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Electronic Structures and Spectra of Adenine and Thymine 

MASASHI TANAKA r162 ~,nd SABUI~O NAGAKUR& 

The Institute for Solid State Physics, the University of Tokyo, Tokyo, Japan  

Received August 2, 1966 

The near and vacuum ultraviolet spectra of adenine and thymine were measured with the 
evaporated film method and in solution. The absorption spectrum of the adenine anion in basic 
solution was also measured. The assignment of the absorption bands was made by comparing 
the observed transition energies and intensities with the theoretical results obtained by the 
LCAO-SCF-CLmethod. The results indicated that  the longest wavelength band of adenine at 
269 mg is a ~ z* transition band. This was supported by the fact that  a new band due to 
the n ~ ~* transition was found at 278 mg for the adenine anion. Furthermore, it was shown 
that  the thymine molecule may interact strongly with the solvent molecules and that  the 
electronic structure of thymine in solution may be different from that  of the free molecule. 

Die UV-Spektren von Adenin und Thymin in LSsung bzw. als diinne Filme wnrden his 
t60 m# herunter gemessen, aul]erdem das Spektrum yore Adenin-Anion in basischer LSsung. 
Auf Grund der Ergebnisse einer LCAO-SCF-CI-Rechnung wurde eine Zuordnung tier Banden 
vorgenommen. Danach ist die langwellige Bande bei 269 m# ein ~ -+ ~*-~bergang, die neue 
Bande des Adenin-Anions bei 278 m/~ dagegen ein n ~ z*-~bergang. Die Elektronenstruktur 
von Thymin kann dutch das L6sungsmittel stark beeinflullt werden. 

Les speetres clans l 'ultraviolet proehe de l'ad6nine et de la thymine ont 6t6 mesur6s avee 
]a m6thode du film 6vapor6 et en solution. Le spectre d'absorption de 1'anion ad6nine en solu- 
tion basique a 6t6 anssi mesur& L'identification des bandes d'absorption a 6t6 faite en com- 
parant les 6nergies de transition et les mtensit6s observ6es avec les r6sultats th6oriques obtenus 
par la m6thode LCA0-SCF-CI. Les r6sultats indiquent que la bande de plus grande longueur 
d'onde de l'ad6nine s 269 rag, qui a 6t6 consid6r6e comme une transition n ~ z* par eertains 
auteurs, est une bande de transition z ~ ~*. Ceei est confirm6 par le fair qu'une nouvelle bande, 
dfie & la transition n -+ ~*, a 6t6 observ6e & 278 m# pour l 'anion ad6nine. De plus, on a montr6 
que la mol@cule de thymine peut interagir fortement avec les mol6cules de solvant et que la 
structure 61ectronique de la thymine en solution peut ~tre diff6rente de celle de la mo16cule libre. 

Introduction 

I n v e s t i g a t i o n s  o f  t h e  e l ec t ron i c  s t r u c t u r e s  o f  base  c o m p o n e n t s  o f  nuc le ic  ac ids  

are  o f  i m p o r t a n c e  in c o n n e c t i o n  w i t h  t h e  b io logica l  a c t i v i t i e s  o f  d e s o x y r i b o n u c l e i c  
ac id  ( D N A )  a n d  r ibonuc le i c  ac id  (I%NA). T h e  e lec t ron ic  a b s o r p t i o n  spec t r a  o f  s o m e  

p u r i n e  a n d  p y r i m i d i n e  bases  h a v e  b e e n  s t u d i e d  b y  seve ra l  worke r s  f r o m  b o t h  

e x p e r i m e n t a l  a n d  t h e o r e t i c a l  p o i n t s  o f  v iew.  

MAsoN [10], VOlT et al. [28], and CLAXK and TI~OCO [la] measured the solution spectra 
of some of the bases and made the effort to systematize their absorption bands. NAxA~ISI~I 
et al. [13] measured the absorption spectra of uracils at various pH's. STEWAXT and DAVlI)SOl~ 
[25] measured the polarized absorption spectra of single crystals of 9-methyl adenine, l -methyl  
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thymine and the adenine (A) - thymine (T) dimer. Furthermore, PULLI~IAN et al. [20], and 
LADIK et al. [6] calculated the ~-electronio structures of base components by means of the 
Hfickel MO method. Semi-empirical SCF-MO calculations were also carried out by VE1LLAI%D 
and PULLMAN [27], I~ESBET [1~], I~AGATA et al. [12], LADLE and APPEL [6a], and BERTIIOD 
et al. [I]. 

The a im of  the  present  work  is to  ob ta in  a more  de ta i l ed  knowledge abou t  the  
z-e lec t ronic  s t ruc tures  of  adenine and  t h y m i n e  b y  ex tend ing  tho measu remen t  of  
the i r  spec t ra  to  the  v a c u u m  u l t rav io le t  region (down to 160 m#),  and  b y  compar ing  
the  observed  absorp t ion  bands  wi th  %h0 theore t ica l  resul ts  ob ta ined  b y  the  
LCAO-SCF-CI  calculat ion.  I n  pa r t i cu la r  i t  has been  u n d e r t a k e n  to  give a con- 
clusion on the  ass ignment  of  the  269 m #  band  of  adenine which was discussed 
f rom two differen% s tand-po in t s  : f rom the  z -~ ~* and  n -~ 7~* t rans i t ions .  

A I. 
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Fig. ]. Absorption spectra of adenine measured with the aqueous solutiou and with the evaporated film 

Fig. 2. Absorption spectra of thymine measured with the aqueous solution and with the evaporated film 
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Fig. 3. Absorption spectra of adenine at ~arious !0n's 
Fig. 4. Adenine: variation of the intensity with p i t  
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Experimental 
Commercially available adenine and thymine were purified by vacuum sublimation. 

The ultraviolet absorption spectra down to 190 m/z were measured with a Cary recording 
spectrophotometer, model 14M, a quartz cell of ~[ cm light-path length being used for the 
measurements of solution spectra. A vacuum ultraviolet spcctrophotometer constructed in our 
laboratory [26] was used for the measurements in the vacuum ultraviolet region. In  this case, 
a quartz cell 0.01 cm thick was used for the measurements of solution spectra. The solution 
spectra are consistent with the results obtained by V o l t  e t a ] .  [28] and by CLA~K 
and T ~ o c o  [1]. 

The measurements of near and vacuum ultraviolet absorption spectra were also made with 
thin films which were prepared by vacuum evaporation of samples on thin quartz plates. The 
thin films were used to extend the measurement to 160 m/~. 

The observed absorption spectra are sho~-n in Figs. I and 2. Furthermore the ultraviolet 
spectra of adenine at various pH values are recorded in Fig. 3, and the pH dependence of the 
intensities of the first two bands of adenine is shown in Fig. 4. The pK w l u e  of adenine was 
determined to be 9.2 and the spectra of the basic aqueous solution will safely be due to the 
adenine anion. 

Theore t i ca l  

I n  t h e  p r e s e n t  s t u d y ,  a s e m i - e m p i r i c a l  L C A O - S C F - C I  m e t h o d  s imi la r  t o  

PAL%ISElq~, PARR, a n d  PoPLE's  [15, 19] was app l i ed  to  t h e  7~-electron s t r u c t u r e s  o f  

aden ine  a n d  t h y m i n e ,  C L ~ E N T I ' S  [2] S C F - A O ' s  be ing  used  as bas ic  a t o m i c  orbi ta ls .  

First  of all, the zero-differential overlap approximation will be briefly discussed. This 
problem has already been discussed by L6WDI~ [8], McWEENY [11], R f f D ~ E ~ G  [23], PARR 
[17], LYKOS [9], and FlSCrtE~-HJAL~AnS [3]. We will discuss the relation between the Pariser- 
Parr-Pople method and ROOTHAA~'S [21] LCAO-SCF method from a viewpoint somewhat 
different. 

The molecular orbitals ~ can be writ ten as linear combinations of L6wdin's orthogonalized 
orbitals 

where Z~ = q~ Xq (1 + S)-~:/2, Xq is an SCF-AO on the atom q, and (i + S) is the overlap 

matrix with elements 

S ~  = - 4~  + f z~ (I) z~ (1) dv~. 

The coefficients C~ are determined by the SCF method leading to the following equation: 

o r  

F '  C' = C ' e ' .  

The elements of the matrix F '  include the following six types of integrals: I~p, I ' q ,  (pp [ pp)', 
(PP l qq)', (Pq I rr)" and (pq l rs)" where 

and 

f f , i Z" (2) Z" (2) dv~ dv2 . (P~ I rs) ' = Z~ (1)Zq (1) ra~- 

By expanding L6wdin's orbitals in terms of the SCF atomic orbitals and by using Mulliken's 
approximation for the electron repulsion integrals, the above-mentioned integrals can be re- 
presented by those over the atomic orbitals as follows: 



Adenine and Thymine 323 

_-- ' = - S ~  (Ip; , =~ S~  I ~  E S ~ o ( f o ~ - � 8 9  ~ - I . ~ )  
a a 

a~s 

+ ~ x ~ ~ (r_~ _ s~oo) - �89 x ~o~ { ~ ,  - �89 s~)o (r_~; + ~ o ) )  + 
a a ~ p  

+ 1 Z m~pa S a q  (JTTp --  I a a ) ,  
a 

(pp ] lop)" = (pp [ pp) + �89 E Si~ {(pp I PP) - (PP 1 an)},  
a 

(PP l qq)' = (PP ] qq) + 1 E S ~  {(pp ] qq) - (aa ] qq)} + 1 E S~,q {(pp i qq) - (PP ] an)},  
a a 

(p~ I ~)' = ~ z ~o ~o {(~ i ~r) + (~p I rr) - ~ ( ~  i r~) ) ,  
a 

(Pq Irs)'  = S a terms. 
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Fig. 5. The core resonance integral ~pq and the Coulomb repulsion integral (pp ] qq) vs. the a~ornic dista~lce rpq 

In  the z-electron system, all the terms of second or higher order concerning overlap 
quantities may reasonably be neglected, Accordingly the above-mentioned integrals can be 
reduced to the following equations: 

(pp  l pp)" = (pp IPp), (pp  l clq) ' = (pplqq), 
(pq l ,'r)' = (p~ l "~)' = o . 

Assuming the core Hamiltonian I to be the sum of the kinetic operator and core potentials 
U +z,~ approximated by GOEPPEI~T-MAyEI~ and S x L ~  [5], we can obtain the core integrals a t ,  
I~q and fl~q as follows: 

~ = w~, - ( z~ - t )  (pp  I pp)  - z z ~  (pp  I k ~ ) ,  

k ~ p , q  

1 Wq) Spq (pp ] qq),  

where Wp is the orbital energy of the A0 Zp and may be approximated as the negative 
of the first ionization potential from a suitable valence state. The resonance integrals tim 
may be shown to be negative in terms of PA~ISE~'S [16] relation. 
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Fig. 6. The geometries and numberings of adenine, adenine anion and thymine 

Fig. 7. Calculated directions of She polarizations of adenine, adenine anion and thymine (types I and II). In adenine 
and adenine anion, number i is of the first excitation and 2 of the second excitation 

The  a tomic  in tegrMs were e v a l u a t e d  f rom fo rmulae  ana lyzed  b y  R o o T H ~  [22]. T h e  
corre la t ion ene rgy  of  a pa i r  o f  2pz elec t rons  was  t a k e n  in to  a c c o u n t  acco rd ing  to  F I s o ~ n ~ -  
I-IzAL3~a~S' [g] m e t h o d .  

(pp [ pp)~ = (pp [ pp)~ - V . . . . .  (PP [ qq)o = (PP I qq)~ - goo,S~q , 

w h e r e  V . . . .  for  a pa i r  o f  2pzl e l ec t rons  is to a good  a p p r o x i m a t i o n  c o n s t a n t  for  t h e  first  
row e lemen t s ,  a n d  i ts  va l ue s  shou ld  be  close to 3.5 eV. T h e  subsc r ip t  t m e a n s  t h a t  t h e  in tegra l s  
a re  n u m e r i c a l  va lues  ob t a i ned  b y  ROOTm~AN'S fo rmulae .  

I n  Fig. 5, t h e  r e sonance  a n d  t h e  Cou lomb repuls ion  in tegra l s  ca l cu la t ed  b y  t h e  above  
e q u a t i o n s  a re  g iven  as  f unc t i ons  o f  t h e  d i s t ance  r~q b e t w e e n  two ca rbon  a t o m s  p a n d  q. 

Tab le  1. Calculated and observed excitation energies (AE in eV) and oscillator strengths (]) 
/or the neutral Adenine and the Adenine anion 

A d e n i n e  A d e n i n e  an ion  

obs.~ cale. obs.a cMc. 

A E  / A g  / A ~  / A ~  ] 

4.46 ~ 5 -  10 -4  (n -+ :z*) 
4.61 ~ t O  -3 4.45 0.006 4.61 0.15 4.41 
4.73 0.27 4.81 0.21 4.93 0.07 4.70 
5.98 0.40 5.6t  0.39 5.90 0.63 6.15 
6.77 0.26 6.77 0.61 

6.90 0.50 
7.56 b 7.15 0.21 

7.42 0.49 

0.09 
0.05 
0.37 

a T h e  obse rved  v a l u e s  are  t a k e n  f rom t h e  spec t r a  o f  aden ine  a t  p H  = 6.66 a n d  t h e  aden ine  
a n i o n  a t  p H  = 12.06. 

b T h e  va lue  obse rved  w i t h  t h e  e v a p o r a t e d  f i lm on  a q u a r t z  pla te .  
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The above-mentioned theoretical procedure has been applied to the ~-electron 
structures of adenine and thymine. Concerning adenine, the calculation was made 
with the anion beside the neutral molecule in order to understand the p i t  depend- 
ence of the intensity of the spectra. As for thymine, two types of calculations were 
made. Type I is concerned with the keto type thymine and in type I I  the core 
integrals ~ were taken as parameters and were changed in wide ranges in order 
to consider the deformation of the s-skeleton due to the hydrogen-bond formation 
with solvent molecules or due to other solvation effects. 

The geometrical structures of the molecules are taken as is shown in Fig. 6. 
They are a little different from those determined by  SPnNc~,~ [24] and by  PAVLI~G 
and Co~,u  [18] by the aid of the X-ray  crystal analysis technique. The simplifica- 
tion of our geometrical model may  be expected to exert no serious effect on the 

Table 2. Calculated and observed transition energies (AE in eV) 
and oscillator strengths (]) ]or Thymine 

obs. eale. 
( t ~ e I )  ( t ~ e I I )  

4.68" 0.21 5.34 0.88 4.81 0.09 
6.05 �9 0.31 6.20 0.09 5.74 0.23 
6.9 b 6.54 0.34 7.38 1.16 
7.6 b 6.76 0.05 7.76 0.35 

The values are taken from the spectrum of neutral 
solution. 

b The values measured with evaporated film on quartz 
plate. 

theoretical results. In  actual calculations the resonance integral flpq was taken 
as an adjustable parameter.  In  the Appendix are given the integral values 
necessary for the SCF and CI calculations and the detailed presentations of the 
SCF-MO's, and of the finally obtained state energies and wave functions. All 
singly excited configurations within 3 eV above the lowest excited configura- 
tion were taken into account in our CI calculations. All the above-mentioned cal- 
culations are made by  an electronic computer, Facom 202 in our Insti tute.  

The calculated transition energies and oscillator strengths for the adenine, 
adenine anion and thymine (types I and I I )  are summarized in Tabs. i and 2 
together with the experimental values. The theoretically predicted directions of 
polarization of the first two transitions for the adenine and adenine anion, and the 
first transition for the thymine (types I and IX) are indicated in Fig. 7. 

Discussion 

Adenine 

As is clearly seen in Fig. i, the neutral adenine shows a spectrum consisting of 
five bands in the wavelength region of 300 m~t to 160 m/~. Their energies and 
oscillator strengths are given in Tab. I together with the corresponding theoretical 
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values. This table shows tha t  the experimental and theoretical results of the 
adenine molecule and the anion are in good agreement with the observed results. 
Therefore, it m a y  be said tha t  the assignments of the bands were conclusively 
made by  the present theoretical consideration. 

According to the observed absorption spectrum of the adenine molecule, there 
exist two bands in the 260 m# region, a stronger band at  26t m# and a shoulder 
at  269 m#. Whether  the latter band may  be assigned to the n -+ z*  transition or 
the ~r -* z* transition was discussed seriously by  several workers [12] and the 
question still remains to be solved. The present experimental and theoretical 
studies show tha t  these two bands are due to the z -+ ~r* transition. One of the 
reasons for this is tha t  the present theoretical consideration on the z-electron 
structures can explain satisfactorily the appearance of the two z ~ ~* transition 
bands in the 260 m/~ region for both the adenine molecule and anion (see Tab. i). 
In  particular, the phenomenon tha t  in the anion the longer wave length band at 
269 m# is stronger than  the shorter wave length band at  257 m# while the reverse 
is the case in the neutral molecule, can be well explained theoretically. The second 
reason supporting the above assignment is that ,  as is clearly seen in Fig. 3, a new 
weak band due to the n -+ z* transition appears at 278 m# for the anion in addi- 
tion to the two bands in the 260 m# region. I t  is reasonable tha t  the band disap- 
pears for the neutral molecule, because the n-->z* transition band is usually 
known to shift toward shorter wave lengths by  protonation. 

MAson found a weak absorption band at about  300 m# in the spectrum of 
9-methyl purine in cyclohexane. STEWART et al. at t r ibuted the band at about 
300 m# of 9-methyl-ademine t -methyl- thymine hydrogen-bonded complex to the 
n .-> z*  transition with the transition moment  perpendicular to the molecular 
plane. These weak absorption bands at about  300 m s  are likely to correspond to 
the n -~ z* transition band of the adenine anion observed by  the present authers. 

The theoretically determined polarization of the 269 and 261 m/~ band (Fig. 7) 
are almost parallel to the short and long axes, respectively. This is in agreement 
with the polarized absorption spectrum obtained by  STeWArT et al. with 9-methyl 
adenine, which shows tha t  the first band at  275 m/~ is short axis polarized and the 
second band at 255 m,u is long axis polarized. On the other hand, MASOn at tr ibuted 
the former band to a long axis polarized band in view of the fact tha t  the spectra 
of several 2- and 8-substituted purine derivatives such as 2-aminopurine and 
8-mereaptopurine are greatly red shifted compared with adenine (6-aminopurine) 
and unsubsti tuted purine. Therefore, our calculation for neutral adenine seems to 
support  ST~WA~T's assignments, as does the calculation of B~RT~OD et al. [1]. 

The spectrum of the film has five absorption bands in the region of 300 m~e to 
160 m/~. All the bands show red shift compared with the spectrum in neutral 
solution and the shift of the first band is extremely great. Two peaks in the 280 m/~ 
region seem to correspond to two peaks at 269 and 261 m# in solution. 

Thymine 

As is shown in Tab. 2, the calculated oscillator strengths based on type I 
cannot explain the observed relative intensities between 264 m# and 205 m# bands. 
According to the observed results, the former is weaker than the latter, while the 
calculated oscillator strengths are 0.88 and 0.09, respectively. Furthermore, the 



Adenine and Thymine 327 

discrepancy between the observed and theoretical t ransi t ion energies is also con- 
siderably large for type  I. The agreement  between the observed and theoretical  
values is great ly  improved for type  I I  in which a change in the cop values due to  
the hydrogen-bond format ion or due to other solvation effects is allowed for. Tha t  
is to say, the I a p  I values of the C = 0 oxygen a tom and the N - H nitrogen 
atoms are respectively taken to  be larger and smaller in type  I I  t han  the  corres- 
ponding values in type  I.  These changes in the I a p  I values can be reasonably 
explained b y  considering the format ion of  hydrogen bonds in which the C = 0 
and N -  I t  groups act  as proton acceptor and donor, respectively. F rom 
this, it m a y  be inferred tha t  the thymine  molecule interact  s trongly with the 
solvent molecules th rough  the hydrogen-bond and the electronic s tructure of  
thymine  in solution is different f rom tha t  of the free molecule. The theoret ical ly 
determined direction of the polarization of  the first 7~ ~ ~* transi t ion band  is 
well coincident with the experimental  da ta  obtained by  STEWART and DAWDSON 
[25] (Fig. 7). 

The spectrum of the evaporated film has four bands in the region of 300 m/~ 
to  i60 m#. All the bands  show red shift compared with the spectrum in neutral  
solution and the shift of  the first band  is extremely large. 

Appendix 

Table I. Coulomb integral values used/or the SCF-CI calculations o/adenine, 
adenine anion and thymine (types I and II) 

r (CO I CC) r (NN INN) r (CC INN) 

0.00 .~ 11.76 eV 0.00/~ t5.08 eV 
1.36 7.74 2.20 6.04 
1.38 7.68 2.25 5.93 
2.20 5.72 2.33 5.76 
2.35 5.45 2.35 5.72 
2.40 5.36 2.40 5.62 
2.72 4.87 2.95 4.74 
2.76 4.82 3.48 4.06 
3.56 3.88 3.70 3.81 
4.53 3.11 4.06 3.49 

4.50 3.16 

r (oo  Ioo )  r (Cc I oo)  

0.00 17.72 1.22 8.96 
4.48 3.18 2.25 5.86 

3.50 3.99 
3.98 3.54 

r (NN I O0 ) 

2.25 5.99 
3.98 3.56 

1.34 A 8.23 eV 
1.36 8A6 
1.38 8.01 
2.20 5.89 
2.25 5.79 
2.33 5.63 
2.35 5.59 
2.40 5.50 
2.72 4.97 
2.76 4.90 
3.48 4.00 
3.54 3.92 
3.56 3.91 
3.70 3.78 
4.06 3.47 
4.25 3.32 
4.53 3.t2 



T
ab

le
 I

I.
 

T
he

 n
um

er
ic

al
 c

al
cu

la
ti

on
s/

or
 a

de
ni

ne
 

o~
) A

de
ni

ne
 m

ol
ec

ul
ar

 o
rb

it
al

s 
ob

ta
in

ed
/r

or
a 

th
e 

S
C

F
 c

al
cu

la
ti

on
 a

, b
 

bO
 

C~
, 

e~
(e

V
)*

 
i 

k
=

l 
=

2
 

=
3

 
=

4
 

=
5

 
=

6
 

=
7

 
=

8
 

=
9

 
=

t0
 

-~
7

.0
5

 
1 

0.
06

30
 

0.
05

60
 

0
.t

2
8

2
 

0.
32

04
 

0.
19

85
 

0.
13

09
 

0
.t

7
7

5
 

0.
29

38
 

0.
82

17
 

0.
15

57
 

-t
6

.t
0

 
2 

0
.t

8
0

9
 

0.
06

50
 

0.
01

76
 

-0
.0

0
8

0
 

0.
14

27
 

0.
37

40
 

0.
02

31
 

-0
.0

7
2

7
 

-0
.2

5
3

1
 

0.
85

59
 

-1
3

.5
3

 
3 

0.
39

54
 

0.
37

04
 

0.
42

99
 

0.
27

59
 

0.
35

83
 

0.
21

65
 

0.
18

86
 

-0
.0

3
6

7
 

-0
.3

0
8

4
 

-0
.3

7
t8

 
-t

2
.4

4
 

4 
-0

.1
6

9
5

 
-0

.2
8

2
9

 
-0

.3
3

8
0

 
-0

.1
0

6
0

 
0.

33
25

 
0.

07
31

 
0.

66
22

 
0.

38
86

 
-0

.2
3

2
8

 
-0

.0
7

7
8

 
-t

0
.9

0
 

5 
-0

.6
5

5
8

 
-0

.1
6

8
5

 
0.

40
49

 
0.

44
42

 
0.

21
67

 
-0

.2
4

2
2

 
0.

00
66

 
-0

.t
5

3
8

 
-0

.1
6

4
2

 
0.

15
51

 
- 

9.
99

 
6 

-0
.0

2
9

0
 

0.
35

11
 

0.
41

45
 

-0
.2

2
4

1
 

-0
.4

4
5

4
 

-0
.3

5
2

9
 

0.
32

28
 

0.
42

33
 

-0
.0

9
3

5
 

0
.t

9
6

9
 

- 
2.

06
 

7 
-0

.1
1

1
4

 
-0

.3
3

8
1

 
0.

30
43

 
-0

.4
6

7
2

 
-0

.1
2

4
3

 
0.

48
50

 
-0

.4
1

2
3

 
0.

56
84

 
-0

.t
3

4
6

 
-0

.1
2

9
1

 
0.

37
 

8 
-0

.4
3

5
0

 
0.

26
59

 
0

.2
2

t2
 

-0
.6

1
6

7
 

0.
18

91
 

0.
37

19
 

0.
10

16
 

-0
.2

7
0

8
 

0.
20

94
 

-0
.0

9
6

4
 

1.
36

 
9 

0.
23

55
 

-0
.5

8
2

0
 

0.
35

45
 

-0
.0

3
1

5
 

-0
.3

5
7

4
 

0.
15

15
 

0.
40

85
 

-0
.3

8
8

3
 

0.
09

79
 

-0
.0

3
4

8
 

3.
83

 
t0

 
-0

.3
0

0
4

 
0.

31
62

 
-0

.2
8

5
0

 
0.

42
30

 
-0

.5
2

6
3

 
0.

45
94

 
0.

20
61

 
-0

.0
7

7
8

 
-0

.0
6

3
8

 
-0

.0
9

4
8

 

a~
(e

V
) 

-7
2

.5
4

 
-6

5
.3

0
 

-7
3

.9
0

 
-7

8
.7

6
 

-7
9

.6
7

 
-7

7
.1

2
 

-7
5

.3
1

 
-6

7
.8

1
 

-8
1

.3
6

 
-7

4
.8

8
 

* 
e,

: 
en

er
g

y
 o

f 
th

e 
i-

th
 m

o
le

cu
la

r 
o

rb
it

al
; 

k:
 t

h
e 

n
u

m
b

er
in

g
 

o
f 

O
A

O
's

 (
se

e 
F

ig
. 

6)
; 

cr
 

co
re

 c
o

u
lo

m
b

 i
nt

eg
ra

ls
. 

T
h

e 
co

re
 r

es
o

n
ac

e 
in

te
g

ra
ls

 f
l 

ar
e 

ta
k

en
 a

s 
fo

ll
ow

s,
 r

ic
e 

(r
 =

 1
.3

6 
~

) 
= 

- 
2.

40
 e

V
, 

fl
ew

 (
r 

= 
1.

36
 ~

) 
= 

- 
2.

00
 e

V
, 

fl
c~

 (
r 

= 
1.

34
 /

~)
 =

 
- 

2.
20

 c
V

. 
b 

V
al

u
es

 o
f 

W
~ 

ar
e 

ta
k

en
 a

s 
fo

ll
ow

s,
 W

~ 
(c

ar
bo

n)
 

= 
- 

11
.2

2 
eV

, 
W

~ 
(n

it
ro

ge
n)

 
= 

- 
t4

.5
1 

eV
. 

fi
) 

A
de

ni
ne

: 
st

at
e 

en
er

gi
es

, 
w

av
e 

/u
nc

ti
on

 a
nd

 t
ra

ns
it

io
n 

m
om

en
ts

 a
 

E
n

er
g

y
 (

eV
) 

(6
 -

 
7)

 
(6

 -
 

8)
 

(6
 -

 
9)

 
(6

 -
 

10
) 

(5
 -

 
7)

 
(5

 -
 

8)
 

(5
 -

 
9)

 
(4

 -
 

7)
 

X
 

u 

9:
 

4.
44

6 
t 

0.
18

60
 

0.
73

80
 

-0
.1

0
1

4
 

-0
.0

5
2

7
 

-0
.5

2
5

8
 

0.
04

30
 

-0
.3

3
9

7
 

-0
.t

1
8

2
 

-0
.0

2
t 

-0
.1

2
2

 
4.

80
8 

2 
0.

84
29

 
-0

.2
0

0
9

 
0

.t
2

7
7

 
0.

08
18

 
0.

05
49

 
0.

46
96

 
-0

.0
5

1
2

 
-0

.0
0

0
6

 
0.

62
5 

-0
.3

1
6

 
5.

61
0 

3 
-0

.2
2

t3
 

0.
43

43
 

0.
55

45
 

0.
04

07
 

0
.5

2
t9

 
0.

36
08

 
-0

.0
3

4
0

 
-0

.2
2

3
8

 
-0

.8
7

7
 

-0
.1

7
3

 
6.

76
7 

4 
-0

.3
6

3
5

 
-0

.3
1

7
2

 
0.

40
05

 
-0

.4
1

7
8

 
-0

.6
0

0
4

 
0.

48
0t

 
-0

.0
4

8
7

 
0.

10
82

 
-0

.0
4

7
 

1.
01

6 
6.

89
8 

5 
0.

21
62

 
-0

.0
4

7
8

 
0.

68
30

 
0.

08
77

 
-0

.0
9

8
1

 
-0

.6
1

9
7

 
-0

.2
0

1
3

 
0.

20
66

 
0.

90
8 

-0
.0

5
6

 
7.

14
8 

6 
-0

.0
8

4
9

 
0.

17
32

 
-0

.t
3

0
9

 
0A

97
8 

0.
18

30
 

0.
18

23
 

-0
.2

3
0

6
 

0.
88

69
 

-0
.5

4
2

 
-0

.2
1

0
 

7.
42

0 
7 

0.
12

51
 

0.
30

57
 

0.
13

83
 

-0
.0

3
2

9
 

-0
.1

7
6

4
 

-0
.0

0
8

4
 

0.
88

22
 

0.
24

75
 

0.
23

7 
-0

.8
3

4
 

8.
29

5 
8 

-0
.0

6
5

4
 

0.
00

46
 

-0
.0

5
2

7
 

0.
96

9t
 

-0
.t

1
5

5
 

-0
.0

1
3

t 
0.

08
05

 
-0

.t
8

3
6

 
0.

15
7 

0.
25

2 

C
o

lu
m

n
 I

 
gi

ve
s 

th
e 

ei
g

en
v

al
u

es
 w

it
h

 r
ef

er
en

ce
 t

o 
ze

ro
 e

n
er

g
y

 f
or

 t
h

e 
g

ro
u

n
d

 s
ta

te
. 

C
o

lu
m

n
 2

 
n

u
m

b
er

s 
th

e 
w

av
e 

fu
n

ct
io

n
s,

 a
n

d
 c

o
lu

m
n

s 
3 

- 
10

 
li

st
 t

h
e 

co
ef

fi
ci

en
ts

 o
f 

th
e 

w
av

e 
fu

n
ct

io
n

s.
 C

o
lu

m
n

s 
ii

 
an

d
 1

2 
sh

o
w

 t
h

e 
X

 
an

d
 Y

 
co

m
p

o
n

en
ts

 o
f 

th
e 

tr
an

si
ti

o
n

 m
o

m
en

ts
 b

et
w

ee
n

 t
h

e 
ex

ci
te

d
 s

ta
te

s 
an

d
 t

h
e 

g
ro

u
n

d
 s

ta
te

. 



T
ab

le
 I

II
. 

T
he

 n
um

er
ic

al
 c

al
cu

la
ti

on
s/

or
 a

de
ni

ne
 a

ni
on

 
a)

 A
de

ni
ne

 a
ni

on
 m

ol
ec

ul
ar

 o
rb

it
al

s 
ob

ta
in

ed
 ]

to
m

 t
he

 S
C

F
 c

al
cu

la
ti

on
 ~

, b
 

C
' 

~ 
~

(e
V

)*
 

i 
k 

= 
I 

=
2

 
=

3
 

=
4

 
=

5
 

=
6

 
=

7
 

=
8

 
=

9
 

=
1

0
 

-t
2

.2
2

6
 

1 
0.

19
94

 
0.

08
67

 
0.

05
40

 
0.

06
91

 
0.

15
15

 
0.

39
55

 
0.

06
21

 
0.

02
69

 
0.

03
08

 
0

.8
7

2
0

 
- 

9.
48

4 
2 

0.
3t

91
 

0.
35

31
 

0.
41

5t
 

0.
38

12
 

0.
31

74
 

0
A

5
8

2
 

0.
27

28
 

0.
24

20
 

0.
29

92
 

-0
.3

2
8

0
 

- 
7.

97
2 

3 
-0

.4
7

1
7

 
-0

.4
2

3
9

 
-0

.2
1

9
1

 
0.

14
95

 
0.

21
82

 
-0

.t
0

2
3

 
0.

41
38

 
0.

40
69

 
0.

34
85

 
0.

10
54

 
- 

6.
31

8 
4 

0.
40

28
 

-0
.1

3
1

5
 

-0
.5

1
2

2
 

-0
.3

2
2

9
 

0.
26

33
 

0.
36

33
 

0.
34

43
 

0.
06

08
 

-0
.2

6
0

7
 

-0
.2

4
9

6
 

- 
4.

23
9 

5 
0.

36
15

 
0.

13
69

 
-0

.2
6

2
1

 
-0

.2
1

5
8

 
-0

.5
1

5
2

 
-0

.0
9

7
2

 
-0

.1
2

3
9

 
0.

43
13

 
0.

50
66

 
0.

04
85

 
- 

3.
59

3 
6 

-0
.1

0
t5

 
0.

34
84

 
0.

25
66

 
-0

.3
6

6
2

 
-0

.1
6

9
7

 
-0

.3
3

2
2

 
0.

54
71

 
0.

25
45

 
-0

.3
7

8
3

 
0.

14
88

 
5.

92
0 

7 
0.

20
48

 
0.

29
32

 
-0

.4
5

2
1

 
0.

26
98

 
0.

22
61

 
-0

.5
8

8
8

 
0.

16
15

 
-0

.3
6

7
4

 
0.

11
01

 
0.

15
46

 
6.

86
3 

8 
0.

48
41

 
-0

.6
1

2
3

 
0.

23
33

 
0.

32
25

 
-0

.3
0

0
6

 
-0

.2
2

7
5

 
0.

21
59

 
-0

.0
2

9
9

 
-0

.1
9

8
6

 
0.

05
75

 
9.

08
0 

9 
0.

08
23

 
0.

43
13

 
-0

.t
3

4
8

 
0.

23
11

 
0.

27
20

 
-0

.2
1

9
3

 
-0

.4
5

6
2

 
0.

61
96

 
-0

.4
5

1
0

 
0.

04
84

 
10

.4
78

 
10

 
-0

.2
2

2
6

 
0.

26
10

 
-0

.3
2

0
7

 
0.

55
90

 
-0

.4
9

9
6

 
0.

33
14

 
0.

t9
11

 
0.

02
95

 
-0

.2
5

5
9

 
-0

.0
6

8
2

 

a~
(e

V
) 

-6
9

.0
5

 
-6

1
.5

2
 

-6
7

.9
7

 
-7

0
.6

0
 

-7
3

.7
8

 
-7

3
.1

2
 

-6
9

.2
7

 
-5

9
.6

5
 

-6
6

.2
8

 
-7

t.
7

2
 

* 
e~

: 
en

er
g

y
 o

f 
th

e 
i-

th
 m

o
le

cu
la

r 
o

rb
it

al
; 

k:
 t

h
e 

n
u

m
b

er
in

g
 o

f 
O

A
O

's
 (

se
e 

F
ig

. 
6)

; 
az

: 
co

re
 c

o
u

lo
m

b
 i

nt
eg

ra
ls

. 
T

h
e 

co
re

 r
es

o
n

an
ce

 i
n

te
g

ra
ls

 f
l 

ar
e 

ta
k

en
 a

s 
fo

ll
ow

s,
 f

lc
c 

(r
 =

 
1.

36
 •

) 
= 

-2
.4

0
 e

V
, 

flc
~v

 (
r 

= 
1.

36
 A

) 
= 

-2
.5

0
 e

V
, 

fl
cn

 (
r 

= 
1.

34
 A

) 
= 

-2
.7

0
 e

V
. 

b 
V

al
u

es
 o

f 
W

~ 
ar

e 
ta

k
en

 l
ik

e 
th

o
se

 o
f 

ad
en

in
e.

 

fl)
 A

de
ni

ne
 a

ni
on

: 
st

at
e 

en
er

gi
es

, 
w

av
e/

un
ct

io
n 

an
d 

tr
an

si
ti

on
 m

om
en

ts
 a

 

E
n

er
g

y
 (

eV
) 

(6
 -

 
7)

 
(6

 -
 

8)
 

(6
 -

 
9)

 
(5

 -
 

7)
 

(5
 -

 
8)

 
(5

 -
 

9)
 

(4
 -

 
7)

 
(4

 -
 

8)
 

X
 

Y
 

9~
 

g~
 

4.
41

4 
1 

0
.9

t4
7

 
-0

.0
4

8
3

 
0.

04
33

 
-0

.1
7

6
7

 
-0

.3
3

5
1

 
-0

.0
2

5
4

 
0.

08
97

 
-0

.0
8

3
5

 
-0

.2
4

3
 

0.
42

9 
4.

69
8 

2 
0.

14
9t

 
0.

56
78

 
0.

03
72

 
0.

78
87

 
-0

.0
3

5
9

 
0.

00
88

 
0.

02
82

 
-0

.1
7

2
6

 
-0

.3
2

6
 

0.
10

9 
6.

15
1 

3 
0.

03
71

 
0.

60
72

 
-0

.0
1

4
9

 
-0

.4
3

6
4

 
0.

37
86

 
-0

.0
2

7
4

 
0.

54
17

 
0.

04
09

 
0.

74
9 

0.
35

9 
6.

73
9 

4 
-0

.2
6

1
8

 
-0

.1
9

9
5

 
0.

50
18

 
0.

08
55

 
0.

74
30

 
-0

.1
t1

8
 

-0
.2

2
6

8
 

-0
.1

2
8

5
 

-0
.6

7
7

 
0.

53
7 

7.
02

2 
5 

0.
10

21
 

-0
.4

9
0

4
 

-0
.3

5
9

2
 

0.
35

35
 

0.
26

02
 

0.
12

96
 

0.
63

7t
 

0.
06

90
 

-1
.2

0
7

 
-0

.2
1

0
 

7.
42

6 
6 

-0
.1

3
5

5
 

-0
.0

6
4

9
 

0.
40

04
 

-0
.0

7
5

6
 

-0
.1

4
5

6
 

0.
71

30
 

0.
20

69
 

-0
.4

8
9

0
 

0.
59

3 
-0

.3
5

6
 

8.
04

0 
7 

0.
09

43
 

0.
06

59
 

-0
.6

6
3

5
 

-0
.1

3
3

9
 

0.
26

89
 

0
.t

5
2

7
 

-0
.3

4
4

4
 

-0
.5

6
0

7
 

0.
13

1 
0.

77
3 

8.
42

6 
8 

0.
18

31
 

0.
13

28
 

-0
.1

2
2

7
 

0.
02

22
 

0.
17

28
 

0.
66

15
 

-0
.2

8
1

1
 

0.
62

20
 

-0
.1

2
4

 
0.

91
3 

a 
C

o
lu

m
n

 I
 

g
iv

es
 t

h
e 

ei
g

en
v

al
u

es
 w

it
h

 r
ef

er
en

ce
 t

o 
ze

ro
 e

n
er

g
y

 f
or

 
th

e 
g

ro
u

n
d

 s
ta

te
. 

C
o

lu
m

n
 

2 
n

u
m

b
er

s 
th

e 
w

av
e 

fu
n

ct
io

n
s,

 a
n

d
 c

o
lu

m
n

s 
3 

- 
10

 
li

st
 t

h
e 

co
ef

fi
ci

en
ts

 o
f 

th
e 

w
av

e 
fu

n
ct

io
n

s.
 C

o
lu

m
n

s 
tl

 
an

d
 1

2 
sh

o
w

 t
h

e 
X

 
an

d
 Y

 
co

m
p

o
n

en
ts

 
o

f 
th

e 
tr

an
si

ti
o

n
 m

o
m

en
ts

 b
et

w
ee

n
 t

h
e 

ex
ci

te
d

 s
ta

te
s 

an
d

 t
h

e 
g

ro
u

n
d

 s
ta

te
. 

b~
 



T
ab

le
 I

V
. 

T
he

 n
um

er
ic

al
 c

al
cu

la
ti

on
s/

or
 t

hy
m

in
e 

(t
yp

e 
I)

 
a)

 T
hy

m
in

e 
(t

yp
e 

I)
 m

ol
ec

ul
ar

 o
rb

ita
ls

 o
bt

ai
ne

d/
to

m
 t

he
 S

C
F

 c
al

cu
la

ti
on

 a,
 b

 

C'
~ 

e~
 (

eV
)*

 
i 

lc
 =

 
I 

=
 

2 
=

 
3 

=
 4

 
=

 
5 

=
 

6 
=

 
7 

=
 

8 

-1
8

.4
6

7
 

I 
0.

55
17

 
0.

34
93

 
0.

65
94

 
0.

22
89

 
0

.1
4

1
4

 
0.

19
43

 
0

.1
4

9
4

 
0

.0
7

9
9

 
-1

7
.0

3
0

 
2 

-0
.7

0
5

1
 

-0
.0

2
8

8
 

0.
62

83
 

0.
18

92
 

-0
.0

0
2

0
 

-0
.2

3
7

4
 

-0
.0

1
5

2
 

-0
.1

2
1

9
 

-t
4

.1
0

4
 

3 
-0

.t
5

8
0

 
-0

.2
9

9
3

 
-0

.0
5

7
0

 
0.

37
03

 
0.

50
57

 
0

.4
3

9
6

 
-0

.3
1

8
5

 
0

.4
4

t2
 

-i
2

.4
3

9
 

4 
-0

.3
2

6
7

 
0.

36
84

 
-0

.2
1

7
6

 
0

.0
2

2
4

 
0

A
4

8
9

 
0.

16
52

 
0

.7
5

6
4

 
0

.2
9

6
9

 
-1

t.
4

2
9

 
5 

-0
.0

8
4

0
 

-0
.0

3
0

0
 

0.
25

03
 

-0
.4

9
i3

 
-0

.4
7

6
4

 
0.

21
31

 
-0

.t
3

5
2

 
0

.6
3

0
3

 
- 

t.
5

1
9

 
6 

-0
.1

2
6

9
 

0.
03

46
 

0.
14

34
 

-0
.6

3
8

3
 

0.
41

38
 

0
.4

5
6

4
 

-0
.0

2
8

8
 

-0
.4

1
7

5
 

- 
0

A
4

8
 

7 
0

A
3

8
4

 
-0

.7
8

3
3

 
0

.t
6

2
3

 
0.

04
03

 
-0

.1
5

2
4

 
0

A
7

1
3

 
0.

52
36

 
-0

.1
1

2
6

 
t.

9
2

9
 

8 
-0

.t
5

6
2

 
0.

19
05

 
-0

A
0

t8
 

0.
35

18
 

-0
.5

2
9

8
 

0.
63

43
 

-0
.1

0
3

0
 

-0
.3

3
4

1
 

a~
(e

V
) 

-7
9

.3
9

 
-7

2
.0

7
 

-7
6

.9
6

 
-6

3
.5

8
 

-6
2

.8
0

 
-6

8
.5

5
 

-6
5

.4
1

 
-6

2
.8

7
 

* 
e,

: 
en

er
g

y
 o

f 
th

e 
i-

th
 m

o
le

cu
la

r 
o

rb
it

al
; 

k:
 t

h
e 

n
u

m
b

e
ri

n
g

 o
f 

O
A

O
's

 
(s

ee
 F

ig
. 

6
);

 a
~

: 
co

re
 c

o
u

lo
m

b
 i

n
te

g
ra

ls
. 

T
h

e 
co

re
 r

es
o

n
an

ce
 i

n
te

g
ra

ls
 f

l 
ar

e 
as

 f
o

ll
o

w
s,

 f
le

e 
(r

 =
 

~
.3

8 
A

) 
=

 
-2

.4
0

 e
V

, 
fl

c~
 

(r
 =

 
1.

38
 A

) 
=

 r
ic

o 
(r

 =
 t

.2
2

/~
) 

=
 

-2
.0

0
 e

V
. 

b 
V

al
u

es
 o

f 
W

~ 
ar

e 
ta

k
en

 a
s 

fo
ll

o
w

s,
 W

p 
(c

ar
b

o
n

) 
=

 
-1

1
.2

2
 e

V
, 

W
p 

(n
it

ro
g

en
) 

=
 

-1
4

.5
t 

eV
, 

W
r 

(o
x

y
g

en
) 

=
 

-1
7

.7
9

 e
V

. 

fl)
 T

hy
m

in
e 

(t
yp

e 
I)

 :
 s

ta
te

 e
ne

rg
ie

s,
 

w
av

e/
un

ct
io

n 
an

d 
tr

an
si

ti
on

 m
om

en
ts

 a 

E
n

er
g

y
 (

eV
) 

(5
 -

 
6)

 
(5

 -
 

7)
 

(5
 -

 
8)

 
(4

 -
 

6)
 

(4
 -

 
7)

 
(3

 -
 

6)
 

X
 

u 

5.
34

7 
l 

0.
97

42
 

- 
0.

10
42

 
0.

05
73

 
- 

0
.t

 1
54

 
0

A
 2

30
 

- 
0.

09
19

 
- 

l 
A

 6
5 

- 
0.

72
7 

6.
20

1 
2 

0.
07

39
 

-0
.1

1
3

9
 

0.
09

12
 

0.
81

96
 

0.
35

67
 

0.
41

75
 

-0
.3

8
5

 
0

.0
8

6
 

6.
54

1 
3 

- 
0.

19
57

 
- 

0.
50

62
 

- 
0

.0
0

9
0

 
- 

0.
36

13
 

0.
75

71
 

- 
0.

03
91

 
- 

0
.4

2
4

 
0.

62
9 

6.
76

4 
4 

- 
0.

01
31

 
0.

76
80

 
0.

43
22

 
- 

0
.t

 5
88

 
0.

44
21

 
0.

05
14

 
- 

0.
27

5 
- 

0
.0

6
5

 
7.

39
9 

5 
0.

05
95

 
-0

.0
1

0
9

 
-0

.0
9

2
7

 
-0

.3
9

6
5

 
-0

.1
3

5
7

 
0.

90
12

 
0

.t
6

9
 

0
.t

0
4

 
7.

72
2 

6 
- 

0.
05

97
 

- 
0.

36
06

 
0.

89
05

 
- 

0.
04

44
 

- 
0.

26
55

 
0.

03
17

 
0.

25
3 

- 
0.

01
9 

C
o

lu
m

n
 I

 
g

iv
es

 t
h

e 
ei

g
en

v
al

u
es

 w
it

h
 r

ef
er

en
ce

 t
o

 z
er

o
 e

n
er

g
y

 f
o

r 
th

e
 g

ro
u

n
d

 s
ta

te
. 

C
o

lu
m

n
 2

 n
u

m
b

e
rs

 t
h

e 
w

av
e 

fu
n

ct
io

n
s,

 a
n

d
 c

o
lu

m
n

s 
3 

- 
8 

li
st

 t
h

e 
co

ef
fi

ci
en

ts
 o

f 
th

e 
w

av
e 

fu
n

ct
io

n
s.

 C
o

lu
m

n
s 

9 
an

d
 t

0
 s

h
o

w
 t

h
e 

X
 

a
n

d
 Y

 
co

m
p

o
n

en
ts

 o
f 

th
e 

tr
a

n
si

ti
o

n
 m

o
m

e
n

ts
 b

et
w

ee
n

 t
h

e 
ex

ci
te

d
 s

ta
te

s 
an

d
 t

h
e 

g
ro

u
n

d
 s

ta
te

. 



T
ab

le
 V

. 
T

he
 n

um
er

ic
al

 c
al

cu
la

tio
ns

/o
r 

th
ym

in
e 

(t
yp

e 
II

) 
a)

 T
hy

m
in

e 
(t

yp
e 

II
) 

m
ol

ec
ul

ar
 o

rb
ita

ls
 o

bt
ai

ne
d/

ro
m

 th
e 

S
C

F
 c

al
cu

la
tio

ns
 

C
~ 

et
(e

V
)*

 
i 

k
=

l 
=

2
 

=
3

 
=

4
 

=
5

 
= 

6 
=

7
 

=
8

 

-t
9

.3
2

7
 

1 
0.

10
89

 
0.

04
15

 
0.

01
86

 
0.

03
15

 
0.

09
03

 
0.

30
82

 
0.

01
49

 
0.

93
90

 
-t

5
.2

~
9

 
2 

0
.3

8
t6

 
0.

57
75

 
0.

41
34

 
0.

23
83

 
0.

16
76

 
0A

66
3 

0.
45

88
 

-0
.1

6
4

0
 

-1
2

.3
2

6
 

3 
0.

07
10

 
-0

.2
3

7
1

 
0.

23
75

 
0.

45
70

 
0.

5~
91

 
0.

27
37

 
-0

.5
5

4
0

 
-0

.1
4

8
7

 
-t

tA
0

6
 

4 
-0

.6
2

5
5

 
0.

01
40

 
0.

50
84

 
0.

35
01

 
-0

.0
6

0
2

 
-0

.4
1

9
5

 
0.

10
54

 
0.

19
19

 
- 

9.
21

3 
5 

-0
.3

5
2

0
 

-0
.1

8
8

9
 

-0
.4

2
6

3
 

0.
14

05
 

0.
53

81
 

0.
15

72
 

0.
56

68
 

-0
.0

5
9

5
 

t.
0

9
4

 
6 

-0
.4

2
2

6
 

0.
06

66
 

0.
39

14
 

-0
.6

0
2

9
 

0.
08

74
 

0.
52

57
 

-0
.0

3
7

9
 

-0
.1

2
1

8
 

t.
6

7
7

 
7 

0A
38

3 
-0

.6
1

8
6

 
0.

23
48

 
0.

23
76

 
-0

.4
7

6
6

 
0.

37
16

 
0.

33
83

 
-0

.0
8

2
8

 
4.

66
7 

8 
-0

.3
5

3
0

 
0.

43
09

 
-0

.3
5

1
9

 
0.

41
36

 
-0

.4
0

7
7

 
0.

43
28

 
-0

.1
8

4
7

 
-0

.0
8

4
9

 

a~
(e

V
) 

-7
0

.6
7

 
-6

8
.8

4
 

-6
5

.8
1

 
-5

8
.5

7
 

-6
1

.2
0

 
-6

8
.5

1
 

-6
5

.4
1

 
-7

4
.4

1
 

* 
e,

: 
en

er
g

y
 o

f 
th

e 
i-

th
 m

o
le

cu
la

r 
o

rb
it

al
; 

k:
 t

h
e 

n
u

m
b

er
in

g
 o

f 
O

A
O

's
 

(s
ee

 F
ig

. 
6)

; 
a~

: 
co

re
 c

o
u

lo
m

b
 i

nt
eg

ra
ls

. 
T

h
e 

co
re

 r
es

o
n

an
ce

 i
n

te
g

ra
ls

 f
l 

ar
e 

ta
k

en
 a

s 
fo

ll
ow

s,
 f

lc
v 

(r
 =

 
1.

38
 -

~)
 =

 f
lc

~:
 (

r 
= 

1.
38

 •
) 

= 
-2

.5
0

 e
V

, 
ri

co
 (r

 =
 

1.
22

 ~
) 

= 
-2

.8
0

 e
V

. 

fl)
 T

hy
m

in
e 

(t
yp

e 
II

) 
: s

ta
te

 e
ne

rc
ie

s,
 w

av
e/

un
ct

io
n 

an
d 

tr
an

si
tio

n 
m

om
en

ts
 ~ 

E
n

er
g

y
 (

eV
) 

(5
 -

 
6)

 
(5

 -
 

7)
 

(5
 -

 
8)

 
(4

 -
 

6)
 

(4
 -

 
7)

 
(3

 -
 

6)
 

i 
Y

 

~a
 

4.
81

4 
1 

0.
89

22
 

0.
01

77
 

0.
00

13
 

-0
.0

1
9

1
 

0.
43

76
 

0.
10

90
 

0.
31

9 
0.

34
8 

5.
74

4 
2 

- 
0.

01
92

 
0.

89
92

 
- 

0.
07

24
 

- 
0.

42
81

 
- 

0.
00

31
 

- 
0.

05
05

 
- 

0.
54

6 
0.

40
8 

7.
37

5 
3 

-0
.1

0
4

5
 

0.
39

83
 

-0
.1

8
7

2
 

0
.8

6
t8

 
0.

21
48

 
0.

08
16

 
-L

2
2

6
 

0.
54

6 
7.

55
5 

4 
-0

.4
2

2
2

 
-0

.1
0

3
0

 
-0

.0
6

1
8

 
- 

0.
24

43
 

0.
74

53
 

0.
43

83
 

-0
.3

t3
 

-0
.6

5
9

 
8.

17
5 

5 
0.

10
75

 
0.

06
32

 
0.

04
29

 
0.

01
93

 
-0

.4
4

2
1

 
0.

88
70

 
0.

40
1 

0.
86

6 
8.

48
3 

6 
- 

0.
05

40
 

0A
 3

37
 

0.
97

67
 

0A
 1

72
 

0.
10

70
 

0.
00

06
 

- 
0.

33
7 

0.
55

5 

a 
C

o
lu

m
n

 i
 

g
iv

es
 t

h
e 

ei
g

en
v

al
u

es
 

w
it

h
 r

ef
er

en
ce

 t
o 

ze
ro

 e
n

er
g

y
 f

or
 t

h
e 

g
ro

u
n

d
 s

ta
te

. 
C

o
lu

m
n

 2
 n

u
m

b
er

s 
th

e 
w

av
e 

fu
n

ct
io

n
s,

 a
n

d
 c

o
lu

m
n

s 
3 

-8
 

li
st

 t
h

e 
co

ef
fi

ci
en

ts
 o

f 
th

e 
w

av
e 

fu
n

ct
io

n
s.

 C
o

u
lm

n
s 

9 
an

d
 1

0 
sh

o
w

 t
h

e 
X

 
an

d
 Y

 
co

m
p

o
n

en
ts

 o
f 

th
e 

tr
an

si
ti

o
n

 m
o

m
en

ts
 

b
et

w
ee

n
 t

h
e 

ex
ci

te
d

 s
ta

te
s 

an
d

 t
h

e 
g

ro
u

n
d

 s
ta

te
. 



332 M. TANAKA and S. NA~AKURA: Adenine and Thymine 

References 

[1] BEI~TttOD, H., C. GIESSNEI~-PRETTlCE, and A. PCLLMA~: Theoret. chim. Acta 5, 53 (t966). 
[la] CL~x, L. B., and I. TINOOO, Jr. : J. Amer. chem. Soc. 87, i i  (1965). 
[2] CLEMENTI, E, C. O. J. I:~OOTHAHN, and M. ~tVOSHIENE: Physic. Rev. 127, 1618 (1962). 
[3] F l S C ~ - H J ~ s ,  I. : J. chem. Physics 42, 1962 (i965). 
[ d ] -  In: Molecular Orbitals in Chemistry, Physics and Biology, ed. P. O. LOWDIN, and 

B. PVLT.MA~, p. 370. New York: Academic Press 1964. 
[5] GOEPP~RT-M-~YER, M., and A. L. SKLA~: J. chem. Physics 6, 645 (1938). 
[6] LADIK, J., and T. A. HOFF~AN: Biopolymer Symp. 1, l l 7  (1964)~ 

[6a] --, and K. APriL: Theoret. chim. Acta 4, 132 (1966). 
[7] L6WDIN, P. O. : J. chem. Physics 18, 365 (i950). 
[8] - -  Advan. Physics 5, i l l  (1956). 
[9] LYKOS, P. G. : J. chem. Physics 35, t249 (1961). 

[10] MASON, S. F. : J. chem. Soc. (London) 1960, 219; 1954, 20 and references therein. 
[11] McWE~NY, R. : Proc. Roy. Soc. (London) A 227, 288 (1955); A 237, 355 (1956). 
[12] NAGATA, C., A. I~'~V~A, Y. TAOASHmA, and M. KoI)~A: Bull. chem. Soc. Japan 38, 

~938 (1965). 
[13] NAXANISm, K., N. SuzvKI, and F. YA~AZAKI: Bull. chem. Soc. Japan 34, 53 (t961). 
[14] NES~T, 1~. K. : Biopolymer Syrup. 1, 129 (i964). 
[15] PA~ISV.R, 1R., and 1~. G. PAR~: J. chem. Physics 21, 466, 767 (1953). 
[16] - -  J. chem. Physics 21, 568 (1953). 
[17] P~R,  1~. G. : Quantum Theory of Molecu]ar Electronic Structure. New York: Benjamin 

~963. 
[18] PAULING, L., and P~. B. CoREY: Arch. Biochem. Biophys. 65, 164 (1956). 
[19] PopT.~, J. A. : Trans. Faraday Soc. 49, t375 (1953). 
[20] PULLlWAN, A., and B. PVLLM~-N: Bull. soc. chim. France 1958, 766; 1959, 594. 
[21] ROO~m~AN, C. C. J. : Rev. rood. Physics 23, 69 (1951). 
[22] - -  J. chem. Physics 19, 1445 (i95~). 
[23] RUEDENBERG, K. : J. chem. Physics 34, 1861 (1961). 
[2d] S~,~c~n, M. : Acta Cryst. 12, 59 (1959). 
[25] S~EW~T, 1~. F., and N. DAVIDSON: J. chem. Physics 39, 255 (1963). 

- - ,  and L. H. J~.Ns~: J. chem. Physics 40, 2071 (1964). 
[26] Tsu]~o~v~A, H., K. KI~V~A, K. KAYA, J. TANAKA, and S. 5IA~AKV~).: Bull. chem. Soc. 

Japan 37, 4~8 (~964). 
[27] V~LL~D, A., and B. PULlmAn: J. theoret. Biol. 4, 37 (1963). 
[28] Vov,% D., W. B. G ~ z E ~ ,  R. A. Cox, and P. DoTY: Biopolymers 1, 193 (1963). 

Prof. Dr. S. NXGAKV~X 
The Institute for Solid State Physics 
The University of Tokyo 
Azabu Minato-ku, Tokyo, Japan 


