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Summtwy. The ionisatition energics and the He1 photoclectron spectra of thc N-oxides of 
diazahenzenes are prewnted. The valence electronic structurcs of thc N-oxidcs arc discusscd in 
view of the iofiisation cnergies, and thc profiles, of thc bands. ' h e  intcrpreted data are. compared 
to calculations which arc in good agrccment. The rusults arc correlated to the physicochcrnicsl 
studies, and particularly to thc electronic absorption spectroscopy, of the N-oxidcs. The assign- 
ment of thc photodcctron spectra of the azabenzcncs are considcred with reference to thc spectra 
of their El-oxiclcs. 

The electronic structure and the chemical properties of the aromatic N-oxides 
have attracted considerable attention in the past [I]. Thc recent photoelectron 
spectroscopic study of the pyridine-N-oxides [Z] yiclded the ionisation energies, and 
a means to discuss their electronic structure, with particular reference to the infhicnce 
of the substituents on the ground and sevcral excited states of the ions. The photo- 
electron spectra of the mono and di-N-oxides of the diazabenzenes 1-5 are considercd 
in this article. 

0 0 0 0 

0 
1 2 3 4 5 

The present data on the radical cations of the above compounds relate to the 
theoretical calculations [3], thc ESR. studies of the cation of 2 [$I, the oxidation 
potentials [53, and complements the studies of the anions by ESR. and polarography 
(61, and the absorption spectroscopy 131. The interpreted PE. spectra allow a cor- 
relation to the PE. spectra oi the diszabrnxeiies to be made. 

1) Permanent address: Fitcult6 cles Sciences, Universitd clc Metz, Tlc du Sadcy, 57000 Mctz, 
l?Gi.llCC. 
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The PE. spectra were obtained with two n/!lZ’ cylindrical sector (10 cm radius) contlonser 
analyscr instrument* and excited by the HeIa (21.22 el7) photon radiation [7]. Thc ionisation 
energy (IE) scalc was internally calibrated as descrilxcl previously [2J. 

The samples oi 1, 2, 3 and 5 werc preparcd by thc nicthod oi Ochiai [S] and the details liavc 
been refcrred to in other works [6’. Pyridezinu-rli-N-oxictc was prepared by modification of the 
original synthesis to improve the 1% yield [9]. This consisted of keeping pyridazine in excess 
€f& (90”/0), glacial acetic acid mixturc for 24 h a t  70”. Scyaration 01 thc mono-N-oxidc was 
achicved by sublimation. A yield of w 15% was attirinctl. All attempts to prepare pyrimidjrrc-di- 
N-oxide (or its 2-methy1, P-chloro derivativcs), rcsultorl only in tlcgradaiion products. 

In Fig. 2 arc shown the IIeI excited PE. spectra o f  thc N-oxitlcs 1-5 and that of pyridine-N- 
oxide (PNO). Thc ascertained 1Ee (11) correspond to thc 1,)antl niimbcr i (Fig. 1) and arc prcvcntcd 
in table 1. ‘he values listed are the vcrtical IEs from ,tlic asr;csscd Iiancl maxima, with unccrtaiiity 
of rt 0.02 cV when thc band is sharp, otherwise :t 0.05 c:V for the scparatcd bawls. Thc: wign- 
ment of thc bands, inferrcd in the subsequent sectiou arc shown a id  for I, 2 and 4 tho labels 
pertain to the symmetry of the parent diasabenzcnes with thc: coordinatc axes ;LA dcpictcd in 
Fig. 2. The IEs of PNO are included in Tab. 1 for refcrcncc in thc discussion. 

Discussion. -- The PE. spectrum of pyridine-N-oxide (YNO) (Fig. I) shows four 
distinct bands below IE of 13 eV. The ionic states reprcscritcd by these wtm shown 
to be associated with electron ejection from theno:, no:. 7m2 and n2b1, MOs [Z:l. The 
IEs are given in Tab. 1. Replacement of a further CfI group by N ,  or the NO group, 
leads to further stabilisation of then MO basis energics. It then follows that in the PE. 
spectra of the N-oxides 1-5, the hands bclow the 13: of 1.3 eV can again be attributed 
to the corresponding MOs as in PNO and the additjonal oxygen (no:, 09:) or nitrogcu 
(ON:) MOs. 

The increase in the IE (0.93 eV) of the nag b a d  irr PNO @, with reference to 
benzene, is also manifested 011 comparing YNO with 2 (1.0 eV), corresponding to 
band @, The additivity of the inductive stabilization is a consequence of thenode 
of the naz MO at the points of substitution. The basis of the nb1 component of the 
zelg pair of benzene is stabilized preferentially to tlic n i l 2  and therefore, as in PNO, 
the ground ionic state of the N-oxides of the diazabenzenes is generated by ionisation 
of electrons from the MO where the electron density js concentrated around the 
oxygen (no:). The narrow F ~ t m c k - C o d o ~  profiles of the first bands of 1-5 indicate 
little geometry change on ionisation and are ii ref1er:tion of the nonbondiiig nature 
of the nO: MO. By comparison with the IE proccss associated with the rr0: MO in 
PNO (IE = 9.22 eV) the thiee remaining bands in the PE. spectrum of 2 (Fig. 1.) 
are to be correlated with the MOs which compristl dominantly of the d: linear 
combinations (bag and hl, representdtions in IJEh symmetry) and thc other nO:MO 
combination (bsu). Only the lowest n level (IT: < 14 eV) is of same symmetry 8s 
the latter z0:MO and it is shown henceforth that assignment of band @) to tlw 
no: (bu)MO is most satisfactory. 

In the study of the PE. of the para-substituted pyridine-N-oxidcs, the first three 
IEs were found to give a good linear corrclatiari with the dip& morrientv of  the 
molecules 12j. Using these regressions tlic dipole moments of 1 and 2 [10] ( p  = 1.66 L) 
and 0.0 D respectively) yield the IEs of the GO: and za2 bands as 9.61 eV, 10.67 cV 
md 9.94 eV. 10.95 eV respectively. Within the errors involved, tbese valucs have 
their counterparts in the PE. spectra (Fig. 1): bands (.%, @ in 1, @ or @ and @ in 2. 
l n  the latter molecule, the o0:MOs differ in crwgy clue to tbcjr interactions with 
the CT framework. The MINDO/Z and CND0/2 calculations prophesy separations of 
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Fig. 1. HeZ photodooivovolz s+sGtra of the ,V-oxides qf ti id d,iuzabr?nzenes, 1-5 awl of pyridine-iV-uxide 

Abscissa - :[onisation EtkcrgylcV. Ordinati: -. Countslscc 

'ra?\lp 1 Tnm.cnlin.w Rwruies  Is V\ o f  Iha X-oxides 1 -5al 

Compound It I2 I3 '4 I5 '6  

10.68 (rb 1 12.72 (rblg) 13. 85 

12. 0 ( r )  13. 8 3 8-80 ( ro: )  9.95 (uO/N: )  (11.05. 11.2; oN:/O:, 

4 8.91 (no: hl) 9.76 (nO:a2) 10.18 ( u O  e l )  10.73 [uO:b2) 11.92 (nbl) 19.6 
5 8. NO ( r 0 : )  9.52 (aO:/N:) (11.1, 11.2  ; *N:/O:. T) 12. 60 ( n )  14. 0 

aC 1 9. 17 (rO:) (9. 9. 10, 3 ; uO: , ON:) 
8 .33  ( rO:  bl ) (9.78, 9.86; a0:  b, oOblJ  10.22 (*O:b3u) 11.18 (rb 2g ) 12.2 

6 3g 2 

PNO 8. 38 (TO!) 0.22 (00:)  10.18 (na2) 11.59 h b l )  13. 0 1s. 8 

a) Tho band symmetry shown in parentheses for 1, 2 aiid 4 is that corresponding to the parent 
diazabenzcnes. Sce Fig. 2 and text. 

0.1 eV and 0.4 eV respectively; with thc aO:bg lying above aO:blu in energy. In the 
PE. spectrum of 1, the additional band (@) that is present in the low IE region cor- 
responds to the nitrogen he -pa ir  (aN:). In contrast to thc! situation in 3 and 5, 
no mixing bctween the 00: and crN: lone pairs is yossiblc in 1, Ttic calculations 
disagree on the ordcr of tlic two MOs. 
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The changes in the energy of the nbzs ioniaation process on comparison of the 
spectra of 2 and 1 (0.5 eV) can be extrapolated to pyrazine. The IE of 10.1 eV so 
acquired is in accord with this assignment of the 10.18 eV band in pyrazine [Ill. 
Such a correlation starting with PNO yields an IE of 9.7 eV for the na2 band in 
pyridine. This also supports previous results which assign.cd the lower IE component 
of the double band (adiabatic IE =; 9.3 cV) to the aN:  process [I11 [12’. The &:IE 
in 1 is also by rn 0.7 eV to higher energy than in PNO. These trends can be clearly 
seen in the correlation diagram (Fig. 2). 

As in pyridazine and pyrimidine where thc n-band Il-% are much alike [ll], the PE. 
spectra of 3 and 5 also bear a good deal of rescmblance. Variations are cxpected for 
thc bands associated with the uO:, uN:MOs which mix with each other and with thc 
decper cr levels to a clifferent extent. ‘The three rcsidunl bands, 0, @), @ jn the PE. 
spectra of 3,s (Fig, I) stem from the nelg pair in benzene and the second aO:/aN:MO 
(bands @ or @I). The positions of tlic n bands arc deduced from the change in the 
Cozllovnh integral, at the point of substitution oi the additional nitrogen, 6aN -- 
-3.29 eV, and in the ortho position Sa! = -1.03 eV. The latter parameters were 
inferred from the I’E. spectra of azanaphthalencs [13], whose assignrncnts have been 
substantiatcd [141. The first-order perturbat.ion trcatrncnt on the nMOs of PNO 
obtained by the PPP SCF (or MINI10/2) procedure yields the rc IEs for 1, 3 and 5 
as follows: 
N-oxide 1 3 5 
IE (no:) 9.0 ( 9.17) (iJ 8.9 ( 8.89) 0 8.7 ( 8.80) ci) 
IK (na.2) 10.7 (10.68) (4 11.3 (-11.2) @ 11.3 (-11.2) a) 
IE (n2bl) 12.8 (12.72) (jj 11.9 ( 1.2.0) @ 12.4 ( 12.6) @ 

The experimental IE o l  the numbered band are given in parenthcses. Bands @, 
which are clcarIy separated in the spectra (Fig. 1) illustrate the good agrcement at- 
tained. In the case of 1, the same assignment is obtained, as deduced above by 
alternative reasoning. The correlation diagmm (Fig. 2) is congruous with thc assign- 
ments of the n bands in the 1%. spectra of pyrimidine and yyridaxine proposed “111 
and supported by the PE. spectra of thcir fluoro derivatives I:15], angular distribution 
studies r16j and reccnt calculations 1171. The interpretations based on CNDO calcula- 
tions [18] are, howevcr, in discord with tlie othcr works. 

The 1;ralzck-Condoon envelopes of band @ in the PK. spectra of @ and @ are 
significantly different. On the band Q oi 5, as in PNO (Fig. 1) the 0-0 transition is 
the most intense and several vibrational excitations of the ion are discernible. Thew 
vibrational frcquencics, w 1.200 cm-1 and w 560 cm-1, are also excited in the A state, 
of PNO [Z’ and 3. In the latter, howevcr, thc third vibrstional comyoncnt represents 
the vertical transition. Such a band sliapr: is reminiscent, for cxample, of the bands 
in the PE. spectra of the diarabenaenes ;111 associated with the lone-pairs (N+, N- 
Fig. 2) which are delocdiscd to a degrec. Thesc. differcnces in the band profiles may 
be taken as an indication that aO:/gN: mixing is more important in 3 than 5. The 
MINUO/Z and CNDO/Z calculations suggest that no: and aN: are thoroughly mixed 
in 3 whereas in 5 the aO: is more localised. 

In the PE;. spectrum of 4 the first five hands are &tinct. Bands @-@ arc the 
three remaining oxygen bands no: (az), 00: (al) and aO: (bz). The striking featurc is 
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the sharpness of thc sccond band and it is attributed to the a2 combination of no: 
lone-pairs which is, by and large, non-bonding. A vibrational frequency of M 1300cm-l 
is discernible. The overlap between the 00: lone-pairs is estirnatcd to cause a splitting 
of the order of 0.2 eV. However, the difference in IEs of bands 0, @, ascribed to the 
two aO:MOs, is 0.65 eV and is taken to indicatc that the interactions with the a 
framework are important. This can be compared to the calculated energy differences 
of 1.05 eV and 3.4 eV by MIND0/2 and CNT)o/2 rcspectively. Furthermore, both 
c-dculations predict the in-phase ctimhination (uO:al) to lie above in cnergy. The 
remaining band @ is to be attributed to the ring ndbl MO (axes Fig. 2). It is apparent 
from the corrclation of the IEs (Fig. 2) that cxtrapolation of the IE data of 4 to 3 to 
pyridazine follows as indicated. The splittings predicted between the energics of the 
aO:, aN: and GO: aO: MOs by MINUO/Z comparcd to the differences in the IEs, 
according to the assignments given (Tab. 1) are as follows: 

N-oxide 1 2 3 4 5 
MINDO/2 (eV) 0.33 0.10 1.05 1.05 0.94 

(eV) 0.4 0.1 1.1 0.65 0.6 

Though the evaluation of the A(IE) values, in some cases is limited by the overlap 
of the bands (Fig. l), the trends are reproduced. 

Linear regression of the PPP SCF, and MINDO/Z IEs (on Koopmam' level C19-j) 
and the IC IEs have been found. The correlation coefficients of the least-squares fit 
are 0.987 for the PPP regression, and 0.970 for thc MIND0/2. The IE of the x 0 :  (a2) 
band of 4 is prcdicted as 9.9 and 9.7 eV by the two MO procedures. Both sets o l  cor- 
relations support tlie present interpretation of the PE. spectra. 

The parameters used for the PPP SCF calculations have been described in con- 
nection with the absorption spectra analyscs of thc N-oxidcs [3]. The PPP SCF CT 
calculations gave good agreement with thc UV. cxcitations and have indicated that 
thc strongly allowed 11+ band of the N-oxides is described predominantly by one 
configuration. The latter is considered to be of intramolecular charge transfer 
charactcr from the oxygen in thc HOMO to the n residue in the LUMO. The assign- 
ment of the lLa transition h ~ s  been corroborated by the correlation of the plaro- 
graphic cathodic and anodic half-wavc potcntials with the energy of tlie transition [5]. 
Thc variation of the first JE of the N-oxides (Tab. 1) parallel the changes in the oxida- 
tion potentials [5].  The nature of the LUMO has bccn confirmcd from thc ESK. 
studies of the anions [6], whereas the HOMO charactcristics have been suggested by 
the calculations [3] and in the caw of 2 confirmed by the ESR. study of its cation, 
electrochemically generatcd 141. The analysis of the ESR. data was indicative of 
a large spin density in the N-oxide group oxygen atom from the observed hyperfinc 
coupling constants and thc g value was attributed to the contribution from thc 
oxygen lone pair orbitals and a large spin density in the N-oxide group oxygcn atom. 
'llie PE. spectra of the N-oxides confirm the characteristics of the ground state of 
thc cations, in its generation by electron cjcction from the HOMO in which the 
oxygen basis contribution is dominant. 

The longest wavelength bands in the absorption spectra are those of the lLb 
transitions. The n + n* transition, of even smaller oscillator strength, has becn 
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assumed to be buried beneath thc first band in PNO [3]. From the correlation 
diagram (Fig. 2) it can be seen that provided the two electron term contributions and 
effects of configuration interaction are approximatcly constant within th is series, as 
was suggested by the polarographic potcntials correlation [5], the n n* transitions 
are probably also obscured under the other bands of the N-oxides 1-5. It can also bc 
noted that the large changc in the 1L, transition energy in 2 in respect to PNO, 
parallels the change in the reduction potentials L.51, whcrcas the first IEs are very 
similar, 

In conclusion it may bc remarkcd that the PE. spectroscopic studies of the N- 
oxides of the ditlzabenzenes confirm the conclusions drawn in the interpretation of 
the UV. spectra regarding thc naturc of thc HOMO and thc description of thcir 
electronic structure by means 01 the 1'1'1' SCF calculations. The comparison of the 
PE. spectra of the N-oxides with their parent nitrogen heterocycles manifest the 
influence of the NO group on: the aromatic system. The perturbation of the n-systcm 
rcsults in thc scparation of thc lower cxcitcd states of the jons of the N-oxidcs and 
this can be of help in the assignment of the PE. spectra of the azaderivatives. 
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des Amis des Universitis de Lovrainsn for financial support. 

REFERENCES 

[11 E .  Ochiai, 4 Aromatic Arriinc Oxides,, Elscvier, Anistertlarn 1967. A .  ft. Katrzhk,y L J .  M. 

[ Z ]  J .  P.  Maier & J.-F. Mullcr, J .  cliem. SOC. 1.Saraday .lI, 70, 1.991 (1974). 
131 M .  Yumakawa, 1'. Kubota & H .  Akazaruu, Thctlrct. chirn. Acta 7 5 ,  244 (1969) and refereticcs 

[4] K .  Nishikida, 2'. Kubota, H .  Miyazaki 62 -5. Sakata, J. Map.  Resonance 7, 260 (1972). 
[.5] H .  Miyuzaki, T. Kubota & M .  Yamakawa, Bull. cliem. SOC. Japan 45, 780 (1972). 
[6] 1'. Kubota, I<. Nishikida, H .  Miyazaki, K. Iwatafii & Y .  Oishi,,J. Amcr. chcm. SOC. 90, 5080 

171 D.  W .  Tuv.ner, Proc. Koy. SOC. A307, 15 (1.968). 
[Sj E .  Ochiai, J. org. Chcmktry 78, 534 (1953). 
191 I. Suzuki, M .  Naklrdate & 5 .  Sueyoshi, Tctrahcdron Letters 7.968, 1855. 

Lagowski, t Chemistry of the Heterocyclic N-oxidcs R, Academic Yrcss, Tandon 197 1 . 

therein. 

(1968). 

[to] T .  Kubola t 11. Watanabe, 'Bull. chcm. Soc. Japan, 36, 1093 (1963). 
[ll] R.  Gleiler, I < .  trei~hvolznsv & V .  Honzung, Helv. 5.5, 255 (1972); C. W d h ,  I-. Ashrink, B .  0. 

Jontsson & E .  T.ilzdholm, Int. J. Mass Spectrom. I:on 'Physics 9, 485 (1972) ant1 references 
thcrcin. 

[12] E .  Heithvonnsr. V .  Hornung, 1:. 11. Pinksrton & S. F .  Thames, Helv. .5.5, 289 (1.972). 
[13] F. Bvogli, B. Ifdlrronner & 2.. .Kohayashi, Hclv. 5.5, 274 (1972). 
1141 D .  W .  .M. van den Ham & D .  van dtv Meer, Chem. Physics Lttcrs 12, 477 (1972) ; J. Electron 

[lS] H. J. S~cfinlJ6~ J. Electron Spectrosc. 3, 53 (1.974) ; D .  M .  W .  van den f fam,  1). van der Meer & 

11.61 D. L. Ames, J .  P. Muier, F .  Watt & D. W .  l'urnsr, Llisc. liaraday Soc. $4. 277 (1972). 
r171 J .  Sfiamget-Lavsen, J. Electron Spcctrosc. 2, 33 (1973); J .  AlmkYf, B .  Aoos, 11. WahEgvem 19 

[18] R .  L. Llh,  11. H .  Jaffi & C. A .  Masmanidis, J. Amcr. chcm. Soc. 96, 2623 (1974). 
1191 T.  Koofima.ns, l'hysica 7 ,  104 (1934). 
[ZO] J. ,I;'. Maiev, Ann. Rep. Chem. SOC. H 7974. in print. 

Spcctrosc. 2, 247 (1973) ; J .  Spangel-Larsen, J. lilcctmn Spoctrosc., 3 ,  369 (1974). 

D.  Foil, J. 'Klectmn Spcctrosc. 3, 479 (1974). 

11. Johansen, J. Electron Ypectros. 2, 51 (1973). 


