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The high-resolution He 584 A photoelectron spectra of ten diuanaphthalenes are presented. The ordering of the 
n orbit& and the nitrogen “lone-pair” orbitals is discussed. Several semi-empirical quantum-chemical calculation 
methods have been screened against the esperimentd evidence. 

1. Introduction 

An important matter in the analyses of the photo- 
electron spectra of the aza-aromatics is the assignment 
of the different bands to ionisation of an electron 
from z, n or u orbitals. For a review of the work that 

has been done on these compounds see Dewar and 
Worley [l] and Potapov [2]. The assignment of the 
first few bands in the series of the azabenzenes seems 
to be established [3], but the information about the 

azanaphthalenes is less complete [ 1,4,5] . 
Apart from the problem of assigning the several 

bands to specific orbit& an interesting point of view 
has arisen out of the theoretical work of Hoffmann et 
al. [6] about the interaction of non-bonding electrons, 

.belonging to equivalently placed atoms, which results 
in two different I.P.‘s. The possible interaction of 
equivalent (or nearly equivalent) “lone-pair” electrons 
in the diazanaphthalenes, offers an excellent oppor- 
tunity to test this theory. 

3. Discussion 

2. Methods and results 

The kinetic energy of the ebctrons produced by 
584 A radiation from a helium lamp has been meas- 
ured with the aid of a 127” cylindricai.anaIyser*. ” 
Because introduction of aromatic compounds can i 
cause contact potential changes in the apparatus, 

‘. 

* Perkin Elmer, ‘model PS 15, on loan to Dr. D.W. Turner.. 

3.1. The ass&went of spectral bands to the ionisation 
of electrpns from n orbitals 

In analysing the spectra we started from the fol- 
lowing assumptiqns: 

(i) The assignment of the spectral bands in the 
naphthalene spectrum, as given by Eland and Danby 
[5] is correct. This assigjnment is confirmed by the 
work of Brundle 1131 on octafluoronaphthalene and 
states ‘&at the first three I.P.‘s czn be attributed to 

. 

447 

nitrogen was admitted with each compound to 
establish correct energy scales. 

The compounds (E-J) have been synthesized ac- 
cording to instructions in the literature [7-I 21. 
The other compounds were obtained from commercial 
sources. 

The spectra have been presented in fig. I (A-J). 
In the analysis of these spectra we made extensive 
use of the spectra of naphthalene, quinoiine and iso- 
quinoline published by Elvtd and Danby [51_ The 

spectra A, B, C and D have been published by Dewar 
and Worley [I ] . As these authors used a retarding field 
analyser the outward appearance of their spectra dif- 
fe:s from the general appearance of the spectra in this 
work. For,reasons of comparison we have added these 
spectra to this paper. 

In tables 1 and 2 the experimental I.P.‘s have been 

collected together with the calculated I.?.‘s. 
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Fig. 1. Photoelectron spectn of the diazanaphthalcncs. 

ionisation of electrons from z orbit&. 

(ii) The envelope of the bands is not much altered 
by !he introduction of one or two nitrogen atoms in 
the molecule. 

(iii) It can be anticipated that introduction of ni- 
trogen atoms in the nucleus will shift u bands to 

higher I.P.‘s. As no u bands occur before 11 eV in the 
naphtha!ene spectrum, we may expect the same in the 
spectra of the diazanaphthalenes. 

Using these assumptions and comparing the spectra 
A to J with the spectrum of naphthaiene one can as- 
sign quite a few bands directly to ionisation of elec- 
trons from 71 orbital% AU the values for 71 I.P.‘s found 
in this way are given in table 1. 

3.2. Con-ehtion of r bands with predictions of semi- 

empirical quantumchemical c~kdatiorts 

(a) Correlations with 51 electron approximations 
In correlating calculated and experimenta I.P.‘s, 

we made use of Koopmans’ theorem. The orbital 

energies have been calculated by the Nickel method 
[14] -and the.Pariser-Parr-PopIe (P.P.P.) method 
with variable resonance integrals [lS] . In the Hiickel 
method we used the parameters #+ = q + 0.7 8, 

&c = L& = sN = P [ 161 . In the P.P.P. method we 
used the rep?llsion integraIs according to Nishimdto 
and Mataga [ 171. The corre!arion with the HiickeI 
values gave a 0 of approximately 2 eV. The slope of 

449 
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Table I 
Experimental and c3lcuIated n ionisation potentials of diazanaphthalenes. AII vaIues in electronvolt. The Hiickel I.P. (n)‘s are in 

units p 
-- 

Compound Orbital .I.P. (n) I.P. (II) 1.P. (Ti) 1-P. (n) I.P. (n) 
observed Hiickel P.PS.-S.C.F. Ext. Iiiickel CNDO 11 

--.__ -- 

(A) choline n1 9.10 0.74 9.65 12.43 11.42 
(1,2_diazanaphthalene) n2 9.83 1.11 10.46 13.08 13.48 

773 (11.00) 1.41 11.54 13.61 16.39 
CB) quinmoline n1 9.08 0.77 9.68 12.47 11.40 
(1,3diazanaphthalenc) 772 9.80 l.!O 10.44 12.99 13.34 

n3 11.30 1.52 11.82 14.00 16.19 
(C) quinoxaline ‘-’ 
(l+di~zanaphthah+~) 

ZI 9.00 OS0 9.73 12.55 11.45 
n’2 ( 9.30) 1.00 10.04 12.70 13.36 
nj 11.56 1.63 12.20 14.14. lb.11 

@) phthalazine =1 ( 9.07) 0.74 ‘9.67 12.52 11.40 
(2$diazanaphthalene) "2 ( 9.95) 1.15 10.66 13.09 13.42 

fl3 (I 1.00) 1.37 11.43 13.54 16.58 
(E) l,S-naphthyridine “I ( 9.20) 0.89 9.98 12.69 11.34 
(1 S-diazanaphthalcne) 772 ( 9.30) 1.00 10.08 12.94 13.47 

=s 11.05 I.46 11.61 13.66 15.97 
(r;) 1 ,dnaph thyridine n1 9.07 0.78 9.67 12.52 11.42 
(1,6diazanaphthaIene) "2 (10.00) 1.12 10.47 13.11 13.37 

=3 11.10 1.41 11.54 13.60 16.23 
(C) 1,7-naphthyridinc n1 8.99 0.76 9.62 12.46 11.38 
(1,7dipanaphthalew) 772 (10.00) 1.11 10.45 13.03 13.41 

773 11.14 1.46 11.66 13.73 16.30 
(I-l) l,&naphthyridine "1 ( 9.40) 0.89 10.02 12.70 11.61 
(I ,&diazanaphthalene) "2 ( 9.40) 1.00 10.05 12.93 13.36 

a3 11.33 1.52 11.79 13.84 16.22 
(I) 2.6-naphthyridine n1 8.87 0.68 9.43 12.22 11.35 
(2,6diazanaphthaIene) “2 (10.35) 1.28 10.99 13.36 13.40 

773 (10.85) 1.32 Il.29 13.53 16.48 
(J) 2,7-naphthyridine Rl 8.?8 0.71 9.53 12.37 11.31 
(2,7diazanaphthalcne) 572 ( 9.90) 1.18 10.69 13.12 13.40 

=3 (10.98) 1.41 11.51 13.68 16.35 

the plot ok-the measured I.P.‘s against the P.P.P. v;iri- those from Hcffmann [19]. For the CNDO II a corre- 

able 4 values (fig. 2) is practically unity. 

With this correlation in mind, we tried to assign 
lation is found by relnting the energies of the first x 

orbital to the first I.P. (IT); for the second and the 
the bands which could not be directly compared with third I.P.‘s similar correlations can be found; but all 
the IT bands. In all regions where 7~ bands were pre- slops differ from unity and are all different from one 
dieted we did indeed find a band in the experimental another. This con&& the statement of Bloor and 
spectrum. The n bands, fotind in this way, are denoted Breen 1201, that the CNDO II method cannot be ap- 
with brackets in table 1. plle.d to the calculation of I.P.‘s. Perhaps the parametri- 

zation as proposed by Jaff6 and de1 Bene [21] will 
(b) All valence electrons calculations give better results. The correlation with the extended. 

We used the CNDO II and the extended HKcke! Hiickal methpd is good, although the siope differs 
method. All molecules were considered to have re- from unity.. 
gular geometries (bond lengths I .387 A). The param- 
eters for the.CNDO II method were those of Pople’ 3.3. &ssignntcnr of bands’to ionisution of electrons 
and,SegaI [la] and for the extended Hiickel method’ from n-type orbitals : 

450 
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Table 2 
Experimental and calculated n ionisation potentials of diazanaphthalenes. All values in eV 

Compound 1-P. (n)l 
observed 

-- 

I.P. (n)II 
observed 

AI.Y. (n) 
observed 

LP. (n)I 
ext. Hiickel 

I.P. in)U 
ext. Hiickei 

ALP. (n) 
ext. Kiickel 

(A) cinnoline 
(1,2-diazanaphthalene) 

(B) quinazoline 
(1,3_diazannphthalene) 

8.90 11.05 2.15 

9.50 

12.14 13.85 

12.11 12.76 

1.71 

10.70 1.20 

10.90 1.60 

10.60 1.90 

0.65 

(C) quinoxaline 
(1,4diazanaphthaIene) 

(D) phthalazine 
(2,3_diazulaphth;ilenc) 

(E) 1.-S-nnphthyridktc 
(15diazanaphthalene) 

(F) 1,6-naphthyridine 
(1,6diazanaphtMene) 

(G) 1,Fnaphthyridine 
(1,7dhzanaphthalene) 

(‘Ii) l,&naphthyridine 
(1,8-dlazanaphthalene) 

(I) 2,~naphthyridine 
(2,6diazanaphthalene) 

(J) 2,7-naphthyridine 
(2,7diazanaphthalene) 

9.30 

8.70 

9.20 

9.50 

9.30 

9.20 

9.40 

9.35 

10.40 1.20 

9.90 0.40 

10.00 0.70 

10.10 0.90 

10.00 0.60 

10.10 0.75 

11.85 13.79 1.94 

12.01 13.47 I.46 

11.93 12.89 Cl.95 

12.17 12.35 0.18 

12:45 12.00 0.45 

12.05 12.75 0.70 

11.87 12.95 1.08 

Il.98 12.48 0.50 

to ionisation of electrons from D orbitals are dis- 
cussed in this section. Beginning with I, we observed 
two bands at 9.40 eV and 10.00 eV respectively, 
which can, according to our assumptions of section 
3.1, only be described as originating from ionisation 
of electrons from n orbit&. Spectrum J shows nearly 
the same pattern. The n band at the higher I.P. over- 
laps the second TT band. If we compare the spectra A 
and D with the spectrum of napfithalene, we see first 
ionisation bands of quite different shapes. The con- 
clusion could be that an “n” ionisation, partly over- 
lapping the first YT band, is @valved. Dewar and Worley 
[l] came to the same conclusion. In the spectra E 
and H, the first band consists of two overlapping T 
bands. If we compare the shape of the leading side of 
these bands with the same bands in B, C, F, G&d J 
on one hand and in A and D on the other; we may 
conclude that in these two cases the first n band co- 
incides with the first 7r bands. Jir a similar manner we 
treated the other diazanaphthalene spectra obtaining 
always two bands which had to be attributed toioni- 

sation of electrons from an n orbital. In most of the 
cases, only approximate values for these I.P. (n)‘s 
could be given (table 2). 

3.4. Correlation of n bards with quantum-chemical 
caIcuhtior~s 

In the previous section we found two n bands in 
each diazanaphthalene spectrum. That this is the case 
even for the “symmetrical” diaza compounds, points 

to interaction of the “lone-pair” electrons. Predictions 
of such an interaction have been given by Hoffmann 
et al. [6] in their description of the dehydronaphtha- 
lene diradicals. To compare the experimentat resuIts 
with the calculations, those cr orbit& must be selected 
that have a high electron density on the nitrogen atoms, 
and hence can be considered as n orbit&. 

In the CNDO II method such a selection could not 
be made due to the large extent of deIocaIisation of 
the “lone-pair” electrons. For the symmetrical diaza- 

naphthalenes, an additiona criterion can be obtained 
from the requirement that one of the hybrid n orbitals 
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Fig. ?. Plot of experimental versus calculated TI iorhtion potentials (P.P,P,-S.C.F. variable 0). Points denoted by A in this plot, 
correspond to values between brackets in table 1, 

must bc the symmetric and the other the antisym- 
inetric combination. Even with the aid of this criterion, 
no convincing selection of two n orbitals could be de- 
rived from the CNDO II calculations. In the extended 
Hiickel method, the ‘Plane-pair’* electrons remain 
more localised on the nitrogen atoms than in the 
UNDO It method. The n orbit& cf the symmetrical 
diazanaphthalenes chosen with the electron density 
as a criterion, aiso fitted the symmetry requirement. 
Fig. 3 demonstrates that the observed splitting of n 
bands agrees quite well with the splittings predicted 
by the extended Htickel method: 

4. Conclusions 

(i) The first ionisation in 1,2-, 2,3-, 1 S- and 1,8- 
diazanaphthalene takes rise from an n orbital while 
the 0th~ diazanaphthalenes have their first ionisation 
from a YT orbital. 

(ii) The results support the ideas developed by 
Hoffmann et al. about the interaction of non-bonding 
electrons belonging to’equivalently placed atoms. 
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Fig. 3. Plot of experimental versus calculated n orbital splitting. 
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