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The nitrosobenzene, benzonitrile, nitrobenzene, phthalonitrile, isophthalonitrile, terephtha- 
lonitrile and pyromellitonitrile anions were prepared by the alkali metal reduction method. 
Their electronic absorption spectra were measured in parallel with the ESR spectra. Further- 
more, the electronic structures of these anion radicals were studied theoretically by combining 
the open shell SCF procedure with configuration interaction calculation. The observed transi- 
tion energies and relative intensities were well explained by the present theoretical studies. 

Die Anionen von Nitrosobenzol, Benzonitril, Nitrobenzol, Phthalodinitril, Isophthalodi- 
nitril, Terephthalodinitril und Pyromellithotetranitril wurden dureh Reduktion mit Alkali- 
metall dargestellt und ihre Elektronenauregungs- und Elektronenresonanz-Spektren (neben- 
einander) gemessen. Ferner wurden die Elektronenstrukturen der genannten Anionenradikale 
mittels der Kombination eines SCF-Verfahrens ffir offene Schalen mit Konfigurationswechsel- 
wirkung ermittelt, wobei sieh die beobaehteten Obergangsenergien sowie deren relative Inten- 
sitgten recht gut ergaben. 

Les unions de nitrosobenzgne, benzonitrile, nitrobenz6ne, phthalodinitrile, isophthalodi- 
nitrile, terephthalodinitrile et pyromellitot6tranitrile ont 6t6 pr6par6s par r6duction aux 
m6taux alealins et leurs speetres 61eetroniques et de r6sonance paramagn6tique ont gt6 mesur6s. 
En outre, les structures 61ectroniques de ces radicaux anioniques ont 6t6 gtudi6es th6oriquement 
en eombinant la m6thode SCF pour les couches ouvertes avec un caleul d'interactions de con- 
figurations. Les r6sultats th6oriques expliquent bien les 6nergies de transitions observ6es et 
leurs intensit6s relatives. 

Recent ly ,  the  studies of  e lec t ronic  s t ruc tures  of anion radicals  of a romat ic  
compounds  have  made  r emarkab l e  progress  [5, 11, 15]. Most of them,  however,  
are  ma in ly  concerned wi th  E S R  spectra.  Only H o I J ~ I ~ :  et  al. [2, 3, 4, 7] have  
made  a lot  of  works on the  electronic spec t ra  of  a romat ic  hyd roca rbon  anions.  W e  
have  unde r t aken  to  s tudy  the  electronic spec t ra  of  the  anion radicals  of  subs t i t u t ed  
benzenes conta in ing the  n i t ro  [8], ni t roso and  eyano groups.  Ass ignment  of  the  
absorp t ion  bands  has been made  b y  combining expe r imen ta l  resul ts  wi th  theo-  
re t ical  s tudies  based  on SCF MO m e t h o d  for open-shell  sys tems [10]. 

1. Experimental 
Materials. Nitrosobenzene was synthesized by the usual method from nitrobenzene. 

Purification was done by repeating recrystallization from ethanol (m. p., 67.5 ~ 
Benzonitrile of GR grade was dried over calcium chloride and was purified by repeating 

distillation under reduced pressure. Pyromellitonitrile used in the present study is the same 
as described in a previous paper [9]. Phthalonitrile and isophthalonitrile of GR grade were 
purified by repeating recrystallization from ethanol Melting points were 140 ~ and 126 ~ 
respectively. Tetrahydrofuran and dimethoxyethane used as solvents were refluxed wiht 
sodium metal for 2 days, distilled repeatedly and thereafter were kept with K-Na alloy in 
vacuum line system. 
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Preparation o] Anion Radicals and Measurements. The I~itrosobenzene, benzonitrile, 
phthalonitrile, isophthMonitrile, terephthMonitrile and pyromellitonitrile anions were pre- 
pared by the alkali metal (potassium) reduction method in polar solvents (tetrahydrofuran or 
dimethoxyethane) [8]. Electronic absorption spectra and ESR spectra were measured in 
parallel with each other in order to make sure of the assignment of the observed electronic 
absorption spectra to respective anion radicals. They were measured with a Cary recording 
spectrophotometer model 14 and a Hitachi ESI% spectrometer model MPU 2 B (Xband, 
100 kc. Modulation) respectively. The preparation of an anion radical and the measurements 
of the ESI~ and electronic absorption spectra were made in a vacuum line system shown in 
Fig. t. 

Solvent Rencti'o~7 lube Alkali'me/a/ ETR luhe 

Fig, 1. The vacuum liae system 

i_/ltl'uililble/ BS- 
mofpt/oz cell 

2. Theoretical 

We have unde r t aken  to s tudy  the ~-electron s tructures  of the anion radicals of 
some subs t i tu ted  benzenes by  the method  combining open shell SCF procedure of 
LONGU~T-HIGGINS and  POPLE [10] with the configuration interact ion.  

Pu t t i ng  2 m -- I electrons in  the molecular  orbitMs shown in  Fig. 2, we can 
construct  the following ground and  excited electron configurations: 

Ground configuration, 

2~rG = ]~)1 ~1 " ' -  ~)m--X ~m--I ~0m I (1) 

four types of excited configurations, 

~ v q  - -  l ~ ~ - . .  ~ 9 ~  . . .  ~ - ~  ~ - ~  ~ I ~ ~ ~ (2) 

2TB = [ ~o~ ~ . . .  ~Vm-~ q~m-1 ~,~ ] ~Vm -+ ?~ (3) 

i 

+ 1 ~1 ~1 . . .  ~ ~ . . .  ~ - 1 9 ~ - 1 ~  l) t 
~7% = 7 ~  (] ~ 9 1 . . .  ~ 9~ . . .  ~m-1 +m-1 ~ I ~ ~ ~ (4) 

- I ~1 ~1 . . .  ~ 9 ,  . . .  ~ - 1 ~ - 1 v ~  I 
+ s ] ~ 1 ~ 1  . . .  ~ . . .  ~ m - ,  ~ , , - 1 ~  I) 

~ ' s  are the open shell LCAO SCF lYfO's which are evaluated  by  the aid of the 

17" 



238 AKJ~A ISHITANI and SABUaO I~AGAKUI~A: 

approximate procedure of LONGVET-HmGrss and I~ [10]. In  LCAO approxi- 
mation ~ can be expressed by  ~ = ~ CI,Z, (here Z, represents the atomic 

v 

orbital function of the v-th atom). By putting it into the equation Fq)i = E t  q)~, an 
equation ~ F;.~ Cl, = Et Ciz was obtained. Furthermore, by adopting the zero- 

v 

differential overlap approximation, the elements of the secular determinant 
can be evaluated as follows; 

t tere 

m--1 

SCF procedure was carried out by  an electronic computer Facom 202 in our 
Insti tute and a converged set of MO energies and coefficients were obtained. 

r ~  

W ~  

W 

F i g .  2. M o l e c u l a r  o r b i t a l s  o f  a n  a n i o n  r a d i c a l  

Configuration interaction calculation 
is known to improve the reliability of 
the calculated transition energies and 
oscillator strengths. In  the present cal- 
culation, only the singly excited configu- 
rations given by Eqs. i - 4 were taken 
into account. Five kinds and twenty-five 
kinds of general formulae were derived 
for evaluating the diagonal and off-dia- 
gonal elements of the total  electronic 
tIamiltonian respectively. They are shown 
in Tab. 1. 

Electron-electron interaction inte- 
grals shown in Tab. I like ( m m l m m ) ,  
(ira lira ) and (ii ] mm) were reduced to 
atomic orbital integrals of the type of 

(~p I qq) 

- Z~ (i) Z~ (i) ~ 7.q (]) Zq (]) d ~ j ,  

which were caleulaetd according to the 
Pariser-Parr approximation [13], the 

radius of the electron cloud obtained by the effective nuclear charge determined by  
the Slater rule, and the ionization potentials and electron affinities of appropriate 
valence states taken from the table of PILOHE~ and SKn~n~  [14] being used. The 
Coulomb integral cop was obtained by  the following equation on the assumption 
of neglecting penetration integrals 

~xp = - IIo -- ~ (pp I qq) Yq" (6) 
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Table t.  General /ormulae /or evaluating the matrix elements necessary /or the con/iguration 
interaction calculation and transition moments between con/igurations 

a) Diagonal elements 

Ground configuration (Configuration G) O 

A type excited configuration 
[Configuration A (i -+ m)] 

B type excited configuration 
[Configuration B (m - ,  k)] 

C~ type excited configuration 
[Configuration C~ (i -+ k)] 

C~ type excited configuration 
[Configuration Ct~ (i - -  k)] 

G - A ( i -+m)  
G - B ( m - ~ k )  
G - C . ( i - ~ )  
G - @ (i -+ ~) 
A ( i - ~ m )  - A ( h - + m )  

A (i -~ m) - ~ (m -~ k) 
A (i -~ m) - C~ (i -~ k) 
A '  (h ~ m) - c~, (i - ,  ~) 
A (i -~ m) - @ (i -+ k) 
A '  (h -+ m) - @ (i -~ ~) 
B (m ~ k) - B '  (m - ,  l) 
B (m -~ ~) - c~ (i -~ ~) 
B '  (m -+ l) - C~ (i -~ ~) 

(m -+ ~) - ~ (i -~ ~) 
B'  (m - ~  ~) - o n  (i -~ ~) 
~<, ( i  - ~  ~ )  - r  ( i  ~ ~) 

c~ ( i  ~ ~ )  - c'~ (~ - >  ~ )  

C . ( i - ~ k )  - C ' ~  ( h ~ l )  
c ~  (i - ,  it) - @ (i --, ~) 
c ~  (~ ~ ~) - c'~ (i ~ t) 
o~ (i -~ ~) - c~ (h -~ ~) 
c,,  (i --+ ~) - c '~  (h -+ l) 
@ (i -~ ~) - c'n ( i  -> l)  
@ ( i - ~  ~) - c~  (h -~ ~) 
@ (i -+ ~) c"~ (~ -+ ~) 

transition I 
moments 

F~,~ - Fi~ + ~I2 [(mm l mm) 
+ (ira lira) - 2 (i i  I mm)]  

F ~  - t ~  + 112 [(ram I mm) 
+ (ink link) - 2 (ram I kk)] 

F ~  - ~ .  + 2 (i~ l i~) - ( i i l  ~ )  

F~z - F~  + (ira lira ) + (ink l ink ) - (ii [ kk) 

b) 0ff-diagonal elements 

Elements 

r i m  

rml~ 

0 
- -  r a i  

0 

0 
Vgl2 r.,~ 
0 
rlcl 

- ~ 1 r  r ~  
0 
Vgl2 r ~  
0 
?'kl 

- -  r h i  

0 
0 
0 
0 
0 
r k l  

- -  rh~ 

0 

1/2 (ira I ram) 
- 112 (ram ]m~)  

0 
Vg/2 (ira ImP) 
1/2 (hm I im) - (hi l mm) 

(im [ mlc) 
V~/2 [2 Oihl ira) § ,i/2 (mm l ,n,~) - ( i i [  m~)] 
V~/2 [3 (hm I i k )  - (hi I ink)] 
V~I2 [1/2 (~m link) - (ii I m~)] 
- r (ih I m~) 
1/2 (m~ I ml ) - (ram I kl) 

l / 2 / 2  [2 (ik link) + 1/2 ( i r a  I mm) - (ira I ,@)3 
I/~/2 [3 (i,~ I lm) - (ira I lS~)] 
1/6/2 [ ( im [ ,~lc) - 1/2 (ira ] mm)]  
r  ( i r a  I ~ l )  

2 (i,~ i i~) - ( i i  / ,~t) 

2 (hl I ik) - (hi I l~l) 
V3/2 E(m,~ I m,~) - (ira I im)]  
- g~/2 (m~ I mr) 
- r  (hm I ira) 

0 
(ml  I mk)  - (i i  l kl) 
(hm l ira)  - (hi I k~) 

- (h i l k l )  

Here, ~m, ~,n-1 are the lowest unoccupied orbital and the highest occupied orbital of 
neutral molecule respectively, ~0i, p~ are occupied and ~ ,  ~o~ are unoccupied orbitals. 

Here  I~  is the  ion iza t ion  po ten t i a l  of  the  z -e lec t ron  of  the  p - th  a tom,  and yq = 

and  2, when the  core charges of  the  qth a tom are § e and  + 2 e respect ively.  The 
core resonance in tegra l  fi~q was t a k e n  to  be p ropor t iona l  to  the  over lap  in tegra l  

Spq = J Xp (i))Cq (i) dvt which was t a k e n  f rom the  tab le  of  MVLLII{E~ et  al. [12]. 
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3 .  R e s u l t s  a n d  D i s c u s s i o n  

Hydrocarbon Anions.  Fi r s t  of all, the  electronic s t ruc tures  of  the  naph tha lene  
and  an thracene  anions were calculated.  Al l  a tomic  dis tances  and  bond  angles were 
t aken  to  be i .39 A and  120 ~ respect ively.  The valence s ta te  ioniza t ion  po ten t ia l  
and  e lect ron aff ini ty  of  the  :~-orbitals of  the  carbon a toms  were de te rmined  as 
follow [14] : 

C (t I t 2 t 8 z) ~ C + (t~ t 2 t3) ~1.22 eV 

C (t I t~ t 3 z) -+ C-  (t 1 t 2 t~ z 2) 0.62 e V .  

The value of  the  core resonance in tegra l  rice was t a k e n  to  be - 2.39 eV. This is 
the  same as t h a t  for neu t ra l  molecules [13]. 

Table 2. Observed and calculated transition energies (AE) and oscillator strengths (/)/or 
aromatic hydrocarbon anions 

a) Naphthalene anion 

No. ~Eob~ (eV) pob~ 2 E r  (eV) 1%~:~ 

1.636 1.969 
hidden 2.657 
3.657 3.708 
3.83t 4.286 
4.228 5.032 
5.443 6.374 

0.29 [ X ]  

0.40 [Y] 
0.37 ix]  

0.413 [X] 
0.057 [Y] 
0.486 [Y] 
0.0t4 IX] 
0.876 [X] 
2.516 [X] 

b) Anthracene anion 
I 

No. AEob~ (eV) /aobs AEo~j~ (eV) /%~1o 

1.327 
1.686 
3.16t 
3.385 
3.781 
hidden 
4.848 

- [ y ]  

0.95 IX] 
- [Y]  

0.70 [x] 
t.50 Ix]  

- [ y ]  

- I X ]  

2.353 
1.813 
3.504 
3.870 
4.730 
4.226 
5.775 

0.088 [Y] 
0.874 IX] 
0.703 [Y] 
0.018 IX] 
1.825 IX] 
0.004 [Y] 
3.544 [X] 

[X] and [Y] mean that the corresponding transition is polarized in the 
direction of ~he long and short axes of the anion respectively. 

b The oscillator strength was calculated by the following equation: 
/oale = 4.704 • 10 -7 ~ Q2 (~ in cm -1, Q in Debye) 

B y  pu t t i ng  7r-electrons in the  open shell SCF MO's eva lua ted  b y  the  presen t  
authors ,  g round  and  singly exci ted  configurations were const ructed.  I n  the  ac tua l  
configurat ion in te rac t ion  calculat ions,  29 and  33 configurat ions were t a k e n  for 
the  naph tha lene  and  an thracene  anions respective]y.  Diagonal  and  off-diagonal  
m a t r i x  e lements  of  the  t o t a l  electronic H a m i l t o n i a n  were eva lua ted  according to  
the  general  formulae given in Tab.  i .  The f inal ly ob ta ined  t r ans i t ion  energies and 
osci l lator  s t rengths  ca lcula ted  b y  the  present  au thors  are given in Tab.  2 a and  2 b 
for the  naph tha lene  and an thracene  anions respect ively ,  toge ther  wi th  the  exper i -  
men ta l  resul ts  b y  HOIJTINK et al. [7]. 
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/,0 

z/O6'ra~, 
~S NOJ-tf + 

/P~-ai~ t 
t I 

\ i . ~  I 

',;J)! I 

200 300 qO0 500 BOO 700m~ 
141avelen<9tk 

Fig. S. The eleOl,l'onio speof, rum of the nitrosobenze~e anion 

From Tab. 2 a and 2 b, it may be said that the theoretical transition energies 
can explain rather well the observed band positions. Discrepancy of the theoretical 
transition energy from the observed one becomes larger for higher energy transi- 
tions. In order to decrease this discrepancy, we must take the electron configura- 
tions with higher energy like doubly excited configurations. In the case of the 
anthracene anion, the longest wavelength band was observed to be polarized in 
the Y (short axis) direction [7]. This was contrary to the theoretical expectation 
made by HOIJTINK et ah on the basis of the refined Hfickel MO method. This 
situation was not improved by the configuration interaction calculation made by 
the present authors. As for oscillator strengths, the present calculation gave 
rather improved values compared with that of IIOIJTrNK et al. However, the theo- 
retical value of transition 4 was still far smaller than the observed value for the 
both anions. 

The Anion  Radicals o/Substi tuted Benzenes. The dimethoxyethane solution of 
nitrosobenzene and the tetrahydrofuran solution of benzonitrile colored respec- 
t ively orange red and red in contact with potassium film in vacuo. These solutions 
showed the strong ESR spectra due to the corresponding anion radicals. The ESI~ 
spectra of the nitrosobenzene and benzonitrile anion radicals have already been 

1.0 

o s L  <9om  

4/00 J00 6OO 
WavelenLpth 

Fig. 4. The eleetronlo spectrum of the benzonitrile anio~ 

700 m~ <700 
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I. 0 dso rn~ 

I \ 

gO0 800 800 1000 n ~  
14/tzvelenSh 

Fig. 5. The electronic spectrum of the phthalonitrile anion 

measured by SM~mowsKi [15], and by CAI~RnCGmO~ and TODD [g] respectively. In 
parallel with the ESR spectra, the electronic absorption spectra were measured by 
the present authors with the results shown in Fig. 3 and 4. From the change in the 
absorption bands caused by exposing the solution to air, three bands were assigned 
to each of the anion radicals. Their maximum wavelengths are 406, 530, 6~0 m~ 
and 380, 490, 750 m~ for the nitrosobenzene and benzonitrile anion radicals 
respectively. Furthermore, the electronic absorption spectra of the anion radicals 
of phthalonitrile, isophthalonitrile, terephthalonitrile and pyromellitonitrile were 
measured in tetrahydrofuran, with the results shown in Fig. 5 -- 8. 

The open shell SCF MO calculations combined with the configuration interac- 
tion procedure described in the theoretical part were carried out with the nitro- 
sobenzene, benzonitrfle, nitrobenzene, phthalonitrile, isophthalonitrile, terephthalo- 
nitrfle and pyromelhtonitrile anion radicals. 

Values of atomic distances and bond angles, the valence state ionization 
potentials and electron affinities of the z-electrons, and the values of resonance 
integrals used in the calculations are summarized in Tab. 3. The energies and 
characters of SCF MO are given in Tab. 4 for the monosubstituted benzene anions. 

7.0 

"~g.S 
- ~ \  stomp 

m-~mMb]-K+ 

LzO0 800 800 1000 m 
~iavelenyk 

Fig. 6. The electronic spectrum of the isophthalonitrile anion 
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2.O 3~zo mt ~ 

[,n-s~r ]-tc+ 

I , I , ~ " x " ' - k -  
300 500 700m~ 

14/~velengtk 
Fig. 7. The electronic spectrum of the terephthalonitrile anion 

Configurations considered in the configuration interaction calculation are 
shown in Tab. 5 for the monosubstituted benzene anions. The energies of the ground 
and lower excited states finally obtained with the nitrosobenzene, benzonitrile, 
nitrobenzene, phthalonitrile, isophthalonitrile, terephthalonitrile and pyromellito- 
nitrile anions are shown in Tab. 6. In this table, are also shown the percentages 
of the configurations mainly contributed to each state. The inspection of Tab. 5 
and 6 shows that the configuration interaction exerts a great effect to the energy 
values and wave functions and is indispensable for the calculation of the excita- 
tion energies. 

From the wave funetion given in Tab. 6a, it could roughly be said that  the 
lowest energy transition of the nitrosobenzene anion corresponds to the mixed 
local excitations within the NO group and within the benzene ring and that the 
second and the third lowest energy transitions may be regarded as the excitations 
from the NO antibonding orbital to the benzene e2u orbitals. The calculated transi- 
tion energies agree well with the observed values and the calculated oscillator 
strengths can explain the observed tendency as shown in Tab. 7 a. 

The first excitation of the benzonitrile anion corresponds ~o the transition 
between the splitted orbi~als of ~he benzene e2u orbitals. The second excitation is 

2.0 

"~ 1.0 

ZYSm~ 

2"Y'Om~ A [3qm-,~ (C'#)~ ] -K + 

3 O0 z/O0 bOO m 
14/avelengtk 

Fig. 8. The electronic spectrum of the pyromellitonitrile anion 
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Table 4. Energies, symmetries and characters o/ SCF molecular orbitals o/ substituted benzene 
anions 

2golecular orbital 
i i 

a) Nitrosobenzene anion 

:Energy (eV) 

~1 -10.2005 
~e - 7.65t9 
Ta - 7.0856 
T~ - 5.9423 
~5 0.t189 
% 4.3514 
~ 5.0851 
~s 7.9739 

Character 

[BZ. a2,~] 
[BZ.elg ( + NO.B)] 
[BZ- elg] 
[NO-B ( + 13Z'elg)] 
[NO-A ( + BZ.ee~)] 
[13Z.e2,] 
[BZ'e2u ( + NO.A)] 
[13Z. beg] 

[BZ" a2~] means that  this orbial consists mainly of a2~ orbital of benzene. NO. 13, NO" A 
are bonding and antibonding orbitals of the nitroso group respectively 

b) Benzonitrile anion 

Molecular orbital Symmetry a Energy (eV) Character 

~oe 

% 
~ 4  

~ 5  

% 

~os  

(A) 
(A) 
(B) 
(A) 
(A) 
(B) 
(A) 
(A) 

- 9.6306 
- 8.47tl 
- 6.2713 
- 5.7300 

t .8474 
5.2215 
6.4624 
8.7305 

[BZ.a2~ ( + CN-B)] 
[CN" B ( + BZ. a~+)] 
[BZ. elg] 
[BZ. elg] 
[BZ.e2, ( + CN.A)] 
[BZ. ee~] 
[CN-A ( + BZ.e2u)] 
[BZ. b2g] 

A and B designate symmetric and antisymmetrie about the molecular symmeti3~ axis 
respectively. 

Molecular orbital 

~Ol 
~2 
% 
~4 

~0s  

~9 

c) Nitrobenzene Anion 

Symmetry Energy (eV) 

(A) - t2.6729 
(A) - t0.4758 
(B) - 8.5996 
(A) - 7.6192 
(B) - 7,5667 
(A) - 0.4352 
(B) 3.8780 
(A) 4.6979 
(A) 7.2517 

Character 

[NO 2 "B1] 
[BZ" a~u] 
IN02" B2] 
[BZ" el,] 
[BZ. elg] 
[BZ.ez~ ( + NO~.A)] 
[BZ. ee~] 
[BZ.e~, ( + NO~.A)] 
[BZ. beg] 

of  charge- t rans fe r  charac ter ,  t h a t  is to  say, i t  is charac te r ized  b y  t he  u n p a i r e d  
e lec t ron  m i g r a t i o n  f rom t h e  benzene  r ing  to  the  cyano  group.  The  t h i r d  exc i t a t i on  
cor responds  to  t h e  e~, - -  b.~g t r a n s i t i o n  of  the  benzene  r ing.  Compar i son  b e t w e e n  
the  obse rved  a n d  ca lcu la t ed  va lues  is s h o wn  in  Tab .  7 b. 

The  p r e p a r a t i o n  of  t h e  n i t r o b e n z e n e  a n i o n  a n d  the  obse rva t ions  of  t he  ESI~ 
a n d  e lec t ronic  spec t ra  were descr ibed  in  t h e  p rev ious  pape r  [8]. The  first t r ans i -  
t i o n  ~r/a _+ }Pro has  the  charac te r s  of  the  t r a n s i t i o n  b e t w e e n  two sp l i t t ed  e~u 
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Table 5. Energies and symmetries o] the ground and the excited con/igurations 
taken in the present calculation of substituted benzene anions 

Confguration Energy (eu I Configuration Energy (eV) 

Ground Configuration 
4 - + 5  
3 - + 5  
2 - + 5  

5 - > 6  
5 - + 7  
5 - + 8  

a) Nitrosobenzene anion 

0 
3.2182 
5.9702 
5.1024 
8.8724 
2.851t 
3.3993 
5.7512 

(4-+6)a 
(4-+6)~ 
( 4 ~ 7 ) ~  
(4 -+7)~  
(3-+6)~ 
( 3 ~ 6 ) ~  
( 3 + 7 ) ~  
(3 -+7)~  

5.8255 
6.7414 
6.3145 
8.0603 
6.2837 
4.9303 
6.8317 
7.7022 

Configuratioll (A) 

Ground Configuration 
5 ->7  
5-->8 
4 - + 5  
2 - + 5  
1 - ~ 5  

(3 --+ 6)~, 
(3 -~ 6)~ 
(4 -+ 7). 
(4 + 7)~ 

Energy (eV) Configuration (B) 

b) Benzonitrile anion 

0 
2.4489 
4.1283 
4.875t 
7.7877 
8.6245 
6.3468 
5A~24 
7.3386 
8.6965 

5 ~ 6  
3 - + 5  

(4 -~ 6)~ 
(4 -~ 6)~ 
(3 -~ 7)~ 
(3 -> 7)/+ 

Energy (eV) 

0.698t 
5.6037 
5.8551 
5.8213 
7.8332 
9.3119 

Ground Configuration 
4 - + 6  
2 - + 6  
1 - > 6  
6 ->8  
6 -+9  

(5 -> 7)~ 
(5 -~ 7)~ 
(4 -~ 8)~ 
(4 -> 8)p 
(3 -~ 7)~ 
(3 -~ 7)~ 

c) Nitrobenzene anion 

0 5 - + 6  
4.8993 3 -~ 6 
7.8550 6 -> 7 
8.5615 (5 --+ 8)~ 
2.8743 (5 -> 8)/+ 
5.176t (4 --+ 7)~ 
6.2980 (4 -+ 7)~ 
5.1168 (3 -> 8)~ 
7.1417 (3 ~ 8)~ 
8.6081 
8.6470 
9.6938 

5.1944 
5.2499 
2.2531 
7.0812 
8.6434 
6.2458 
6.34t4 
8.1879 

10.0273 

orb i ta l s  a n d  to  sma l l e r  e x t e n t  of  t h e  cha rge - t r ans fe r  t r a n s i t i o n  a c c o m p a n y i n g  t h e  

e l ec t ron  m i g r a t i o n  f r o m  t h e  n i t ro  g roup  to  t h e  benzene  r ing.  T h e  second  t r a n s i t i o n  

( T a  -~ WE~) cor responds  to  t h e  cha rge - t r ans fe r  e x c i t a t i o n  in  t h e  s a m e  sense as 

desc r ibed  in  t h e  p r ev ious  p a p e r  [8], name ly ,  in  t h e  sense t h a t  i t  co r responds  t o  t h e  

t r a n s i t i o n  b e t w e e n  t h e  t w o  s ta tes  caused  b y  t h e  r e sonance  i n t e r a c t i o n  b e t w e e n  

t h e  g r o u n d  a n d  cha rge - t r ans fe r  conf igura t ions .  The  t h i r d  (~Pa -> TF~3) t r a n s i t i o n  
con ta ins  t w o  local  e x c i t a t i o n s  (e1r e~u, e2u -> b2g) a n d  also cha rge - t r an s f e r  

exc i t a t i on .  These  t h r ee  exc i t a t i ons  co r re spond  in  t he i r  n a t u r e s  of  t h e  r e s p e c t i v e  
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Table 6. Theoretical results o/the ground and the lower excited states o] substituted benzene anions 

a) Nitrosobenzene anion 

Wave function Energy (cV) Configurations mainly contributed to each state a 

T~ 

T~2 
T~8 

0 
2.6466 
2.7422 
2.9515 
4.7229 

Ground Configuration (93) 
4 - ,  5 (52), 2 ~ 5 (16), 5 ~ 6 (24) 
4 -+ 5 (15), 2 -+ 5 (9), 5 -+ 6 (65), (4 -~ 6)~ (7) 
5 -+ 8 (6), 2 - ,  5 (8), 5 -+ 7 (70), (4 - .  7)~ (5) 
3 -~ 5 (7), 5 ~+ 8 (13), (3 -+ 6)~ (66) 

b) Benzonitrile anion 

Wave function Symmetry  Energy (eV) Configurations mainly contributed to each state a 

TG (A) 
TE~ (B) 
T.~ (A) 
Tz~ (A) 

0 Ground Configuration (98) 
0.7133 5 ~ 6 (98) 
2.2279 5 -+ 7 (9t), 4 -~ 5 (6) 
3.4715 5 -+ 8 (75), (3 -+ 6)~ (t.5) 

c) Nitrobenzene anion 

Wave funchon Symmetry Energy (eV) Configurations mainly contributed to each state S 

}tU~ 
}FE1 

}/rE2 
}/r 

(A) 0 
(B) 2.3213 
(A) 2.6847 
(A) 4.4855 
(B) 4.7306 

Ground Configuration (92) 
6 -~ 7 (93) 
6 -~ 8 (76), 4 -- 6 (11), 6 -~ 9 (7), Ground (5) 
6 -+ 9 (43), (5 -~ 7)~ (43), (4 -+ 8)~ (5) 
5 -+ 6 (79), (5 -+ 8)~ (11), (4 -+ 7)~ (7) 

The number in parentheses represents the contribution (in %) of a corresponding confi- 
guration to each state. 

t rans i t ions  to the W1 --  W~0, W1 -> W2 and W~ - ,  W3 t ransi t ions  in  the previous 
paper  [8] in  which the electronic s t ructure  ofn i t robenzene  anion radical was studied 
theoret ical ly on the basis of the in terac t ion  between the benzene anion and  the 
ni t ro group. The forth (}/JG-* ~za)  t rans i t ion  is composed of the t ransi t ions  
between elg and  e2u and also between elz and  N02"A. Comparison between experi- 
men ta l  and  theoretical  values is shown in  Tab. 7 c. The band  of longest wavelength 
was thought  to be hidden in  the strong second band.  

Concerning the polycyanobenzene anion radicals, the observed and calculated 
t rans i t ion  energies and the calculated oscillator s trengths are given in Tab. 7 d - g. 
I n  these tables, the directions of the t rans i t ion  moments  are also shown. F rom the 
inspect ion of these tables and  Fig. 5 -- 8, i t  may  be said tha t  the observed absorp- 
t ion spectra are well in terpre ted  by  the present  theoretical  studies. I n  the cases 
of the terephthaloni t r i le  and pyromell i tonitr i le  anions, a few bands  which could 
not  be expected from the calculated t rans i t ion  energies for the respective anion 
radicals were observed. For  example, extra  bands  due to unstable  specimens 
appear  at  430 m~ and  530 m ~  for the terephthaloni t r i le  case. They  might  be due 
to some uns table  byproducts ,  p robably  di-negative ions. 
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Table 7. Observed and calculated data /or the absorption spectra o/ the substituted benzenes~ 

Direct ion of  
AEob~ (eV) AEc~I~ (eV) /%alo t rans i t ion  m o m e n t  

2.032 
2.339 
2.980 

1.653 
2.530 
3.263 

i 

2.214 

4.052 

1.240 
2. t38 
2.362 
3.646 

(1.653 eV) ? i 

2.175 
3.542 

4.959 

2.480 

3.646 

2.684 
3.306 } 
3.492 
4.444 
4.779 

a) 

2.647 
2.742 
2.952 

b) 

0.713 
2.228 
3.472 

e) 

2.321 
2.685 
4.486 
4.731 

Ni t rosobenzene  anion 

(4.260 • t 0  -2) 
(6.023 x 10 -2) 
(8.140 x 10 -2) 

Benzonitr i le  anion 

! [2.006 x t 0  -3] 
[2.23t x 10 -1] 
[8.632 x 10 -a] 

Ni t robenzene  anion 

6.324 x 10 -a  
1.119 x 10 -1 
t .136 x 10 -a  
2.545 x 10 -2 

d) Phtha loni t r i l e  anion 

0.619 t .478 x 1 0  - 2  

2.461 t .234 x 10 -1  
2.839 4.537 x t 0  - 2  

4.392 i 6.715 x t0  -~ 

e) I sophthaloni t r i le  

0.350 3.731 
1.974 1.753 
3.175 5.041 
4.177 4.0t9 
4.661 t .069 

anion 

x t0  -2  
x 10 -1 
x l O  ~ 
x 10 -2 
x t 0  -1 

f) Terephthaloni t r i le  anion 

1.881 [ 3.866 x 10 -1 

4.020 2A96 • 10 -1 
4.345 

g) Pyromel l i toni t r i le  anion 

1.941 3.366 x 10 -1 

3.379 6.347 x 10  - 2  

4.413 3.012 x I0  -1 
4.592 1.269 x t 0  -~ 

x (A -~ B), 
y (A -+ A) 
Y (A -+A) 

X (A -+ B) 
y (A -~ A) 
Y (A -~A)  
X (A -~ B) 

X (B ~ A) 
Y (B--+ B)~ 
X (B -~ A) 
Y ( B ~  B) 

x (B ~ A) 
X (B -+ A) 
Y (B-+ B) o 
x (B -~ A) 
Y ( B ~ B )  

Y (Blu ~ Bsg) a 
Y (Blu ~ Bag) 
Y ( B ~  -~ Bag) 

X (AI~ --> Bag) 

Y (Alu -> B~o) d 

Y (AI~ --> B~o) 
X (AI~ ~/~3~) 

Transi t ion energies (AE) and  oscillator s t reng ths  (h  for subs t i tu ted  benzene anions. Y 
and  X mean  t h a t  t he  corresponding t rans i t ion  is polarized in the  direct ion of  t he  long and  
shor t  axes of  the  anion respectively.  

b The oscillator s t r eng th  was calculated b y  the  following equat ion:  ]oal~ = 4.704 • 10 -7 ~Q2 
(~ in em - I ,  Q in Debye).  

c y is s y m m e t r y  axis. 
a y is t he  axis which  connects  3 and  6 posi t ion of  the  molecule.  
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