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The electronic structures of pyridine n-oxide, 2- and 4-methoxypyridine n-oxide, their conjugate 
acids, and 2- and 4-pyridone are calculated using the Pariser-Parr-Pople SCF-C I approximation. The 
results indicate that the 1B 1 +- 1A~ transition of pyridine n-oxide lies in the same energy region as the 
transition previously assigned as being n -  n*. The strong electronic transitions in the 250-280 mix 
region of pyridine-n-oxide, 4-methoxypyridine n-oxide, and 4-pyridone are assigned as being 1,41 ~ 1A~. 

Die elektronischen Strukturen von Pyridin-N-Oxyd, 2- und 4-Methoxypyridin-N-Oxyd, ihrer 
Kationen, und yon 2- und 4-Pyridon wurden nach der Methode von Pariser-Parr-Popple SCF-CI 
berechnet. Es ergibt sich, dab der 1B 1 ~ 1/11 Obergang des Pyridin-N-Oxyds etwa die gleiche Energie 
besitzt, wie die bisher einem n - n* (Jbergang zugeordnete Bande. Der intensitatsstarke Obergang des 
Pyridin-N-oxyds, 4-Methoxypyridin-N-oxyds und 4-Pyridons im Bereich von 250-280 mix wird einem 
1/11 ~ 1A 10bergang zugeordnet. 

Les structures 61ectroniques de l'oxyde de pyridine, des n-oxydes de 2- et 4-methoxypyridine, leurs 
cations, et les 2- et 4-pyridone sont calcul6s par l'approximation Pariser-Parr-Pople SCF-CI. Les 
r6sultats obtenus indiquent que la transition aB 1 ~ 1A~ du n-oxyde de pyridine est situ6e dans la m~me 
r6gion d'6nergie que la transition assign6e auparavant comme 6tant n - n*. Les transitions 61ectroniques 
fortes darts la r6gion de 250-280 mix du n-oxyde de pyridine, du n-oxyde de 4-methoxypyridine et du 
4-pyridone sont assign6es comme 6rant 1A~ ~ ~A1. 

Introduction 

Three electronic t rans i t ions  have been reported for pyridine-n-oxide [1-5] .  
The principle t rans i t ion  lies in the 280 m g  region (hexane) with a modera te ly  
s t rong intensi ty  (~ = 10,000, f = 0.173) [3]. A weaker b a n d  is observed in non -  
polar  solvents [3] in the region of 320 m g  (e = 3000, f = 0.012). A third t rans i t ion  
occurs in the 215 m~t region [-3] also having a modera te ly  strong intensi ty  
(e -- 18,000). The ass ignments  of these t rans i t ions  have varied. The 320 m g  transi-  
t ion  was original ly assigned as being n - re* [-3, 4] on the basis of blue shift characte- 
ristics in polar  solvents. This  ass ignment  was challenged by both  S idman  [6] 
and  Murre l l  1-7] on  the basis that :  i) the in tensi ty  was too large for a n - r e *  
t ransi t ion,  ii) the di-n-oxyde of azomethane  exhibited no  n - re* t rans i t ion  in this 
energy region, and  iii) the major  280 mg  t rans i t ion  also exhibits blue shift characte- 
ristics in  polar  solvents and  thus the 320 m p  t rans i t ion  could also be a r c -  re* 
charge transfer t ransi t ion.  The recent  work of Zio lkowsky and  D6r r  1-8] demon-  
strated that  pyr idine-n-oxide exhibited nei ther  fluorescence nor  phosphorescene.  
The polarized emission studies of other  n-oxides did no t  indicate the presence of 

n - r~* transi t ions.  

* Present address. 
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The charge transfer calculations of Kubo ta  [1, 2] assign the strong 280 mg 
transition of pyridine n-oxyde as being 1A 1 ~-1A 1. Computationally,  this transi- 
tion is a mixture of 1B a, 1L,, and 1A1 components  but dominated by the latter 
charge transfer contribution. Kubo ta  argues [2] that the intensity of the 320 mg 
transition is not too high for a n - n* transition. Kubo ta  does predict [1, 2] that 
a transition having a high contribution from the ~Lb+-~A1 component  should 
exist in the same energy region as the stronger 280 mg transition. Kubota  assigns 
the 215 mg  transition as being largely a 1La~ ~A 1 transition. 

The S C F - C I  calculation of Saison and Jaff6 [9] predicts two transitions in the 
280 mg  region, the stronger of  which is the ~B1 *-- 1141 transition, and the weaker 
1A~ ~ ~A~. The transition further in the UV region is assigned 1A~ ~ 1141. In addi- 
tion, Jaff6 has qualitatively assigned [4] the 280 mg  transition of amino and methyl 
substituted n-oxydes as being L b transitions. 

The conflicts in the above assignments warrant  a more theoretically intense 
examination of the spectral features of pyridine n-oxide (I) and structurally related 
compounds.  For  this purpose we have choosen to examine the electronic structures 
of I, 2- and 4-methoxypyridine n-oxide (II and III), 2- and 4-pyridone (IV and V) 
and the zwitterion (VI) of 3-hydroxypyridine. The conjugate acids of I, II, and I I I  
(I CA, II CA, and I I I  CA) are also computed. 

O- O O R R R 
+* ~+ ~+ I I ? + ? 

OR O 
I II III IV V VI 

OH OH OH 

# 
OR 

ICA IICA IIICA 

The calculations 

M e t h o d  of  Calculat ion 

presented here were obtained using the Bessis-Chalvet 
SCF-C I program. The standard n electron approximations of Pariser, Parr  [10], 
and Pople [11] were utilized. The coulomb and resonance parameters utilized 
are listed in Tables 1 and 2. The electron repulsion integrals were calculated using 

Table 1. Coulomb and resonance parameters 

Atom I* Z (11]11) a 

N 28.16 4.25 15.92 
C 11.22 3.25 10.53 
O- 17.17 4.55 14.30 
O 35.50 4.90 21.55 

Ip = valence state ionization potential, Z = Slater Z value, (11111) = one centered repulsion integral. 

" All energies given in electron volts. 
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the approximat ion of Parr  [12]. Geometries were computed using the bond 
distances listed in Table 2. Since the six member  rings are not symmetrically 
hexagonal with these interatomic distances, the ring geometries were computed 
by assuming approximately equal distortion to the internal bond angles. The 

Table 2. Bond distances and resonance parameters 

Bond Type Distance (A) Resonance parameter (eV) 

N+-O n-oxide 1.27 - 2.60 
N + O-H protonated 1.39 -2.60 
N = C pyridinium 1.39 - 2.60 
C= C pyridinium 1.39 - 2.40 
C= C pyridone 1.35 - 2.40 
C--N pyridone 1.39 - 2.45 
C--C pyridone 1.45 - 2.20 
C=O pyridone 1.24 - 2.60 
C--O oxy-pyridinium 1.39 - 2.60 

oscillator strengths were estimated from the experimental molar  extinction 
coefficient, e . . . .  using the approximat ion of Sandorfy [13], 

fest = 4.32 x 10 .9 x 1.06 x emax X h 

where h is the band width (cm -1) at one-half emax" A band width of 5000 cm -1 
was assumed. These approximations represent an upper  limit in the estimated 
value of f .  

In this investigation the number  of excited configurations incorporated in the 
C I  treatment has been limited to 10 singly excited states. In two calculations 10 
doubly excited configurations were also included. 

Results and Discussion 

A comparison of the computed and experimental spectral features of I, II, 
and I I I  is shown in Table 3. Only the four lowest computed energy transitions are 
listed along with the oscillator strengths and symmetries of the states. 

The experimental data has been reported in various solvents and it must be 
stressed that the spectra of these materials are strongly solvent dependent. In 
particular, the transition previously assigned as being n - ~r* in I is not observed 
in water [-1, 2] or acetonitrile [14]. The strong 4.4 eV transition (heptane) of 
I [-3] is shifted to 4.9 eV in water [-1, 5]. 

The computed order of the symmetries of the ~ excited states of I and I I I  are 
1B 1, 1A1, and tB~. In each case the lowest energy ~ transition, ~B~ ~ ~A1 is computed 
to have the weakest intensity. The orders of relative experimental strengths of 
the computed intensities in I are the same. Only one strong transition is experimen- 
tally reported for III.  Thus, within this analysis, the 4.0 eV transition in I, previously 
assigned [1-5]  as being n - 7r*, is possibly ~B1 ~- 1A1. The experimental spectrum 
of II  exhibits two well defined transitions of approximately the same intensity 
in the 4.0-5.0 eV region together with a much stronger transition in the 6 eV 
region. The calculated and experimental orders of the intensities of the transitions 
in II  are in relative agreement. Additionally, it should be noted that substitution of 
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methoxy on I has very little influence on the computed position of these transi- 
tions. The reason for this will be discussed later. 

The assignments of the electronic transitions in I are opposite to those of 
Saison and Jaff4 [9] and only in partial agreement with the charge transfer cal- 
culation of Kubota. The previous SCF-C I calculation [-9] on I differed in several 
important respects from the one reported here. A principle parameter difference 
lies in the assigned value of the one centered electron repulsion integral for the 

T a b l e  3. Comparison of the computed and experimental spectra of structures I, II, and IIl  

S t r u c t u r e  S ta te  C o m p u t e d  a E x p e r i m e n t a l  

E, f Sym.  E, e . . . .  f ,  xptl. f~,t. 

O G - -  - IA1 

N 1 4.27 0.04 tB~ 4.0 b - 
2 4.59 0.19 1/1 a 4.4 b'¢ 14,500 

3 6.17 0.44 IB 1 5.7 b'c 18,100 

4 6.29 0.80 1A 1 - - 

O G - - 1/t 1 

~,I~ 1 4.02 0.09 1B~ - - 
2 4.56 0.21 1A I 4.7 d 16,300 

3 6.19 0.19 1B 1 - - 
O C H 3  4 6.29 0.50 1A 1 - - 

O G - - a~a 
t + 1 4.20 0.05 + 55 ° 4.2 d, o 4 ,500 

~ ) / ~ - O C H  3 2 4.45 0.11 + 67 ° 5.0 ~ 7,600 

3 5.95 0.59 10 ° 5.8 e 25,000 

4 6.16 0.82 + 8 0  ° - - 
~ X  

0.012 b 

0.173 b (0.33) 

- ( 0 . 4 1 )  

(0.37) 

(030) 
(0.17) 
(0.57) 

a Et = T r a n s i t i o n  e n e r g y  in  e l ec t ron  volts,  era, x = m o l a r  ex t inc t ion  coefficient ,  Sym.  = s y m m e t r y  

(C2~) a~_ d i rec t ion  o f  the  t r a n s i t i o n  m o m e n t  wi th  respec t  to  X axis,  f~ t .  = e s t i m a t e d  osc i l l a to r  s t r e n g t h  

(see text). 
b In  h e p t a n e ,  Ref. [3] .  

c 4.9 a n d  6.0 eV in wa te r ,  Ref. [1, 4] ,  4.5 a n d  5.7 eV in ace toni t r i le ,  Ref. [14] .  

d In wa te r ,  Ref. [15] .  
e 3.9, 4.6, a n d  5.5 eV, respect ive ly ,  in ace ton i t r i l e ,  Ref. [14] .  

oxygen. The value used here, 14.3 eV, is to be compared with a value of 14.127 eV 
used by Kubota [2], a value of 15.27 eV obtained from Hinze and Jaff6 [16] 
and a value of 2.71 eV (?) used by the previous SCF-CI calculation. In addition 
Saison and Jaff6 included doubly excited configurations and obtained a much 
higher computed transition dipole for the aBa*-lA 1 transition than for the 
1A 1 +-1A~ (0.43 compared to 0.08). The problem of computed intensities in cal- 
culations incorporating doubly excited configurations is not yet theoretically 
resolved (vide infra). 

Conceptually, pyridine n-oxide is a perturbed substituted benzene. Both 
Stevenson [17] and Petruska [183 have been successful in interpreting the spectra 
of substituted benzenes within the framework of free electron theory. Both mildly 
and strongly substituted benzene exhibit spectral features which can be quan- 
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titatively and qualitatively labeled as arising from the 1Lh~ 1A~ and I L , ~ I A z  

transitions in benzene [17, 18]. Characteristically, the former transition is weak 
and the latter strong. Generally the L b transitions have values of e in the region of 
100-3,000 while the L a transitions are in the region of 7,000 or over [17, 18, 19]. 
In polysubstituted benzenes, a limited number of cases have been observed in 
which neither transition is sufficiently weak or strong to be labeled La or L b 

[17, 20]. However, within the above context, the strong transitions in the 280 mg 
region for I and III are L~. The non-observance of the L b transition in III and 
questionable observance in I is not unique. The L b transitions of a number of 
substituted benzenes have not been observed [17] due presumably to their near 
degeneracy with the stronger L~ transition [17-22]. This is generally true with 
donor-acceptor para-disubstitution. In the majority of cases the ortho and meta 
substitution of donar-acceptor pairs [17, 18, 20] yields materials whose spectral 
features exhibit stronger L, transitions at higher energies than the weaker L b 

transitions. Thus the qualitative expectation is that both I and III, having C2~ 
symmetry, will exhibit a strong ~A1 ~ 1A 1 transition, perturbationally related to the 
~ L ~  aA~ transition in benzene. The weaker ~BI +-- 1A~ transition, perturbationally 
1L b ~ ~A1, will lie in the same energy region. If this qualitative analysis is correct, 
then the low symmetry of II will generate the appearance of two resolved transi- 
tions in the same energy region as the strong transitions I and III. This is in direct 
analogy to the ortho-disubstituted benzenes [17]. Qualitatively, the 1 st and 2nd 
rc - ~* observed transitions in II are perturbationally related, respectively, to the 
L b and La transitions in benzenes. It must be stated, however, that the strict 
labeling of the two lowest electronic transitions in perturbed benzenes as being 
L b or L, runs into semantic difficulty. The charge transfer calculations of Kubota 
on I indicate [1] that the total weight of the charge transfer component (80%) 
far exceeds the L, component (8 %) in the 1A~ ~ tA1 transition. 

ICA, IICA, and IIICA 
The experimental electronic transitions of ICAin the 4.8 and 5.7 eV region 

are both relatively weak and somewhat similar to 1-methyl pyridinium perchlorate 
(4.8 eV, e = 4,600 [23], and 6.0 eV, e = 3,800 [14]). Theoretical calculations on 
pyridine and pyridinium ion [25-27] indicate that the lowest ~ -  ~* electronic 
transitions are 1B 1 ~ lax, and are perturbationally related to the L b transition in 
benzene. Table 4 shows a comparison of the computed and observed spectral 
features of I CA, II CA, and III CA. The calculated positions of the 2 nd electronic 
transitions in I CA and IICA do not match with the experimental values, the 
difference being in the order of 0.5~0.6 eV. The computed oscillator strengths 
of the 2nd transition are much lower than experimental. Previous theoretical 
calculations on pyridinium ion [24, 25] indicate a strong parameter dependence 
of the oscillator strength of the 1/11 ~ 1A~ transition. 

Only a single strong transition is reported for III CA [15]. Qualitatively, the 
strong intensity of this transition indicates that it has considerable charge transfer 
character along the symmetry axis of the molecule and is assigned as being 
tA1 ~ ~Aa. This is in agreement with the calculation. In analogy with the cases 
discussed previously the weaker tB 1 ~-- 1_/11 transition of III CA is nearly degenerate 
to and covered by the 1A 1 +--1A 1 transition. 
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Table  4. Comparison of ~he computed and experimental spectra of the protonated species of  I, II, and t l i  

Structure State Calcu lated  a Exper imenta l  

E t (eV) f Sym.  E, (eV) e .L~t. 

O H  G 

? . 1 4.73 

2 5.19 

3 6.85 

I C A  4 6.95 

O H  G 

1 4.57 
O C H 3  2 5.16 

3 6.74 

II C A  4 6.88 
, X  

O H  G 

1 4.70 

2 5.00 

3 6.30 

4 6.89 
O C H  3 

IIl C A  

1A 1 

0.09 1B 1 4.8 b 2,900 0.07 

0.02 1A 1 5.7 4,900 0.11 

0.92 1B 1 - - - 

1.13 1A 1 - - - 

aL 
0.18 - 7 ° 4,4 c 6,300 0.15 

0.006 + 2 8  ° 5.9 5,200 0.12 

1.19 + 6 3  ° - - - 
0.81 - 3 1  ° - - - 

1A 1 

0.007 1B 1 - - - 

0.10 1A1 5.1 ~ 12,000 0.28 

0.77 1B 1 - - - 

1.23 ~A 1 - - 

E t = trans i t ion  energy,  Sym.  = s y m m e t r y ,  e = m o l a r  ext inct ion  coefficient,  f e s t .  = es t imated  
osci l lator  strength.  ~_, trans i t ion  m o m e n t  wi th  respect  to X axis. 

b Ref. [5] ,  in water.  

° Ref. [15] ,  in water.  

IV, V, and VI 
Using benzyl anion as a model, Mason [28] has applied simple perturbation 

theory to the analysis of the spectral features of a number of the cationic, anionic, 
and neutral species of 2-, 3-, and 4-hydroxypyridine. This includes the compounds 
IV, V, and VI. Mason's analysis [28] 1 indicates that the 4.2 and 5.5 eV transitions 
in IV and the 3.9 and 5.0 eV transitions in VI are perturbationally related to the 
1B 1 ~ 1A1 and 1A~,--~A t transitions, respectively, in benzyl anion. The 4.8 eV 
transition in V is assigned [28] as being 1A~ +--1/11 with a weaker (unobserved) 
~Bz ~ ~AI transition in the same energy region. The calculations shown in Table 4 
are in essential agreement with Mason's analysis. 

Effect of Configuration Interaction 
Shown in Table 5 is the effect of the inclusion of a limited number (10) doubly 

excited configurations on the calculations for IV and V. Within the context of the 
limited C I treatment used here, the inclusion of doubly excited configurations has 
a mild effect on narrowing the computed separation between the two lowest 
electronic transitions and a strong effect in lowering the computed oscillator 
strength of some transitions. In this respect the effect of inclusion of doubly excited 
configurations is similar to what has been previously reported by Allinger and 
co-workers [30-32] and Evleth [33, 34]. In particular, Allinger and Stuart [32] 
have recently shown the computational importance of the inclusion of a large 

1 The  analys is  o f  M a s o n  is s trengthened  by the l inear re lat ionship  [-29] be tween  the observed  
and calculated trans i t ion  energies  of  these species. 
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number of singly, doubly, and higher configurations. Unfortunately such inclusions 
generate a large diminution in the computed oscillator strength. The utilization of 
computational methods for the analysis of the observed spectral features of a mole- 
cule becomes difficult when observed strong transitions are to be matched with 
those computed to be weak. It is standard to regard oscillator strength calculations 
as slightly better than order of magnitude estimates. The results of Allinger and 
Stuart [32] indicate that for the 3 rd electronic transition of styrene the oscillator 
strength is reduced from 0.5 to 0.004 on the massive inclusion of higher configura- 
tions. Such results bring into suspect all previous computational assignments of 
the upper electronic transitions in large molecular systems. Within the context 
of the results presented here faith can only be placed on the assignments of the 
lowest two ~ electronic transitions. 

Electronic Densities, Solvent Spectral Effects, and Substituent Effects 
Shown below are the computed electron densities of the ground and excited 

states of I, I CA, III and V. A comparison of the computed lr electron dipole moment 
with the experimental values if shown in Table 6. 

Table 6. Comparison of the computed and experimental dipole moments 

Structure Calculated Experimental Ref. 

I 4.76 4.18 [38] 
II 4.43 

III 6.20 5.08 [35] 
IV 4.12 4.15 [37] 
V 6.32 6,9 [37] 

The computed dipole moments of I, IV and V approximate those already 
estimated by the modified Htickel method (Omega Treatment) [38]. As shown by 
Clementi [39] in the case of pyrrole, rc electron calculations approximate the 
dipole moment but that the experimental dipole moment is dominated by sigma 
bond effects. Generally, it will be difficult to compare rc electron dipole moments 
with experimental value when small moments are observed. Substitutent effects 
on ~ electron transitions indicate that changes in electronic charge distribution 
between the ground and excited states can be dominated by rc electron contribu- 
tions [20]. 

The polar solvent-blue shift characteristics of pyridine n-oxide (I)have been 
shown by Kosower [40] to be linearly and strongly dependent of the Z value of 
the solvent. Kosower's results indicate that the dipole moment of pyridine n-oxide 
should decrease and perhaps be reversed in the excited state corresponding to the 
1A 1 +-- 1A 1 transition. 

The calculation indicate that the dipole moments of the 1Bx and ~A~ excited 
states (0.66 and 1.33, respectively) are in a direction opposite to the computed 
ground state value of 4.76 D. Both transitions are predicted to have nearly the same 
solvent characteristics. The computed electron distributions of both states in- 
dicate nearly the same degree of transfer of electronic charge from the oxygen 
to the ring. In this sense both transitions can be considered as having a considerable 
amount of charge transfer contribution. This result also counters the previous 
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1.728 
O 

1.211 

1.070 

0.959 

1.002 

1.312 
O 

Nil 232 

k ~  1.131 

0.933 

1.377 
O 

1.389 @ 1.046 

1.014 

1.115 

]/calcd. = -- 4.76 
(Debyes) Ground (1A1) 

State 

+0.66 
1 st (1B 0 
Excited 

+1.33 
2nd (IA1) 
States 

1.941 
OH 

1.476 

+ ~ /N~0 .953  

k , ~ 0 . 9 2 4  

0.828 

Ground (iAa) 
State 

1.916 
OH 

1.597 

+ ~ N ~ 0 . 9 4 1  

k ~ . ~ 0 . 8 1 9  

0.966 

1 st (IB1) 
Excited 

1.857 
OH 

1.507 

+ ~IfN~1.037 

t ~ 0 . 8 7 8  

0.809 

2nd (IAi) 
States 

1.753 
O 

1.234 ~ 1.040 

1.042 

OR 
1.885 

Ground (1A1) 
State 

1.340 
O 

1.221 

1.153 

1.206 

0"8921 

OR 
1.829 

1 st (XBi) 
Excited 

1,442 
O 

1.390 

1.044 

1.056 

OR 
1.862 

2nd (iAi) 
States 

R 
1.707 

7 1 . 0 1 8  
1.027 

O 
1.497 

/~calcd. = - 6 . 3 2  
Ground (1/10 
State 

Theoret. chim. Acta (Berl3 Vol. I I 

R 

t l.566 

7 1 . 1 4 9  
1.102 

O 
1.209 

- 3 . 2  
1 st (1B1) 
Excited 

R 
1.676 

N ~  1.150 

~ , ~  0.906 

0-876 l 

O 
1.335 

- 3 . 7  
2nd (iA1) 
States 
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n-~rc* [3] assignment of the 320 mbt transition in I on thebasis of blue shift characte- 
ristics. 

The effect of methoxy-substitution on the spectra of I can be rationalized 
within the context of the observed electronic charge distribution in the ground 
and 1B 1 and IA 1 excited states of I [20]. First, in contrast with pyridinium, the 
ring system in the ground state of I represents an electron rich system. It is even  

m o r e  so in the excited states of I. Thus the effect of substitution on the positions of 
the L b and L a transitions of I are analogous to phenoxide ion [17] and in contrast 
to the effects in nitrobenzene [17, 21] or benzenediazonium cation [20]. Massive 
red shifts of 0.7-0.8 eV are observed for the L~ transitions of nitrobenzene [17] 
and benzenediazonium cation [20] with the substitution of methoxy in the para 
position. The corresponding shift in the L, transition in going from I to III is 
about 0.2 eV (in water). Similarly, it is qualitatively predicted that the L b and L, 
transitions of II are essentially unshifted from the corresponding values in I. 

The polar solvent-blue shift characteristics of 1-methyl-4-pyridone (V) are 
weaker [28] than with I. The ground state and excited state dipole moment cal- 
culations indicate that V undergoes a decrease in dipole moment  on excitation. 
However, the change in dipole moment between the ground and excited states of V 
is neither reversed nor as great in magnitude as with I. 

As pointed out previously [28, 41] it is n o t  poss ib l e  to rationalize the charge 
distribution of the excited states with the use of limited number of valence bond 
structures (Va and Vb). On excitation both the nitrogen and oxygen atoms in V 
both undergo loss in electron densities. 

CH3 CH 3 
I 

o o 
Va Vb 
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