental result of 
D o c z o c  et al., who have found for the first triplet excitation of DNA the value of 
2.55 eV [4]. 

Since for the semiempirical CI calculation of the GpG, GpC, CpG, and CpC 
dinueleotides we have used only those eigenveetors of the ~ matrix, which we 
obtained after the first iteration step, and since we have applied only the /+~,i 
parameters of set b), we do not t ry  to compare the resulting excitation energies 
with the experimentally determined first two singlet excitation energies of the 
single bases. Therefore in Tab. 6 we compare only the obtained oscillator streng+~h 
values of the mentioned dinueleotides wSth the ]-values of the appropriate single 
bases calculated in the same approximation with the same parameter values. With 
this comparison we t ry  to make a further step [6] for the interpretation of hypo- 
chromicity of DNA assuming only overlap type interaction between the superim- 
posed bases. In  the case of GpG and CpC on the basis of the singlet excitation 
energies (given in Tab. 6 in parentheses) we can divide the different excitations 
into four parts. The excitations ~dthin each part of the spectrum lie approximately 
in the same spectral region and their excitation energies do not differ much from 
one of the excitation energies of the single G or of the single C base. In the case of 
the GpC and CpG "mixed" dinucleotides and of the G-C base pair the sitution is 
somewhat more complicated. I f  we investigate simultaneously the excitation 
energies of G and C we can see that  now we have five spectral regions: the first 
around 3 eV (the first excitation of G and C), the second at about ~.5 - -  5 eV (the 
second and third excitations of G and the second one of C), the third around 6 eV 
(the third excitation of C), the fourth around 7 eV (the fourth excitation of G) and 
finally the fifth above 8 eV (the fourth excitation of C). We have indicated these 
spectral regions by  horizontal lines in Tab. 6 and we give them explicitly in the 
first column of Tab. 7. In  the bottom of Tab. 6 we give the sum of the oscillator 
strength values of the different systems and for the composite systems also the 
sum of X ] of their two constituents (in parantheses). We can see that  with the 
exception of CpC the two sums do not agree. 

In Tab. 7 we compare the sums of the ]-values of the constituent bases and 
those of the composite systems. The summation is always extended to all t h e / -  
values, which belong to excitations lying in the indicated region. In the last 
column is given the change of total intensity of the region under consideration in 
percent of the original intensities (negative values: hypochromicity, positive 
values: hyperehromicity). The underlined two values indicate the values which 
belong to the first two intensive absorption regions, which we have selected in a 
similar manner as the first two intensive shlglet excitations of the single bases 
(see above). From the results obtained we can see that  we have for all the four 
investigated dJnucleotides a hypochromieity in the first intensive absorption 
region, which is small for the "mixed" dinucleotides ( - -  4 ~/o for GpC and - -  3.5% 
for CpG, respectively), it is greater for GpG ( - -  7.7%) and has its largest value for 
CpC ( - -  i2.3~/o). At the same time for the G-C base pair we find a slight hyper- 
chroniicity (4  2.50/0). In the case of the second intensive absorption region we find a 
rather large hypochromieity for GpC, CpG and G-C (--9.1~ --15.8~ and 
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- -  26.9~o, respect ively) ,  while for the  "pure" dinucleot idcs  we have  a hyperchromi-  
c i ty  ( + 25 .5% for GpG and  + 3 .5% for CpC). 

These promis ing  resul ts  show t h a t  there  is a poss ib i l i ty  to  descr ibe the  observed 
h y p o c h r o m i c i t y  of  D N A  wi th  the  a id  of  a mode l  which assumes only  over lap  
in te rac t ion  be tween  the  super imposed  bases.  Of course ~t would be h ighly  desi rable  
to  cont inue the  calcula t ion wi th  the  SCF eigenvectors  of  the  ~ -  m a t r i x  and  to  
inves t iga te  the  effect of the  uncer ta in  fli,i in tegra ls  on the  hype rc h romic i t y  results .  
Fu r the r ,  in order  to  es tabl ish  a more  precise t h e o r y  i t  would  be necessary  to  
inves t iga te  the  effect of  the  number  of  configurat ions inc luded  in the  CI calcula-  
t ion  on the  results ,  and  to  ex tend  the  calculat ions  as first s tep  to  the  o ther  12 
d inucleot ides  and  la te r  to  polynucleot ides .  F ina l ly ,  a st i l l  more  real is t ic  calcula-  
t ion  would  t ake  in to  account  s imul taneous ly  over lap  t y p e  in te rac t ions  and  exci t ion-  
van  der  W a a l s  t y p e  in te rac t ions  be tween  the  super imposed  bases of DNA.  
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