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All eleetrons SCF-LCAO-MO eomputations for adenine, cytosine, guanine and thya- 
mine ate reported. In addition, to eompute the total energies and wave funetions we have com- 
puted the relative gross charges and the dipole moment. Analysis of the orbital energy for 
the inner shell indicates that there are three effeets which govern the orbital energies splitting 
for inner shel] a) the gross charge, or ionicity degree, of the atom in consideration, b) its val- 
ency state, c) the neighbor atoms ionieities. The first two effeets are sufficient for determining 
the relative location of the inner shell as well as for estimating the extrema of the splitting of 
the inner shell electrons Of a given type of atoms. 

The gross charge population was used to determine the overall flow of the cr and ~r 
charge transfer. Ir was found that the charge transfer flow requires direet consideration of at 
least next nearest neighbors to be explained. In addition, it was found that simple ~ eleetron 
considerations could lead to not only quantitative but even to qualitative erroneous predietion 
about the eleetronie eharge distribution. For example, ah atom can be positively charged, ir 
one eonsiders only the :r electrons, and the same atom can be negatively charged, if one con- 
siders only the a electrons. Therefore, we reiterate on the necessity of al] electron computations 
not only for quantitative but even for qualitative studies of the electronie structnre in mole- 
eules. 

I. Introduction 

This  w o r k  was  i n i t i a t e d  t he  s u m m e r  of 1967 b y  CLEMEI~TI a n d  HAHr~. 

Cytos ine  was c o m p u t e d  u s ing  Vers ion  2 of I B M O L  on  an  I B M  360/50 a n d  

r e p o r t e d  a t  t he  K u t n a  H o r a  m e e t i n g  a n d  a t  the  H u n g a r i a n  S u m m e r  Sehool  

in  1967. The  r e m a i n i n g  moleeules  of  th i s  p a p e r  were  e o m p u t e d  w i th  Vers ion  

4 of I B M O L  on  an  I B M  360/65 e o m p u t e r .  The  four  moleeules  are e lea r ly  of 

i m p o r t a n e e  in  b io log iea l  s t u d y .  H o w e v e r ,  we wish to  p o i n t  o u t  t h a t  t he re  m i g h t  

be  a grea t  gap b e t w e e n  e o m p u t i n g  t he  e lee t ron ie  s t r u e t u r e  of a b io log iea l ly  i m p o r -  

t a n t  moleeu le  a n d  e o n t r i b u t i n g  to  our  u n d e r s t a n d i n g  of b io log iea l  m e e h a n i s m s .  

Therefore ,  t h r o u g h o u t  th is  p a p e r  no  f u r t h e r  m e n t i o n  will  be  m a d e  to  the  

possible  b io log iea l  i m p l i c a t i o n  of th i s  work ,  a n d  we shal l  eons ide r  these  four  

moleeules  as a d d i t i o n a l  e o m p o u n d s  ( e o n t a i n i n g  h y d r o g e n ,  e a r b o n ,  n i t r o g e n  

* Dedieated to ProL P. GOMB.~8 on his 60th birthday. 
1 Present address: Laboratoire de Chimie Quantique, Kapeldreef, Egenhoven-Heverle, 

Belgium. 
2 Present address: Washington State University, Dept. of Chemistry, Pallman,Washing- 

ton, USA. 
Present address: Stanford University, Department of Chemistry, Stanford, Cali- 

fornia, USA. 
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4 9 4  E. CLEMENTI et al. 

Table I 

Orbital exponents  of Gaussian functions for hydrogen,  carbon, nitrogen and oxygen 

s-type functions 

hydrogen carbon nitrogen oxygen 

4.500370 

0.681277 

0.151374 

391.445 

64.7358 

16.2247 

5.33460 

2.00995 

0.502323 

O.155139 

636.101 

105.386 

27.5167 

9.02708 

3.33086 

0.828625 

0.243109 

1113.12 

172.260 

42.8008 

13.3710 

4.83970 

1.07380 

0,31690 

8 

9 

10 

potype functions** 

4.316130 

0.873682 

0.202860 

5.19829 

1.10716 

0.26175 

6.92200 

1.42610 

0.32120 

* N o  p- type  function was used for hydrogen atoms. 
** The p functions can be either Px of py of Pz; for the 3 different cases the angular par t  

i~ clearly different, bu t  the orbital  exponent  was kept constant .  

Table II  

Contracted Gaussian set for hydrogen (H), carbon (C), nitrogen (N) and oxygen (O) 

ls (H) 
ls (C) 
2s (C) 
2V (C) 
ls (N) 
2~ (N) 
2p (N) 
ls (O) 
2~ (O) 
2p (o) 

0.070480X1 +0.407890Z2+0.647669Z3 

O.022220zt+O.132968z~+O.384690Z3 + 0.458385Z4 + 0.154547Z5 

0.534240Ze+0.524992Z6 

0.108451Zs~-O.461164Zs-t-O.630435Zl o 

O.O18231zl+O.lO8122Zz�91 

0.466703Z~-?0.596283X~ 

O.138430zs+O.497601Zg-4-O.575051Z1 o 

0.013221Zl+0.087629X2+0.296295Z3 ~ 0.492042Zd+0.258935Za 

0.497086Z6~-0.566094Z7 

0.148880Z~-~0.516709Zg+0.558700Z1 o 

The ZI,X2 �9 �9 �9 are the Gaussian functions given in Table I. Clearly the Z~ �9 �9 �9 Z3 to be 
used for the ls(H) are those in column 2 of Table I (or the Z1 �9 , �9 7.5 for oxygen are those in 
column 5 of Table I.) 
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ELECTRONIC STRUC' I~RE OF MOLECULES 4 9 5  

T a b l e  HI 
Total energy in a.u. for the atoms using the Gaussian set of Table I and comparison to other 

sets 

basis set Table I I  Table I i minimal Slater s) Hartree-Fock b) exact c) 

hydrogen ( z S ) -  0.4970 0.4988 -- 0.5000 -- 0.5000 -- 0.5000 
carbon (3p) --37.5900 --37.6296 --37.6224 --37.6886 --37.8558 
nitrogen (4S) --54.2440 --54.3130 --54.2689 -54.4009 --54.6122 
oxygen (3p) 1--74.5973 --74.6763 --74.5404 --74.8094 --75.1101 

I 

a) From E. CLE~Er~TI and D. RAi~or~m, J. Chem. Phys., 38, 2686, 1963. 
b) From E. CLEMEr~TX, Tables of Atomic Functions [8]. 
c) From A. V~ILLARD and E. CLEMENTZ, J. Chem. Phys., 49, 2415, 1968. 

and oxygen  a toms)  in the  list of  molecules p rev ious ly  s tudied in this series of 
papers .  The  work  is carr ied out  in the  self-consistent  field, (SCF) l inear  combin-  
at ions of  a tomic  orbi tals  (LCAO) a p p r o x i m a t i o n .  The  basis  set  we have  used 
(Table I) for  the  H,  C, N, and  O a toms  is the  same basis set  p rev ious ly  used. 
The  same holds for the  con t rac t ion  coefficients (Table I I ) .  The  reason is not  
t h a t  such a basis set  is a pa r t i cu la r ly  good one, b u t  is the  bes t  t h a t  can be 
done with  7s t y p e  gaussians and  3p t y p e  gaussians.  When  we p r o g r a m m e d  our  
molecular  package  [1] we decided to  compromise  in the  basis set  size so as to 
be  in a posi t ion to compu te  a large n u m b e r  of  r a the r  complex  molecules wi th in  
the  same accuracy ,  so as to be in a posi t ion to compare  results  f rom molecule 
to  molecule.  At  t h a t  t ime  the  above  basis set  did seem the  bes t  compromise ,  
be tween  accuracy  and  realistic poss ibi l i ty  to ca r ry  out  our  p r o g r a m  of s t u d y  
in the  electronic s t ruc tu re  of  molecules.  Compar ison be tween  our  basis set  and 
o ther  more  adequa t e  is given in Tab le  I I I .  F r o m  these  considerat ions it  is 
clear t h a t  the  resul ts  p resen ted  in this work  are of  p re l imina ry  value.  The ma in  
fea ture  in these  compu ta t i ons  is t h a t  the  model  used ( S C F - - L C A O ) i s  v e r y  
well defined, t h a t  no a p p r o x i m a t i o n  is m a d e  in the  integrals  compu ta t i ons  or 
even more,  in the  n u m b e r  of  electrons expl ic i t ly  considered for the  molecular  
sys tem.  F r o m  previous  work  in this series [2] we know t h a t  the  so-called 
~t electrons canno t  be  considered as some separa ted  and  pr ivi leged set f rom 
the  so-called a electrons (the no ta t ion  a and ~r is mos t  u n f o r t u n a t e  since it  is 
correct  only  for l inear  systems;  however ,  we shall  cont inue  to use such bad  
no ta t ion  only in deference to a careless as well as ve ry  vas t  b o d y  of l i terature) .  
Hence,  the  need for  all-electrons ab initio computa t ions .  F r o m  other  work  (to 
be  publ ished [3]) we know t h a t  the  inner  shell electrons are more  i m p o r t a n t  
for de te rmina t ion  of molecular  g e o m e t r y  t h a n  previous ly  assumed.  Hence,  the  
need for equal  t r e a t m e n t  for inner shell and  va lency  electrons.  The s imple 
n 4 re la t ion (where n is the  basis set  size for  a given molecule) and  required 
n u m b e r  of  m a n y - c e n t e r  integrals ,  c lear ly poses a prac t ica l  l imi t  in the com- 
pu ta t ions  [4]. 
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496 E. CLEMENTI et al. 

II. Computational results 

The geometry we have used for adenine, cytosine, guanine and thyamine 
(hereafter referred to as A, C, G and T) are given in Tables IV, V, VI and VII, 
resp ectively. Figs. 1, 2, 3 and 4 complement these tables. The total energy as 
well as the orbital energies ate given in Tables VIII  through XI for A, C, G and 
T, respectively. 

The expansion coefficients for each orbital, obtained from the SCF 
procedure are too long to be reported and are available elsewhere [5]. The 
gross population analyses [7] are given in Table XI I  through XV for A, C, G 
and T, respectively, and the hybridization for each atom is given in Tables 

x 

H(4) Z *= -0.965064 
H(5) Z= 1.93012700 
H(6) Z =-0.965064 

o 
I .  I O(A) 

K3) 
+.22482 

§ +3?.803 
H(4) H(5) 

N(5) 
-.60234 

1.34' 

+.?_.3370 
-.26798 . J ,  .~(I) 

/ I-.o~~~4 ~ -.~o,~4 
.-/c(~ i_37(~~1 =.33 (l) l 

,.~~(~~ , .~(~~)--  . ~ '  o 

I -O0(~ l  '-"~;~)665 

6H(2) 
+.38591 

I i I i I I J 
-6 -4 -2 0 2 4 6 8 

ID 
X 

F i g .  1. Geometry and gross charges for the adenine molecule 
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ELECTRONIC STRUCTURE OF MOLECULES 

CYTOSINE (LACTAM I) bond distances, gross charges ~ 

497 

I) H (2) +'31158 

/ -. 59849 
+.33598 I . O 0 ~  N'5" 

+.25959 " 
C(2 

H(3) �9 +.19242 

-.30015 
C (3) 

T ~ +.24122 Y - . 01840~  ~ H(4) 
c (4) p-- 

;-x -.33,Ÿ / 
N(2) 

+.43218 ", 
C(l' 

r.-.46281 
N(I) 

(5) 

51 

Fig. 2. Geometry and gross charges for the cytosine mo]ecule 

-.36836 

+.21306 + 

\ _ / . . . .  ., \ I.OO(A/,_. \,.~(~ /,.~,~, ~ "-%, 

. / ' , ~V  ~ - '  ~~ )  I , .~~) 

+.38o,3 "~ \ . . . .  . .  

" - . % ) o 7  \,.34(t0 _ ,.~,3z9 
" 1.00 (/~ H(4) 

,.oo(~,�91 ..... 
4".34891 

i J i l I ! i 

0 2 4 6 8 I0 12 

Fig. 3. Geometry and gross charges for the guanine molecule 
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X 

q 

lO( I )  
o / -.40615 I.~.IAJ 

+.36778 /+.48441 
H (,,?.) =, IC(I) -f.36648 

LOO lA) 
1.0 

I -.45968 . -.46333 
1.38(~) 

"~~)11 , 
I-.05685 +.3348r 

C14) 

1 . 1 ~ , /  ) ,.~~~-~., JŸ 
" C(31 012) 
+.23578 - 36548 

o 
1.541A} 

H(3) 

+ . 1 9 0 5 6 /  
H(4)).~/'~ 

I 

-.07822 

~58448 
C(5) 

~ +.22760 
H~) 

.20483 
I I I 

Fig. 4. Geometry  and  gross charges for the  t hyamine  molecule 

XVI th rough  X I X  respectively. Finally,  the dipole moment  in components  in 
the x, y, and z direction as well as the to ta l  dipole moment  is given in Table 
XX.  All quanti t ies  are given in atomic units  [7]. 

Table IV 

Molecular geometry  for adenine molecule* 

N(1) 
N(2) 
N(3) 
N(4) 
N(5) 
C(1) 
C12) 
C(3) 

x y x y 

4.456643 

2.1761190 

--2.4164080 

--2.4571470 

2.2803240 

2.2803240 

0.0 

0.0 

2.5959530 

--1.2563760 

3.5159020 

--0.7512240 

6.3839750 

3.8523290 

2.5883240 

0.0 

C14) 
C15) 
�90 
ti(2) 
H(3) 
H(4) 
H(5) 

4.3013910 

--3.7981510 

6.0908940 

--3.1187670 

--5.8763680 

0.6959090 

3.8647390 

* Distances are given zn a tomic  uni ts ;  the  value of the  z coordinate is 0. 

0.0864170 

1.3725350 

--0.9682600 

--2.5207840 

1.3725350 

7.4129050 

7.4129050 
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Table V 

Molecular geometry for the cytosiue (laetam 1).molecule* 

499 

0 

N(1) 

N(2) 

N(3) 

c(1) 
c(2) 
c(3) 
c(4) 

x y x y 

15.682272 

19.039032 

14.826015 

14.139829 

16.470795 

15.767538 

18.318405 

19.994705 

* D i s t a n c e s  a r e  g i v e n  

--0.4604511 

2.1588593 

3.6494255 

7.9196091 

1.7060061 

5.9797821 

6.5219889 

4.5242567 

H(1) 
H(2) 
H(3) 
H(4) 
H(5) 

12.264164 

14.692337 

18.995163 

22.047836 

20.228302 

m a t o m i c  u n i t s ;  t h e  v a l u e  o f  t h e  z c o o r d i n a t e  i s  0 .  

Table VI 

Molecular geometry for the guanine molecule* 

7.6893053 

9.7267876 

8.4874620 

4.8494406 

0.6902478 

0 

N(i) 

N(2) 

N(3) 

N(4) 

N(5) 

C(1) 

c(2) 

x y x y 

8.5351915 

9.2876520 

5.8988562 

3.1580334 

1.7482090 

9.9972229 

8.3526487 

4.3342476 

7.3326225 

3.0396242 

0.1219844 

6.1909208 

2.1588602 

--1.2595730 

0.6659773 

2.0889683 

c(3) 
c(4) 
c(5) 
H(1) 
H(2) 
H(3) 
H(4) 
n(5) 

5.1557379 

7.7466660 

1.1614723 

--0.8040018 

0.5589515 

9.4605036 

11.8708070 

11.1612360 

* Distances in atomie units; the z coordinate is 0. 

4.5441399 

5.1661663 

4.6027842 

5.2795506 

0.6902482 

--3.0715036 

--1.0129108 

3.2862854 

III. Discussion on the orbital energies for inner shell electrons 

T h e  o r b i t a l  ene rg ies  o f  t h e  s e p a r a t e d  a t o m s ,  n a i n e l y  t h e  e i g e n v a l u e s  ei 

o f  t h e  e q u a t i o n  

F g i  = et 9 i ,  

w h e r e  9l is t h e  i - t h  o r b i t a l ,  a n d  F t h e  H a r t r e e - - F o c k  o p e r a t o r  ( the  f i e ld  seen  

b y  9i) a t e  c l e a r l y  r e l a t e d  to  t h e  o r b i t a l  ene rg ies  o f  t h e  a t o i n s  in  t h e  Inolecule .  

H o w e v e r ,  t h e  r e l a t i o n  is n o t  t o o  i i n i n e d i a t e .  F i r s t  of  a l l  t h e  f i e ld  F is no  l o n g e r  

t h e  a t o m i c  f i e ld  b u t  t h e  m o l e c u l a r  f i e ld .  S e c ond ,  t h e  9i in  t h e  m o l e c u l e  a r e  

n o t  l o c a l i z e d  a t  t h e  a t o i n  s i t e ,  b u t  d e l o c a l i z e d  o v e r  t h e  e n t i r e  m o l e c u l a r  f r a i n e  
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Table VII 

Molecular geometry for the thyamine molecule* 

o(1) 
0(2) 
N(1) 
N(2) 
C(1) 
C(2) 
C(3) 
c(a) 
c(5) 
H(1) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 

x 

0.0 
4.188124O 

-- 2.2579160 
2.3049310 
0.0 

--2.2579160 
0.0 
2.3O7O02 
0.0 
3.9030790 

--3.7917320 
--3.9297180 
-- 1.6715400 

0.0 
1.6715400 

Y 

7.4626860 
0.0 
3.8541470 
3.9391650 
5.1577550 
1.3036080 

0.0 
1.3319480 

--2.9095030 
5.0821840 
5.O82184O 
0.13380900 

--3.6274320 
--3.6274320 
--3.6274320 

z 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

--0.96506400 
1.93012700 

--0.96506400 

* Distances in atomic units 

(subjec t  to  s y m m e t r y  const ra in ts) .  I f  the  molecu la r  orbi tals  are only  s l ight ly  
delocalized as com pa red  to the  a toms ,  and ir the  d o m i n a n t  p a r t  of  the  field is 
the  a tomic  field, then  the  orb i ta l  energies in the  s epa ra t ed  a toms  will resemble  
s ubs t an t i a l l y  the  orbi ta l  energies in the molecule.  This  is the  case of  the  inner  
shell ›  The  orb i ta l  energies of  the  l s  2 electrons in the  ca rbon  (3p), 
n i t rogen  (4S) and  oxygen  ( 2 p ) a t o m i c  ground s t a t e  ate  - -11 .32552 a. u.,  
- -15 .62892 a. u., - -20 .66864  a. u., r espec t ive ly  [8]. Wi th  this in mind  ir is 
s imple  to correlate  the  inner  shell electrons of  the  four  molecules (Tables V I I I ,  
I X ,  X and  X I )  wi th  the  inner  shell of the  s epa ra t ed  a toms.  Fig. 5 makes  this  
eorre la t ion  explieit  for the  case of  cytosine.  Howeve r ,  the  eorre la t ion is only  quali-  
t a t ive .  Fo r  instance,  the  sp read  in the  orbi ta l  energies for the ca rbon  a t o m  goes 
f rom 11.53 a. u. to - -11 .44  a. u., f rom --11.56 a. u. to  --11.41 a .u . ,  f r o m  - -11 .59  
a. u. to  - -11 .40  a. u. and  f rom - -11 .61  a. u. to  - -11 .39  a. u. for A, C, G and 
T, respect ive ly .  In  o ther  words ,  there  is a sp read  of abou t  3 to  6 e lec t ron 
vol ts .  These  f luc tua t ions  are subs tan t ia l ,  s t rong ly  poin t ing  against  the  s implify-  
ing a s sumpt ion  t h a t  the  inner  shells in molecules a te  as t he inne r  shel!s of  the  
cor responding  sepa ra ted  a toms .  The  electronic dens i ty  is ve ry  mueh  the  same,  
however ,  b u t  since the  inner  shell electrons are h ighly  energetic ,  a small  
va r i a t i on  in dens i ty  has  a large effect  on the  energy.  For  equ iva len t  reasons ,  a 
re la t ive ly  large dens i ty  v a r i a t i o n  in va lency  electrons corresponds  to  a re la t ive ly  
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-CYTOSlNE-  
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0 .6  

0 .4  
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(/} 

-o.8 
(.9 
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-I0.(~ 
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/-23o" 

"16cr 
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- -  14o" 
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I0o" 
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- -  51m 
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is(o) 
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2 S ( N )  

IS (N )  

2p (C) 

2S(C) 

IS (C) 

IS(H) 

Fig. 5. Comparison of orbital energies for cytosine with the orbital energies of the component 
atoms in the ground state 

small  energy var ia t ion .  Indeed,  f rom analysis  of Tables  X I I I  th rough  X V I I ,  
we see t h a t  the va l ency  shell spl i t t ing in the  molecular  field as compared  to the 
sepa ra ted  a toms  is of  the  same order  of  magn i tude  as the  inner shell spli t t ing.  

F r o m  the previous  discussion ir follows t h a t  we shou]d be able to s ta te  
someth ing  more quan t i t a t i ve  abou t  the  spl i t t ing of the  inner orbi ta l  energies 
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Table VHI 

Orbital energies for adenine (in 

l a  --15.75998 18a 

2a --15.65410 19a 

3a --15.65020 20a 

4a --15.63953 2 l a  

5a --15.63526 22a 

6a --11.53362 23a 

7a --11.51086 24a 

8a --11.49101 25a 

9a --11.48222 26a 

lOa --11.43706 27a 

l l a  --1.45674 28a 

12a --1.37406 29a 

13a --1.28443 1~ 

14a --1.24147 2~ 

15a --1.20797 3~ 

16a --1.10388 4~ 

17a --0.961035 5u 

6~ 

i Total energy = --462.55284 a. u. 

Table I i  

Orbital energies for cytosine (in 

l a  --20.487343 16a 

2a --15.729407 17a 

3a --15.661884 18a 

4a --15.595631 19a 

5a --11.569219 20a 

6a --11.533484 2 la  

7a --11.517662 22a 

8a --11.497959 23a 

9a --1.443140 24a 

lOa --1.341111 1~ 

l l a  --1.309476 2~ 

12a --1.209500 3~ 

13a --1.120933 4~ 

14a --0.960774 5~ 

15a --0.923618 

* Total energy --390.93564 a.u. 
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a . u . ) *  

--.924933 

--.904119 

--.83495 

--.785000 

--.743324 

--.739640 

--.684126 

--.663891 

--.647116 

--.519899 

--.482487 

--.436027 

--.724339 

--.6382OO 

--.560701 

--.488591 

--.443605 

--.36684O 

a.u.)* 

--0.812685 

--0.805849 

--0.771609 

--0.705790 

--0.664342 

--0.651121 

--0.588110 

--0.454238 

--0.442661 

--0.702333 

--0.609556 

--0.544552 

--O.437576 

--0.361283 
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Table X 

Orbital energies for guanine (in a.u.)* 

l a  -20.53240 214 -0.88660 

24 -15.74850 224 --0.85184 

34 --15.72616 234 -0.80546 

44 -15.68678 244 --0.78431 

54 -15.63471 254 -0.74539 

64 --15.61607 264 -0.72761 

74 -11.59306 274 -0.68175 

84 --11.56340 284 --0.62823 

94 --11.49640 294 -0.61354 

104 --11.45654 30~ --0.50676 

114 --11.40342 314 --0.46656 

124 -1.45529 324 -0.44245 

134 --1.42078 1~ -0.72983 

144 -1.38907 2~ -0.67628 

154 --1.26388 3~ --0.60963 

164 -1.25621 4~ --0.50039 

174 --1.22620 5~ -0.49096 

184 -1.08293 6~ --0.45257 

194 --0.96778 7~ --0.33471 

204 -0.93780 

* Total energy --537.13942 a.u. 

as  e o m p a r e d  to  t h e  s e p a r a t e d  a t o m s .  W e  sha l l  n o w  use  t h i s  s a m e  t y p e  o f  r e a s o n -  

i ng  a d o p t e d  in  t h e  s t u d y  for  i n n e r  shel ls  a n a l y s i s  g i v e n  e l s ewhe re  [3]. F r o m  

T a b l e s  X I I ,  X I I I ,  X I V  a n d  X V  we k n o w  t h a t  t h e  a t o m s  a re  n o t  n e u t r a l  in  

t h e  m o l e c u l e  b u t  h a v e  excess  or  d e f i c i e n c y  o f  e l ec t rons  d u e  to  c h a r g e  t r a n s f e r .  

Th is  f a c t  o u g h t  t o  b e  t h e  f i r s t  o r d e r  c o r r e c t i o n  in  t h e  o r b i t a l  ene rg ies  o f  t h e  

i n n e r  shel l .  F o r  e x a m p l e ,  t h e  c a r b o n s  in  a d e n i n e  h a v e  l o s t  0.234,  0.195, 0.018 

a n d  0.025 e l e c t r o n s  in  C(1), C(3), C(4) a n d  C(5) a n d  g a i n e d  0.024 in C(2), r e -  

s p e c t i v e l y .  T h e  C+(2P)ion h a s  an  o r b i t a l  e n e r g y  [8] o f - - 1 1 . 8 9 8 3  a. u. ( to  b e  

c o m p a r e d  w i t h  - - 1 1 . 3 2 5 5  a. u. for  t h e  n e u t r a l  a t o m  in  t h e  3 p  s t a t e ) .  I f ,  mo~t  

a p p r o x i m a t i v e l y  we a s s ign  an  e n e r g y  d i f f e r ence  o f - - 1 1 . 8 9 8 3 - - 1 1 . 3 2 5 5 - - 0 . 5 7 2 8  

a. u. for  t h e  loss  o f  one  e l e c t r o n  a n d  use  t h i s  n u m b e r  for  t h e  f r a c t i o n a l  losses  

in  t h e  c a r b o n  a t o m s  of  a d e n i n e  we  o b t a i n  t h e  o r b i t a l  ene rg ie s  r e p o r t e d  in 

T a b l e  X X I ,  w i t h  a n  e n e r g y  s p r e a d  o f  0.1577 a. u . ;  t h i s  v a l u e  s h o u l d  b e  com-  

p a r e d  w i t h  a s p r e a d  o f - - 1 1 . 5 3 3 6 2 + 1 1 . 4 3 7 0 6 = - - 0 . 0 9 6 5 6  a. u. g i v e n  t h e  com-  

p u t a t i o n  r e p o r t e d  in  T a b l e  V I I I .  T h e r e f o r e ,  we s eem to  h a v e  s o m e  q u a n t i t a t i v e  

u n d e r s t a n d i n g  o f  t h e  i n n e r  she l l  o r b i t a l  energ ies  s p r e a d .  
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T a b l e  X I  

Orbital energies, e, for thyamine (in a.u.)* 

e I --  20.53970 exs --0.82544 

e 2 --20.53656 e19 --0.81492 

e3 --  15.73519 e20 --0.75640 

e s -- 15.70864 e21 --0.73289 

% - -  11.61562 %2 --0.68439 

e s -- 11.56386 %3 --0.64193 

e7 -- 11.49468 e2t --0.63905 

e s -- 11.41183 e25 --0.63041 

e9 --11.39018 e2e --0.61814 

el0 --  1.48448 %7 -- 0.61304 

ex1 --  1.44039 %s --0.58368 

e12 -- 1.33965 ezs --0.56292 

e13 -- 1.28092 e30 --0.49831 

e~4 -- 1.14551 e3t --0.46663 

els -- 1.00557 e3z -- 0.44665 

el6 -- 0.96609 e.~3 --0.38722 

e17 --0.91973 

*Total energy --449.59107 a.u. 

H a v i n g  a s o m e w h a t  b e t t e r  u n d e r s t a n d i n g  of t h e  sp read  of o rb i t a l  energies ,  

le t  us d iscuss  in  more  de ta i l  i ts  a b s o l u t e  va lues .  W e  h a v e  d e t e r m i n e d  t he  sp read  

b y  c o m p a r i n g  the  n e u t r a l  c a r b o n  in  the  3p  s ta te .  W e  shou ld  n o t  use  t he  3p 

s t a t e ,  s ince  the  molecu le  c an  be e n v i s i o n e d  to  be  f o r m e d  b y  a t o m s  in  t h e  

, v a l e n c y  s t a t e " .  Most  i m p o r t a n t ,  we shou ld  t a k e  some s t a t e  t h a t  is more  

diffuse t h a n  t he  3p  a n d a  s ing le t  s t a te .  I f w e  t a k e  as bas is  the  1S s t a t e  of c a r b o n ,  

t h e n ,  a f t e r  h a v i n g  c o m p u t e d  t h e  s p l i t t i n g  we shou ld  lower  the  o r b i t a l  e n e r g y  

b y  - - 1 1 . 3 9 1 1 1 + 1 1 . 3 2 5 5 2 = 0 . 0 6 5  a. u. (where  - - 1 1 . 3 9 2 2 2  is the  e(1S) for 

C(•P) a n d  - - 1 1 . 3 2 5 5 2  is t he  e(1S) for C(1S) as k n o w n  f rom prev ious  work  [8]). 

W e  wou ld ,  therefore ,  expec t  in  th i s  level  of c rude  a p p r o x i m a t i o n  to  h a v e  the  

fo l lowing  o rb i t a l  energies  for the  i n n e r  shell  e lec t rons  of the  c a r b o n  a t o m s  in  

a d e n i n e :  - - 1 1 . 5 3 4  a. u. ,  - - 1 1 . 5 0 2  a. u.,  - - 1 1 . 5 0 2  a. u . ,  - - 1 1 . 4 0 5  a. u. ,  - - 1 1 . 4 0 4  

a. u. ,  - - 1 1 . 4 0 2  a. u. to  be  c o m p a r e d  w i th  these  of T a b l e  V I I I .  Up to  n o w  we 

h a v e  (1) a n a l y z e d  the  effect  of  t he  sp read  of the  o r b i t a l  energies  a n d  (2) we 

h a v e  a d j u s t e d  the  b a r i c e n t  of  the  o rb i t a l  energies  m a n i f o l d  for the  i n n e r  shells.  

I n  T a b l e  X X I  we r e p o r t  t he  o rb i t a l  energies  for  the  i n n e r  shell  e lec t rons  

on  the  c a r b o n  a toms  for a d e n i n e  as g iven  in  T a b l e  V I I I  (f irs t  c o l u m n ) ,  the  

o r b i t a l  energies  we wou ld  o b t a i n  b y  k n o w l e d g e  of t h e  i o n i c i t y  on the  c a r b o n  

a toms  (second  co lumn) ,  t h e  o r b i t a l  energies  of t he  second  c o l u m n  co r rec ted  

b y  a m o r e  a d e q u a t e  choice so as to  a p p r o x i m a t e  t he  v a l e n c y  s t a t e  (1S r a t h e r  

t h a n  3p) [91. 
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Table XII  

Adenine gross charges 

N(1) 

505 

ls  1.99732 

2s 1.47328 

2px 1.48730 

2py 1.17861 

2pz ' 1.17291 

15 

2s 

2px 

2py  

2pz 

1.99730 

1.45077 

1.02527 

1.67704 

1.15624 

l s  

2s 

2px 
2py 
2p2 

1.99748 

1.54724 

1.05991 

1.52982 

1.33353 

l s =  1.99732 

2 s =  1.47328 

2 p = 3 . 8 3 8 8 2  

6(~) = --0.13653 

~(~) = - - 0 . 7 7 2 9 1  

~ ( t o t ) =  --0.30944 

N(2) 

l s =  1.99730 

2 s =  1.45077 

2 p =  3.85856 

~(a) = --0.25040 

~(~) = - - 0 . 1 5 6 2 5  

6 ( t o t ) = - - 0 . 3 0 6 6 5  

N(3) 

l s - -  1.99748 

2 s =  1.54724 

2p -- 3.92321 

6(~) = +0.06555 

~(~) = --0.33353 

~ ( t o t ) =  --0.26798 

15 

2s 

2px 
2py 

2pz 

1.99729 

1.34616 

1.18404 

1.28650 

1.64153 

N(4) 

b(a) = - -0 .81401 

£ = +0.35847 

6 ( t o t ) =  --0.45554 

l s =  1.99729 

2 s =  1.34616 

2 p = 4 . 1 1 2 0 7  

i s  

2s 

2p~ 
2py 

2pz 

N(5) 

1.99726 

1.36749 

1.27738 

1.15502 

1.80517 

ls  1.99726 

2 s =  1.36749 

2 p = 4 . 2 3 7 5 7  

6(~) = --0.79717 

~(~) - - - - 0 . 1 9 4 8 3  

~ ( t o t ) =  --0.60234 
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Table XII (cont inued)  

c(1) 

15 

2s 

2px 
2py 
2pz 

1.99942 

0.93633 

0.99680 

0.92489 

0.90885 

ls  = 1.99942 

2s = 0.93633 

2p = 2.83054 

J(~r) = +0.14255 

J(zt) = -}-0.09115 

J(tot)  = +0.23370 

C(2) 

18 

2s 

2px 
2py 

2p~ 

1.99902 

0.93213 

0.95886 

0.97931 

1.15460 

C(3) 

l s =  1.99902 

2 s = 0 . 9 3 2 1 3  

2 p = 3 . 0 9 2 7 7  

~(~) = -4-0.13066 

6(~) = - - 0 . 1 5 4 6 0  

6 ( to t )=- -O~02394  

18 

2s 

2px 
2py 

2pz 

1.99932 

0.92375 

0.87516 

0.98370 

1.02310 

l s =  1.99932 

2 s = 0 . 9 2 3 7 5  

2 p = 2 . 8 8 1 9 6  

6(a) = +0.21805 

~(~) = - - 0 . 0 2 3 1 0  

6 ( t o t ) =  +0.19495 

C(4) 

1s 

2s 

2px 
2py 

2p~ 

1.99936 

1.02373 

1.05141 

0.93461 

0.97330 

l s =  1.99936 

2 s =  1.02373 

2 p = 2 . 9 5 9 3 2  

~(a) = - - 0 . 0 0 9 1 2  

~(~) = +0.02670 

J ( t o t ) =  +0.01758 

C(5) 

15 

2s 

2px 
2py 
2p, 

1.99926 

1.01971 

1.09616 

0.82907 

1.03073 

l s =  1.99926 

2 s =  1.01971 

2 p = 2 . 9 5 5 9 6  
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Table X I l  (cont inued)  

507 

H(l) 

Is 0.77818 �91 = +0.22182 

•(2) 

ls 0.61409 �91 = -}-0.38592 

H(3) 

ls 0.77518 �91 = +0.22482 

�90 

ls 0.66594 �91 = +0.33406 

�90 

]s ] 0.67197 �91 = +0.32803 

IV. Discussion on the orbital energies of the valency electrons 

The r e l evan t  fea tures  of  the  orb i ta l  energies of the  va l ency  electrons ate  
those prev ious ly  no ted  in o ther  papers  of  this series [2]. The a and  ~r electrons 
(see for compar i son ,  Fig. 6) are ful ly in te rmixed .  In  addi t ion,  the  highest  filled 

orbi ta l  is a lways s om ewha t  higher t h a n  the  highest  filled a orbi tal .  The spread  
in the  ~r orbi ta l  energies is r a the r  cons t an t  and this deserves some note.  The  
four  molecules conta in  C, N and O a toms  as cont r ibu tors  to the  ~r sys tem.  The  
orbi ta l  energies for  the  2p electrons in the  sepa ra ted  a toms  [8] (for the  ground 
s tate)  are - -0 .43334  a. u., - -0 .56753 a. u. and - -0 .63186  a. u., respect ively .  
However ,  the  spl i t t ing of the  ~z electron orbi ta l  energies seems r a the r  independ-  
ent  of the  original orbi ta l  energies in the  separa ted  a toms.  For  instance,  the  
lowest  Jr orb i ta l  energy  is - -0 .724  a. u. in adenine and the  lowest  ~ orb i ta l  
energy is - -0 .702  a. u. in cytosine.  I t  is no ted  t h a t  adenine does not  conta in  
oxygen  a toms  whereas  cytosine contains  an oxygen  a tom.  The exp lana t ion  is 
in the delocal izat ion of the  ~ electrons cloud. In  o ther  words the  field seen 
b y  the ~ electrons resembles  ve ry  l i t t le  the  field seen b y  the  corresponding 2p 
electron in the  sepa ra t ed  a tom.  
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- 2 0 ,  lo- lo. 2o. 
I0. 

- 2 2 ,  

Fig .  6. Comparison of orbital energies for A, C, G, T. 

V. Charge transfer 

Probab ly  one of the most  interesting aspects of the electronic s t ructure  
of the four molecules is its charge transfer  mechanism. We find the two way 
charge t ransfer  (~ in one direction and ~ in the opposite) as well as the one 

way  charge transfer  (a and ~r in the same direction as charge t ransfer  goes). 
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Table XIII  

Cytosine - -  gross charges 

509 

O 

18 

2s 

2p~ 
2py 
2p~ 

1.99761 

1.78662 

1.82903 

1.46767 

1.32602 

l s - -  1.99761 

2 s =  1.78662 

2 p = 4 . 6 2 2 7 2  

~(a) = --.08093 

r = -- .32602 

O(tot) = -- .40695 

N(1) 

15 

2s 

2px 
2py 

2pz 

1.99727 

1.34673 

1.22440 

1.21255 

1.68186 

l s =  1.99727 

2 s =  1.34673 

2 p = 4 . 1 1 8 5 5  

~(a) = -- .78095 

~(~) = +.31814 

b ( t o t ) =  --.46281 

N(2) 

15 

2s 

2p~ 
2py 
2pz 

1.99727 

1.47290 

1.59502 

.99131 

1.27859 

l s =  1.99727 

2 s =  1.47290 

2 p =  3.86492 

N(3) 

6(O = - - . 0 5 6 5 0  

J(~) = - - . 2 7 8 5 9  

J ( t o t ) = - - . 3 3 5 0 9  

1$ 

2s 

2px 

2p~ 
2~~ 

1.99729 

1.36971 

11.23300 

1.19299 

1.80550 

l s =  1.99729 

2 s =  1.36971 

2 p = 4 . 2 3 1 4 9  

~(a) = - - . 7 9 2 9 9  

J(~) = +.19450 

J ( t o t ) =  -- .59849 

C(1) 

15 

2s 

2px 

2py 
2pz 

1.99959 

.88488 

.83823 

.88692 

.95820 

l s =  1.99959 

2 s =  .88488 

2 p - -  2.68335 

b(a) = +.39038 

~(~) = +.04180 

6 ( t o t ) =  +.43218 
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Table XIII (continued) 

C(2) 

18 

2s 

2p~ 
2py 
2p~ 

1.99942 

.95047 

1.00245 

.94150 

.86657 

l s =  1.99942 

2 s =  .95047 

2p=2.81052 

£ = +.10616 

6(~) = +.13343 

~(tot)= -}-.23959 

C(3) 

15 

2s  

2p~ 
2py 

2p~ 

1.99893 

1.01854 

.96950 

1.09693 

1.21625 

l s =  1.99893 

2 s =  1.01854 

2p=3.28268 

6(a) =-- .08390 

~(~) =-- .21625 

6(tot)= --.30015 

C(4) 

15 

2s 

2px 
2py 
2pz 

1.99934 

1.06409 

1.15816 

.92983 

.86698 

l s =  1.99934 

2 s =  1.06409 

2p=2.95497 

~(~) =--.15142 
~(~) :~- .13302 

6 ( t o t ) :  --.01840 

H(1) 

ls .66402 I 6(a) = +.33598 

l 

I 

H(2) 

ls .68842 ~(a) = +.31158 

H(3) 

ls .80758 ~(a) = -}-.19242 

H(4) 

ls .75878 ~(a) == +.24122 

H(5) 

ls .63102 
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T a b l e  X I V  

Guanine - -  gross charges 

511 

18 

2s 

2px 
2py 

2pz 

1.99763 

1.79034 

1.84502 

1.45088 

1.28447 

l s =  1.99763 

2 s =  1.79034 

2 p = 4 . 5 8 0 3 7  

~(~) = - - 0 . 2 8 4 4 7  

~ ( t o t ) = - - 0 . 3 6 8 3 6  

N(1) 

15 

2s 

2px 
2py 
2p~ 

1.99727 

1.33629 

1.26190 

1.15097 

1.72564 

l s =  1.99724 

2 s =  1.33629 

2 p = 4 . 1 3 8 5 1  

~(~) = -}-0.27436 

6(tot) = - -0 .47206  

N(2) 

18 

2s 

2px 

2pz 

1.99715 

1.43982 

1.02358 

1.57600 

1.32450 

l s =  1.99715 

2 s =  1.43982 

2 p = 3 . 9 2 4 0 8  

~(zt) = --0.32450 

6(tot) = --0.36107 

N(3) 

IS 

2s 

2px 
2py 
2p~ 

1.99755 

1.55440 

1.00216 

1.59373 

1.09131 

l s =  1.99755 

2 s =  1.55440 

2 p = 3 . 6 8 7 2 0  

~(~) = --0.09131 

6 ( t o t ) = - - 0 . 2 3 9 1 7  

N(4) 

1$ 

2s 

2px 
2py 

2p, 

1.99731 

1.35154 

1.21527 

1.25926 

1.62363 

l s - - 1 . 9 9 7 3 1  

2 s - - 1 . 3 5 1 5 4  

2 p - - 4 . 0 9 8 1 6  

6(~t) = �91 

~(tot) = --0.44704 
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Table XIu (continued) 

ls  

2s 

2p~ 
2py 
2pz 

1.99724 

1.36690 

1.20866 

1.21587 

1.88470 

N(5) 

l s - -  1.99724 

2s : 1.36690 

2 p :  4.24931 

£ = +0.17522 

5(tot) = --0.61348 

c(1) 

1$ 

2s 

2p~ 
2py 
2p, 

1.99953 

0.91689 

0.94124 

0.86947 

0.88095 

l s =  1.99953 

2 s = 0 . 9 1 6 8 9  

2/ )=2.69166 

b(n) = +0.11905 

~(tot) = +0.39191 

C(2) 

18 

2s 

2p~ 
2py 
2p~ 

1.99932 

0.93123 

0.85765 

1.00718 

1.01167 

l s - -  1.99932 

2 s = 0 . 9 3 1 2 3  

2 p = 2 . 8 7 6 5 0  

6(~) = --0.01167 

~ ( t o t )=  +0.19294 

C(3) 

15 

2s 

2p~ 
2py 
2pz 

1.99900 

0.93424 

0.97198 

0.93304 

1.21138 

l s =  1.99900 

2 s : 0 . 9 3 4 2 4  

2 p = 3 . 1 1 6 4 0  

~(~) = -0.21138 
~ ( t o t ) =  --0.04966 

C(4) 

15 

2$ 

2py 
2p, 

1.99955 

0.90738 

0.97524 

0.82598 

0.93287 

ls = 1.99955 

2s ~ 0.90738 

2p = 2.73409 
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Table XIV (cont inued)  

513 

C(5) 

18 

2s 
2p~ 
2py 
2pz 

1.99922 
1.0113 

1.08504 

0.81600 

1.08874 

l s =  1.99922 
2 s =  1.01113 

2p=2.98978 

£ = --0.08874 
c~(tot) = --0.00015 

~I(1) 

ls 0.78694 ~(tot) = +0.21306 

~(2) 

ls 0.61987 6(tot) = +0.38013 

ri(3) 

ls 0.65109 ~(tot) = +0.34897 

ti(g) 

i 
ls 0.68671 i 6(tot)= +0.31329 

ti(5) 

ls 0.64812 ~(tot) = +0.35188 

I t  might  be of interest  to  reconstruet  the flow of electrons. For  this reason we 

a t t emp t  to indicate the  mechanism of charge t ransfer  within the following 

simplifying assumpt ion:  i f  a donor and an acceptor are nearest neighbors, we 
assume that the charges donated by the donor ate accepted as f u l l y  as possible by 
the nearest acceptor. Of course this assumpt ion  is a rb i t r a ry  because of the 

indist inguishabil i ty of the electron which prevents  us f rom labeling ah electron of 
fraction of it. However ,  f rom a " m o d e l "  view point,  we would like to establish 

the characterist ic  of a " f l ow"  in the hope t h a t  this flow of eleetrons would be 
somewhat  t ransferable  f rom molecule to molecule. I t  is noted t h a t  the arbit-  

rariness o four  assumpt ionis  the very  same encountered in assigning gross popul- 
ations, or in referring to atoms in a molecular  sy~tem. Let u~ consider, for example, 

the case of the t hyamine  molecule for which we have a t t empted  to schematical ly  
describe the to ta l  f low in Fig. 7. Let  us s ta r t  a t  the CH a group [designated as 
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T a b l e  X V  

Thyamine - -  gross charges 

c(1) 

15 

2s 

2px 

2~~ 

1.99761 

1.78892 

1.89636 

1.39083 

1.33241 

l s =  1.99761 

2 s =  1.78892 

2 p = 4 . 6 1 9 6 0  

~(~) 
z(~) 
~(tot) ~ - - .40615  

0(2) 

18 

2s 

2p~ 
2py 
2pz 

1.99763 

1.78963 

1.60018 

1.71878 

1.25724 

l s =  1.99763 

2 s =  1.78963 

2p- -4 .57620 

~(~) 
~(~) 
~ ( t o t )  ~ - - . 3 6 3 4 8  

N(1) 

15 

2s 

2p~ 
2py 
2~z 

1.99723 

1.33487 

1.20100 

1.18685 

1.73971 

l s - - 1 . 9 9 7 2 3  

2 s =  1.33487 

2 p = 4 . 1 2 7 5 6  

~(~) 
~(~) 
~ ( t o t )  = - - . 4 5 9 6 8  

N(2) 

18 

2s 

2px 

2py 
2pz 

1.99727 

1.34414 

1.19286 

1.17377 

1.75527 

l s =  1.99727 

2 s - -  1.34414 

2 p = 4 . 1 2 1 9 0  

z(~) 
~(~) 
r ~ --.46333 

c(1) 

1$ 

2s 

2p~ 
2py 
2p~ 

1.99959 

0.88761 

0.87002 

0.84593 

0.91243 

ls = 1.94959 

2s = 0.88761 

2p = 2.62838 
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Tab]e XV (continued) 

515 

C(2) 

15 

2s 

2p~ 
2py 

2p~ 

1.99930 

1.04733 

1.14671 

0.92605 

0.93744 

l s =  1.99930 

2 s =  1.04733 

2 s =  1.04733 ~ ( t o t )  = - - . 0 5 6 8 5  

C(3) 

ls 

2s 

2px 
2py 
2p~ 

1.99903 

0.98034 

0.95068 

1.01028 

1.13786 

l s =  1.99903 

2 s =  0.98034 

2p=3.09882 

£ 
~(tot) ~ -- .07822 

C(4) 

15 

2s 

2px 
2py 

2pz 

1.99951 

0.91281 

0.95053 

0.87210 

0.93022 

ls--1.99951 

2s=0.91281 

2p=2.75285 

~(~) 
~(~) 
~(tot)= -}-.33481 

C(5) 

18 

2s 

2px 
2py 

2~z 

1.99898 

1.21868 

1.18437 

1.00724 

1.17520 

l s =  1.99898 

2 s =  1.21868 

2p=3.36681 

~(~) 
3(=) 
~ ( t o t ) =  -- .58448 

H(I) 

ls 0.63352 ~ ( t o t ) =  A-.36648 

H(2) 

ls 0.63222 ~(tot)= +.36778 
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Table XV (continued) 

H(3) 

ls 1 0,76422 ~(tot) : -}-.23578 

i 

p 

H(4) 

ls 0.80944 ~(tot) : -t-.19056 

n(5) 

ls 0.79517' ~(tot) = -}-}-.20483 

H(6) 

ls 0.77240 &(tot)=+.22760 

C(5) and H(4), H(5) and H(6)].  The three hydrogens  donate  the charges given 
in the  Figure.  However ,  the  sum of the donated  charges is 0.623 of ah electron 
and C(5) accepts only 0.584 charges. The c harge excess 0 .623- -0 .584=0 .039  is 
therefore  transferred o~er to the  C(3)s i te .  The remaining charge for C(3) is 
assumed to be supplied b y  the  H(3) site. This w a y  we can const ruct  the  flow 
of charges as given in Fig. 7, 

o(I) 

,4o6 ~ l  .OT~ 

H(2)~.._...., .368 ~ I ~ H(I) 

t 
057 1 C(2) 1C(4) 

~~.~C.~-'190 ~ I/~-~ ,228 

H(4) H(5) H(6} 
Fig. 7. Charge transfer of ~ and zt electrons in thyamine 
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Table XVI 

Hybr id iza t ion:  adenine 

517 

atom l s  2s 2pc r 2p~ t 

1~(1) 
~(2) 
N(3) 
N(4) 
~(5) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
H(1) 
H(2) 
H(3) 
H(4) 
H(5) 

1.997 

1.997 

1.997 

1.997 

1.997 

1.999 

1.999 

1.999 

1.999 

1.999 

0.778 

0.614 

0.775 

0.666 

0.672 

1.437 

1.451 

1.547 

1.346 

1.367 

0.936 

0.932 

0.924 

1.024 

1.020 

2.666 

2.702 

2.590 

2.470 

2.432 

1.922 

1.938 

1.859 

1.986 

1.925 

1.173 

1.156 

1.334 

1.641 

1.805 

0.909 

1.155 

1.023 

0.973 

1.031 

* Da ta  not  avai lable  a t  present  due to choice of basis set. 

Table XVII 

Hybr id iza t ion:  cytosine 

atom ls  2s 2p~ 2pz r 

O 

N(1) 

N(2) 

N(3) 

C(1) 

C(2) 

C(3) 

C(4) 

H(1) 
H(2) 

H(3) 

n(4) 
H(5) 

1.998 

1.997 

1.997 

1.997 

1.999 

1.999 

1.999 

1.999 

0.664 

0.688 

0.806 

0.759 

0.631 

1.787 

1.347 

2.473 

1.370 

0.885 

0.950 

1.018 

1.064 

3.297 

2.437 

2.586 

2.426 

1.725 

1.944 

2.O66 

2.088 

1.326 

1.682 

1.278 

1.805 

0.958 

0.866 

1.216 

0.867 

* Da ta  present ly  not  avai lable due to choice of basis set. 
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Table XVIII 
Hybridizat ion:  guanine 

atom ls 2s 2pa 2p~ 

O 

N(1) 

~(2)  

~(3)  

N(4) 

N(5) 

C(1) 

C(2) 

C(3) 

C(4) 

C(5) 

H(1) 

H(2) 
a(3) 
H(4) 
n(5) 

1.998 

1.997 

1.997 

1.997 

1.997 

1.997 

1.999 

1.999 

1.999 

1.999 

1.999 

0.787 

0.620 

0.651 

0.687 

0.648 

1.790 

1.336 

1.440 

1.554 

1.352 

1.367 

0.917 

0.931 

0.934 

0.907 

1.011 

3.296 

2.413 

2.599 

2.596 

2.474 

2.424 

1.811 

1.865 

1.905 

1.801 

1.901 

1.284 

1.726 

1.324 

1.091 

1.624 

1.824 

0.881 

1.012 

1.211 

0.933 

1.089 

* Da ta  present ly  not  avai lable  due to choice of basis set. 

Table XIX 
Hybridiza t ion:  t h  amine  

atom 2p~ 2p~ 

C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
N(1) 
N(2) 
O(1) 
0(2) 
H(1) 
H(2) 
�90 
H(4) 
H(5) 
H(6) 

I$ 2s 

1.999 0.887 

1.999 1.047 

1.999 O.980 

1.999 0.913 

1.999 1.219 

1.997 1.335 

1.997 1.344 

1.998 1.789 

1.998 1.790 

0.912 

0.937 

1.139 

0.930 

1.175 

1.740 

1.755 

1.332 

1.257 
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Table XX 

Dipole moment (a. u.) 

519 

molecule x component ff component z component total  

adenine 
eytosine 
guanine 
thyamine 

1.0230 
--1.5835 

--0.6270 
1.2922 

0.0975 
--1.9576 

2.6577 
0.0647 

0.0 
0.0 
0.0 
0.0034 

1.0277 
2.5179 

2.7307 
1.2938 

Table XXI 

Computed and rationalized orbital energies for the carbon inner shell of adenine molecule 

atom (a) (b) (e) 

C(1) 
C(3) 
C(5) 
C(4) 
C(2) 

--11.5336 
--11.5109 
--11.4910 
--11.4822 
--11.4371 

--11.4595 
--11.4372 
--11.3396 
--11.3367 
--11.3118 

--11.5345 
--11.5022 
--11.4046 
--11.4017 
--11.3768 

(a) Computed as for Table VIII  
(b) Computed from the ionic character and with ~(1S) of 3p in carbon as reference. 
(c) Computed from the ionic character and with ~(1S) of the 1S in carbon as referente. 

The remaining discrepancy between column (a) and (c) is attributed to neighboring atoms effect, 
primarily their ionic character. 

There  are, of  course,  several  possible ways to d raw such flow pa th s ;  
but the essential feature we obtain is that there is no way  to draw such f low  paths  

by l imiting ourselves to nearest neighbors; we need to go at least to the next nearest 
neighbors. Indeed ,  the  p a t h  we have  chosen can now be p rope r ly  ba lanced  
unless we assume t h a t  H(3) t ransfers  0.028 and  0.019 of an electron to 0(2) 
and  N(2), respect ive ly .  

Le t  us now consider the  cytosine  molecule and inves t iga te  the  cr charge  
t rans fe r  f i rs t ,  the  ~ charge t rans fe r  second and the  t o t a l  charge  t raI lsfer  a t  
last .  The effect  of  the  a t r ans fe r  is to have  the  C(1) and  the  hT(2) a toms  posi t ive  
(donors) and  all the  o ther  a toms  nega t ive  (acceptors) ,  of  course neglect ing the  
hydrogen  a toms ,  which are clonors. On the  o ther  hand ,  the  effect  of  the  
charge t r ans fe r  is to have  the  C(1), N(1), C(2) and  N(3) pos i t ive  (donors) and  
all the  o ther  a toms  acceptors .  Therefore ,  in the  ~ a p p r o x i m a t i o n  (namely  in 
those  c o m p u t a t i o n a l  models ,  where only the  ~ electrons a te  expl ic i t ly  con- 
sidered) the  resul t  one would ob ta in  can be even qualitatively in d i sagreement  
wi th  all-electron computa t ions .  Similar  conclusions can be drawn b y  consider- 
ing the  charge t r ans fe r  da t a  for guanine  and  t h y a m i n e  (Table X I I  to  Table  XV). 
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VI.  H y b r i � 9 1  

Mueh of ehemis t ry  is based  on the  coneept  of  va leney ,  i.e., the  ab i l i ty  
to b ind  in a defined n u m b e r  of  ways  as well a s a  defined, direct ional  way .  
The  eoncep t  of  va leney  was t h e n  t r ans l a t ed  into the  eoncept  of hybr id iza t ion ,  
of possibly,  in the  concept  of  va l ency  s ta te  as f i rs t  s tep,  and  hybr id iza t ion  as a 
second s tep.  However ,  in so doing we have  to compl ica te  our model  b y  th ink-  
ing in t e r m s  of covalent  and  ionie s t rue tures  in the  t r ad i t iona l  va l ency  b o n d  
approaeh .  The  concept  of  eharge  t rans fe r  used wi th in  the  Molecular Orb i ta l  
a p p r o x i m a t i o n  (as we did in the  second p a p e r  of this series) allows us to  incor- 
po ra t e  the  ionic charac te r  of a moIecule wi th  the  concept  of  hybr id iza t ion .  
Le t  us examine  Tables  X V I  to  X I X  and let  us consider  the  ca rbon  a toms  in 
adenine molecule.  These are clear ly sp  2 hybr id ized ,  to  a f i rs t  a p p r o x i m a t i o n .  
However ,  there  are i m p o r t a n t  devia t ions  1) in the  1 : 2 ra t io  of the  hyb r id  and  
2) in the  fac t  t h a t  the  sum of the  hybr id ized  electrons deviates  f rom three .  
The  dev ia t ion  f rom the ra t io  1 : 2 can be t a k e n  a s a  f i rs t  effect,  n a m e l y  the  
precise hybr id iza t ion  ra t io  for  pairs  of a toms  still considered as neut ra l .  The  
dev ia t ion  f rom 3 corresponds to the  second effect,  n a m e l y  the  in t roduc t ion  of  
ionic charac te r ,  v ia  in t r amolecu la r  charge t ransfer .  

VII.  Conelusions 

I r  i s  expee ted  t h a t  in t ime ,  wi th  more  e o m p u t a t i o n a l  da t a  of  the  t y p e  
r epor t ed  here,  we should be  in a posi t ion to assign qui te  preeisely the  hybr id iza -  
t ion ra t io  as well as the  a m o u n t  of eleetrons dona ted  (as well as aecepted)  
wi th in  a given moleeule solely on the  basis of  geometr iea l  eonsiderat ions .  
To s t a t e  this goal different ly ,  we expee t  t h a t  knowledge  of s t rue ture  alone will 
suffiee to  de te rmine  aeeura te  eharge  d is t r ibut ion  in a molecule,  bo th  in  t e r m s  
of hybr id i za t ion  and  in t r amoleeu la r  eharge t ransfer .  
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H 3 Y q E H H E  3J'IEKTPOHH01~ CTPYKT~ZPbl MOJ-IEKYJI, X. 

OCHOBHOE COCTO~iHI, Ÿ ~Jl~l AJ~EHHHA, HIdCTO3HHA, FYAHI4HA M TIzIAbIMHA 

9. I-(~EMEHTH, l~l. M. AHJ~PE, M. I<.rl. AHJ~PE, j~. l~.qldl-tT ;~ ~[. :KAH 

P e 3 1 o M e  

HaJmramTca Bce ~J~eKTp0n~~, onpeaeJ~eHaHe MeTOJmM SCF-LCAO-MO, nJ~n aneH~Ha, 
IIHCTO3HHa, ryaHHHa H THaMHHa. C ue/IbIO BblqHcJ1eHH~ l]OJIH0fi aHeprHH H BOJ]HOBblX ~yHKHH~ 
onpe~emn~ OTH0CHTeJIbHO 60J1hIIIHe 3ap~/Ib~ H ~Hn0/IbHblH MOMeHT. fl, HaJIH30p614TaJ1bHOfi 
3HepFHH JIJ1~ BHyTpeHHHX 060J~oqeK IIoKa3HBaeT, qT0 HMeeTc~ TpH 3~(~eKTa, ]<0T0pue Ol(a3bI- 
BalOT BJIH~HHe Ha Op6HTaJ1bHb[e 3HepFHH H00THOI/JeHHIO BHyTpeHHHX 060J10qeK a) IlOJIHblfi 
3ap~R, H.rlH cTeneHb HOHH3aHHH I4CCJ1e~yeM0rO aTOMa; 6) ero BaJIeHTH0e C0CTO~IHHe; B) HOHH- 
3aI~HH c0ceJIHHX aTOMOB. FlepBb~e JIBa 3{~~eKTa jIOCTaTOqHhl JIJ'I~l onpe~eJ~eni~~ OTH0CHTeJIbHOF0 
pacnoJ~0>KeHH~ BHyTpeHHe~ 060/I0qKH, ~JI~I 0I~eHKH ~KcTpeMyMa pacKlenJ~eHH~ 8JIeKTp0HOB 
BHyTpeHHHX 060Jl0qeK aTOMOB ~IaHHOF0 THIIa. 

FIoJ~Ha~ 3ap~RHa~ HaceJ~eHH0CTb HCn0Jm30BaJ~aCb ~IJ~~ onpe~eJ~eHH~ yHHBepcaJ~bH0r0 
HOTOKa nepenoca 3apflj~a �91 H ~. Ha¡ qT0 n0TOK nepenoca 3apfljla Tpe6yeT nenocpeJlcT~eH- 
HOF0 pacCMOTpeHH~ nO KpafiHefi Mepe caeJ~ymmnx CaMHX ~JIH3KHX coce~el~. HaKoHeu, noKa3H- 
BaeTc~l qT0 paCCMOTpeHH~ I~p0CTO Ÿ MOryT I~p0BORHTb He T0.r[bK0 K KaqeCTBeHH0bly, 
H0 H K KOJ~HqeCTBeHHOMy OIIiH60qHOMy i~pejlci<a3aHHlO o pacnpeJleJmnHH ~JIeKTpOHH0rO 3apsj~a. 
HanpHMep, aTObl M0>KeT 6b~Tb 3ap~~eH I~0JIO>I<HTe~bHO, eCJ~H pacCMaTpHBaIOTC~ TO.rIbKO - -  
3J~eKTpo~bi, H TOT ~Ke aTOM bi0>KeT HMeTb 0TpHRaTeJIbHHI~ 3ap~Jl, eCJ~H paccMaTpHBamTC~ J~Hmb 
�91 Ha 0CHOBe 3TOF0 Mbl I]oRqepI(HBaebl Heo6x0)IHMOCTb IIpHH~TH~I B0 BHHMaHHe 
Beex 3JIeKTp0HOB IIpH BblqHC.rleHH~X He TOJH~KO C HeJIbIO Ko.rlHqeCTBeHHOFO, H0 Ra)Ke H KaqecT- 
BenHoro H3yqeHH~a ~J~eKTp0HH0~ cTpyKTyp~I M0m~ymJ. 
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