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29. Photoelectron Spectra of Azabenzenes and Azanaphthalenes: 
I. Pyridine, Diazines, s-Triazine and s-Tetrazinel) 

by R. Gleiter, E.Heilbronner and V.Hornung 
Physikalisch-Chemisches Institut der Universitat Base1 

(8. XI. 71) 

Summary. The experimental and theoretical basis of a recently proposed reassignment of the 
bands in the PE. spectra of pyridine, pyridazine, pyrimidine and pyrazine is discussed in detail. 
A characteristic feature of the derived orbital sequence is that it takes the ‘through-space’ and 
‘through-bond’ interaction between the ‘lone pair’ basis orbitals explicitly into account. A simple 
parametrization of the orbital energies, based on HMO-type models for the n-orbitals and for the 
‘lone pair’ linear combinations, yields excellent agreement with the observed band positions in the 
PE. spectra of s-triazine and s-tetrazine. Our new assignment is compared to those proposed 
previously. 

The interaction between nitrogen or oxygen non-bonding ‘lone pair’ orbitals has 
been extensively discussed [Z ]  131. In some cases predictions, derived from model 
M0.-calculations, could be verified by high-resolution photoelectron spectroscopy 
(e.g. [4]). In  this connection the diazines 11,111, and IV are of special interest, insofar 
as the recognition of substantial coupling between the non-adjacent nitrogen lone 
pair orbitals in pyrimidine (111) and pyrazine (IV) leads to a reassignment of the 
bands in their photoelectron spectra (PE. spectra) [l] [5] .  

l) Part 28 of: ‘Applications of Photoelectron Spectroscopy’. Part 27: [l]. 
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In this communication we wish to discuss this previously proposed assignment 
in some detail and to provide additional support through an analysis of the PE. 
spectra of s-triazine (V) and s-tetrazine (VI). 
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The PE .  spectra shown in Fig. 1 and 2 have been rccorded on a Perkzn-Elmer PS-15 (I to  I V )  
or PS-16 (V, VI) spectrometer (Pevkin-Elmer Ltd. ,  Beaconsfield, England ; specifications see : 
Twner [6]). For experimental details see previous communications, e.g. [7]. 

A. Preliminary Remarks. - n-Orbitals. In the following we shall be concerned 
mainly with the two highest occupied n-orbitals of I to VI, which are derived from 
the degenerate orbital pair elg(n, S) and el&, A )  of benzene, i .e.  those belonging to 
the irreducible representation Elg of DGh: 

4 

6/ \3  elg(n, S ,  = (a $1 + q 2  -- $3 - 

e l g ( n ,  A )  = ($2 + $3 - $5 - < b G ) / 2  

$4 - $5 + $ G ) / 1 1 2  
(1) 

Except in the case of V which has D3h symmetry, replacement of carbon by nitrogen 
centres removes the degeneracy of el&, S) and elg(n, A) .  The resulting orbitals I$ 
are labelled as usual by the symbol referring to the corresponding irreducible repre- 
sentation of the group (e.g. CZv : q = a,, b,; DZh : + = blg, bzg), the coordinate axes 
being oriented as shown in the formulae I to IV. Furthermore we add the symbol 71: 

to classify t,b as a 7t-orbital, and S or A to indicate from which of the parent el&)- 
orbitals (1) of benzene it has been derived (e.g. I$(7t, S) = a,(n, S) in 11, b,(n, S) in 
111; q(n, A )  = bl(n, A )  in 11, a2(n, A )  in 111). Note that S and A as used here do not 
necessarily correspond to the symmetric or antisymmetric behaviour of I$(7t, S) or 
q(n, A )  with respect to a mirror plane of the particular molecule but serve only to 
label the correlation with elg(S) and elg(A) of benzene. 

The third n-orbital derived from the lowest n-orbital a,, of benzene is uniquely 
characterized by the symbol n (e.g. @()in) = bl(n) in I1 and 111). 

‘Lone pair’ orbitals. The basis orbitals are the non-bonding lone pair orbitals np 
of the nitrogen atoms, the positive lobe of np pointing radially away from the centre 

17 
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Fig. 2. PE.-spectra of s- tr iazim ( V )  and of s-tetvazinc ( V I )  
The spectrum of V shows two small peaks in the ascent of the first band. They arise from ionization 
of the e”(n)-orbital by the 357-a-line, which accompanies in small quantities the dominating 

584-!-line of the IIe discharge. 
The irregular intensity distribution in band 6 of VI is due to the presencc of N, and the sharp 

components on the high energy side of 8 to traces of HCN 2 ) .  

of the molecule. If two orbitals n,, n b  are present (11, 111, IV),  we can form the 
symmetry adapted (degenerate) linear zero-differential-overlap combinations 

n +  = (n, + nt,)/l/2 ; n- = (n, - nt,)/$z?. (4 
I n  I1 and I11 (CZv)  n, belongs to A ,  and n_ to R,, while in IV (D2h) n,  belongs to 
A,  and n- to Rzu, if the axes are chosen as shown in formulae I1 to IV. 

As a comeqmnce of overlap controlled through space interaction 121 the orbital 
energies E(n+) = (n, 1 71 1 n , )  and &(n-) = (n- I X I n-) differ from the orbital 
energies a(.) = (n,L I 31 I nP) of the basis orbitals: 

2, see p. 269. 
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(According to  the sign convention for n, and n b ,  as defined above, (n, I 3 I nb) is 
always negative.) In  addition n+ and n- interact with bonding and/or antibonding 
a-orbitals belonging to  the same respective irreducible representation. This ‘through 
bond’ interaction leads to mixed ‘lone pair’ orbitals ? ( g ,  n*) which are considerably 
delocalized over the a-frame of the molecule. These orbitals are again labelled by the 
symbol of the corresponding irreducible representation (e.g. ? = b,, a, in I1 and I11 ; 

= a,, b2, in IV)  and in brackets, by CT and n+ or n-, depending on which of the 
two linear combinations ( 2 )  they contain. 

In a first approximation it is useful to identify the delocalized orbitals t/(~, n+) 
and t/(a, n-) with n+ and n-. The orbital energiese(q(o, n,)) and&($(@, n-)) derived 
from the corresponding band positions  it,,^ in the PE. spectra by applying Koop- 
mans’ theorem [8], 2.e. F J  = - I u , ~ ,  can then be described by two parameters: 

I) A first-order perturbation Sa(n) fixes the mean orbital energy 

E m  = [&(t/(G> n,)) + &($(a> n-))!P (4) 

relative to the basis orbital energy a(n)  : 

~(nj = a(n)  + Ga(n) . (5) 

The quantity &(n) is always negative and in a first approximation proportional to 
the number of basis orbitals n,. 

2) An interaction parameter xpLv defined as 

xpv = Ce(Na, n+)) - &(WCT> n-))I/Z . (6)  

If 

Of 

through-space (through-bond) interaction dominates, xPy is negative (positive). 
In the case of V and VI  the parameters 6a(n) and xpv derived from the PE. spectra 

I to  IV have to be used with the appropriate linear combinations of three or four 
basis orbitals n,. 

Band shaees. In  the absence of more precise criteria, such as an analysis of the 
resolved vibrational fine structure (e.g. [S]), the assignment of PE. bands to z- or 
n-ionization processes has to rely in part on the experimentally observed band 
shapes, which can be crudely classified into two types: 

Type 1 Typc 2 

Type 1: The O t O  vibrational component is the most intense one of the pro- 
gression, so that the vertical and adiabatic ionization potentials coincide: Ia ,  J = 
.Iu, J .  These strongly unsymmetrical bands are characterized by a steep ascent and 
slow f all-of f . 
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Ty$e 2: A higher vibrational component v’ t 0 is the most intense of the pro- 
gression, so that I,, J < I u ,  J .  Such bands are usually symmetrical, i.e. of Guussiuvz 
or Lorentzian shape. 

The photoionization process of a molecule M is followed by a relaxation of M f ,  
in which this radical cation assumes a new equilibrium structure. This change can 
be specified by the shifts SQ of the origin of the normal coordinates Q of M+ relative 
to those of M. A simple harmonic oscillator model ;lo] which assumes the same force 
constant and thus the same frequency for the relevant normal mode in M and M+ 
predicts that  type 1 bands are observed if the SQ associated with the normal mode 
responsible for the band shape is less than G Q  1’12. The constant aQ is the classical 
amplitude of the zero point vibration of this normal mode. 

Photoejection of an electron from an orbital I,DJ leads to small (large) changes in 
interatomic distances R,, and/or bond angles (0 if the corresponding changes in 
generalized bond orders pa,, or overlap populations P,, are small (large). If these 
changes in internal coordinates R,L, add up to a shift SQ of the origin of the normal 
coordinate 0, responsible for the vibrational fine-structure, smaller (larger) than 
U Q  I,:!, we shall observe a PE. band of type 1 (type 2).  I t  is obvious that this criterion 
has to be used with caution. 

There has been a tendency to assume that,  since ‘lone pair’ orbitals are ‘non- 
bonding’, ejection from such orbitals should lead to bands of type J ; in the same way 
ejection from n-orbitals has been assunied to give bands of type 2 as a consequence 

‘Table 1. fonization PolentiaEs o j  P y i d a z i n e  (1 I ) ,  Pjwimidiize (111) and Pyvazine ( I  V )  
All values in exT 

~ 

1 2 3 4 5 6 7 

fi’ b,(o,n-) 9 31 8 64 8 90(n) 9 4(n) (n)‘) 9 O(n) ( n ) ~ )  8 7 1  (b,j 
e h  a,h,S) 1061  1049 10 53(n) 106(n) (n) 1048 (b,) 

8’ b,(n,A) 11 3 ”j 11 61 11 2(n) (nj 11 1 (a21 

11 1 (a,) 11 (a al(o,n+) 11 3 b) - - 

cz ” c j  b,(nj 1 3 9  1345  1363  1 3 6 ( n ) ( n )  13 5 (b,) 

\x’ 

!E b,(o,n-) 9.73 9.23 9.12(n) 9.7(nj (n) 9.32 (b,) 62 a b,(n,S) 10.41 10.41 10.39(n) 10.4(nj (n) 10.40 (b,) N 

‘ I T  @ a,(n,A) 11.39 ”) - 11.5in) (n) 11.3 (a,) 
czv  61 b,(n) 13.9 13.51 13.62 13.7(n) (n) 13.6 (b,j 

\’ cjc a,(o,n+) 11.23 11.10 11.06 11.2(n) (n) 11.1 (a,) 

~ 

:I; a,(o,n+) 9.63 9.29 9.36(n) 9.7(n) (n) 9.22 (as) ra b?,(n,A) 10.18 10.18 10.15(n) 10.3(n) (n) 10.17 (bzgj 
\id ,<? bnu(o,n-) 11.35 11.00 11.14 11.3(n) (n) 10.93 (b3g) 

I\‘ (4: blg(n,S) 11.77 11.66 11.73 l l .H(n)  (n) 11.66 (big) 

I ) 2 h  % b3, (~)  13.9 h, 13.13 13.l(n) (n) 13.1 (bsz) 

a) 

h) 

e )  

The cxact nature of these ionization potentials is not defined. See text. 
Strongly overlapping bands. See Fig. 1. 
The two columns of bracketed symbols rcfcr to thc t w o  diffcring assignments given in [ l l j ,  
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of the changes in bond orders pic, and thus in R,L,. The reverse, however, is often 
nearer the truth. Ejection from a delocalized ‘lone pair’ orbital $(o, n) may involve 
quite substantial changes in R,, because of the changes in o-bond populations, 
whereas loss of a n-electron from an ‘outer shell’ n-orbital induces only minor 
changes. This is exemplified by a comparison of the first bands in the PE. spectra of 
ammonia or amines with those of unsaturated hydrocarbons e.g. dienes, benzene, 
etc. 1111. 

B. Diazines. - Table 1 and the correlation diagram of Fig. 3 summarize our 
experimental results and the assignment of the first five PE. bands in the interval 
I v , ~  = 9 to 14 eV. For pyridazine (11) the assignment differs slightly from the one 
given previously [l] [ 5 ] ,  in that  bands @ and @, corresponding respectively to ejection 
of an electron from b,(n, A )  and a,(o, n+), are now assumed to coincide, yielding 
the intense peak at  11.3 eV. 

Our assignment is based on the self-consistency of the following considerations : 
1) In the next paper of this series [14] we show that for azabenzenes and aza- 

naphthalenes the n-orbital energies - Iv, J(calc.), calculated according to a simple 
HMO-procedure, correlate closely with the vertical ionization potentials Iv ,  J of the 
corresponding PE. bands. The regression calculation yields for 11, 111, and IV: 

I v ,  J(exp.) Iv, J(ca1c.) 
I1 a z h  S )  10,61 eV 10,57 eV 

b,(nc, A )  11,3 eV 11,32 eV 
I11 b,(n, S )  10,41 eV 10,57 eV 

a z h  A )  11,39 eV 11,32 eV 

IV b2g(n, A )  10,18 eV 10,19 eV 
blg(n, S )  11,77 eV 11,70 eV 

(7) 

2) If these bands, which we classify as n-bands, are subtracted from the respective 
PE. spectra, the remaining bands in the region 9 to 12 eV must be bands corresponding 
to the ejection of an electron from one of the delocalized ‘lone pair’ orbitals $(o, n,) 
or $(o, n-). The reason is that  the third n-band and the first o-band (not of ‘lone 
pair’ character) both lie at ionization potentials well above 12 eV. These bands, 
which occur in the PE. spectrum of benzene at  11.5 eV (ezg(o)) and 12.2 eV (a2%(n)) 
[15 1 ,  show substantial shifts towards higher ionization potentials when carbon 
centres are replaced by nitrogen. 

This is supported by a comparison of the PE. spectra of I and of pyridine-d,. 
The band a t  12.2 eV has a different vibrational fine structure in the two spectra and 
must therefore be correlated with the highest a-(CH)-orbital of I which has been 
shifted, relative to the ezg(o) orbital of benzene, by - 0.7 eV. 

3) As can be seen from the PE. spectra of benzene [ l l ]  [15], naphthalene [14] [16], 
or other hydrocarbons containing larger n-electron systems [16] [17], removal of an 
electron from one of their two highest occupied n-orbitals leads to PE. bands of 
type 1. Since the n-electron systems of azabenzenes and azanaphthalenes are not 
essentially different from those of their isoconjugate parent hydrocarbons 1181, 
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Fig. 3. Correlation diagram for  pyridine ( I ) ,  pyridazinc (If), pyrimidine ( I I I ) ,  und pyrazine ( I V )  

photoejection of an electron from one of the two highest occupied n-orbitals of 
azabenzeiies or azanaphthalenes must again lead to PE. bands of type 1 or a t  least to 
PE. bands in which the first vibrational components (0 t 0, 1 +- 0,  2 t 0) are those 
of highest intensity. Consequently we assign the label n to the following PE. bands 
in the region 9 to  12 eV: band (3 of 11, 111, and IV,  band @ of IV. In the PE. 
spectra of II and I11 the second n-band overlaps with a n-band as evidenced by the 
higher integrated intensities (see Fig. 1). 

4) As discussed in section A the so-called ‘lone-pair’ orbitals of aza-derivatives 
are usually strongly mixed, involving large sections of the C-C- and C-H-o-frame. 
In  Fig. 4 are shown the plots 1191 of those extended Huckel orbitals [a01 of I, 11, 111, 
and IV, to whidh the basis orbitals n, (in I) or tlie linear combinations (2) n,, n- 
(11, 111, IV) contribute with greatest weight. Reinoval of an electron from any of 
these orbitals must lead to  significant changes in tlie structure of the resulting 
radical cations relative to that of tlie neutral molecules, because of tlie strong parti- 
cipation of the C-N and C-C basis o-orbitals and/or tlie through-space interaction 
of the n-orbitals. We therefore except the lone-pair bands to be of type 2. Indeed, 
this is the case for those identified as such according to the elimination process 
described in steps 1) and 2), i.e. band a of 11, 111, IV, band @ of I1 and band 0 of 
I11 and IV. (Notr: that the bands labelled (3 and @ overlap in the spectra of I1 and 
I11 to yield a single peak of double intensity). 

5 )  In many cases the extended Huckel treatnicnt (EHT) has provcd to be a relatively 
reliable guide for the interpretation of PE. spectra (e .g .  \4] 17j [211) : for the diazines 
the predicted relative sequences of the three highest occupied n-orbitals and the two 
a-orbitals with dominating ‘lone-pair’ character are identical to those derived above 



HELVETIC.4 CHIMICA A\CTA - VOl. 55, Fax. 1 (1972) - Nr. 29 263 

.... j- ..... 
i .  , .  , .  . ,  ......... % ....... .... .......... 

. .  I' --) 
'-- ! , . ": : 

_-' .. 
. .  ..--. 
'. -, 

.. , 

.. ' .......... 

_.__ 
/- ..... '. 

ag(cr,n+) 

Fig. 1. Schewatic representalaons of the 'lone pair' orbitals of p y r i d i m  ( I ) ,  pyriduzine (11), pyrimidine 
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(see Tab. 2). But, since the theoretical predictions are very sensitive to the 
assumed geometrical parameters and the choice of the matrix elements Hii, the 
agreement may be fortuitous. 

For comparison \ye have included in Table 1 results published lq- other authors 
The data reported by Demav & WovZey [121 wcrc obtained with a retarding grid spcctrorneter 

[22] and lic therelore bctween the corrcsponding adiabatic ( I r r ,  . I )  and vertical ( I u ,  . I )  ionization 
potentials. They should be iclentical with I c L ,  J = I?,,J i n  the case of type 1 bmds.  The method is 
liable to  miss the second of two strongly overlapping bands ?.g. band (4 ol I1 and 111. In  addition 
to the data collected in colurnn 6 of Tab. 1 the authors found a sccond break in thcir spectra at 9.22 
el7 for 11, 9.64eV for 111, and 9.51 cV for IV, which correspontls more closely to  our Iv, . ,  valucs. 
The assignment given for the first two bands agrees with ours lor T I  and I11 (sequence (n) ,  (n)) and 
is the reverse for IV (sequence (n), (n)).  But it should be kept in mind that Uewav & Worley 
interpreted their spectra under the implicit assumption that  thcrc IS no intcraction between n, 
and n,, in I11 and IV. 

The ionization potentials listed in column 7 of Table 1 have been taken from the corrclation 
diagrams given by Tuvnev, Bakev, Bakev & Bvzindle on page 341 of their book [ll]. Comparison 
with the spectra of I11 and IV rcproduced in the same work indicates that  those values refer to 
vertical rather than to  adiabatic ionization processes. Two other assignments have been proposed, 
both in strong disagreement with ours. The arguments leading to  the two assignments have not 
been discussed (see also [121). 

Recently Asbvinh, Fvidh, J O ~ S S O R  & Lii2dhoZm [23] have also reinvestigated the PE. spectra of 
the diazines. The adiabatic ionization potentials I a , ~  obtained b y  them arc given in column 8 of 
Table 1. It is gratifying to  note that  their assignment, based on analysis of the vibrational fine 
structure of the PE. bands and on the results of extended Hiickel calculations [ZO], agrees with ours 
for the first two bands of 111 and I V  and for the first band of 11, the sequence of the next two 
bands being reversed. 

Many theoretical calculations with varying degree of sophistication have been 
carried out for I, 11, 111, and IV (e.g. references 1~241 to [ 2'71). In Table 2 we compare 
some of the results with the observed ionization potentials Iv, J and with those derived 
from an EHT model based on a regular hexagonal franiework with K ( C C )  =R(CN) = 

1.4 and R(CH) = 1.1 -4, with standard parameters ,201, except for the hydrogen 
1s-orbitals, for which a Slater exponent of 1.3 was uscd. This model yields an orbital 
sequence which agrees with our assignment for the first four bands in 11,111, and IV. 
On the other hand it predicts that  two of the o-orbitals should lie above the lowest 
occupied n-orbitals. Judging from previous experience we believe this to  be an arti- 
fact of the method. 

Column 5 of Table 2 contains the results obtained by S~mdbowt  (253 with a Pavise+Pavv-PopZe 
treatment which includes the lone-pair orbitals n,, ' z b .  The inajor flaw in this calculation is that  
the parameters were determined by  a least-squares routine xvhich fitted the computed orbital 
energies of 1 to 1lr to the ionization potentials given in L11] assuming the assignment shown in 
column 7 ol Table 1 to  be correct. This, nccessarily, invalidates the predictive value of the modcl. 
To account for the lone-pair interaction, the followng resonance integrals had to  be used : p(ortho) 
= - 0.563 eV; /?(metu) = - 0.620 eV; p(fiuva) = 0.569 cV. 

Another Puvisev-Paw-Pople treatment including a-orbitals has heen proposed by Zeiss & 
Whitehead 1261 (column 7 of Table 2) .  Only the n-orbital energies which agree with the observed 
values within & 1 c;V are given. 

Finally, Yonezawa, Kato & Kato  [27] h a w  used a SCF all-valcncc-clectron model. ( S e e  coluriln 
6 of Table 2). The numerical values of the orbital energies compare favourably with those from other 
treatments, but  they are still not accurate enough to be a safc guide for a band assignmcnt in the 
aliscnce of other criteria. 
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Table 2. Observed vertical Ionization Potentials Iv, J and calculated Orbital Enevgies FJ of Pyridazine 
( I I ) ,  Pyriwzidzne (111) and Pyvazine ( I V ) .  

All values are in eV. The correlation lines are based on the assigrimcnt proposed in this contribution. 

1 2 3 4 5 6 7 
Iu, J Orbital orbital energies E J  

Thiswork [20] [25] ~ 7 1  "1 [261 9 
I1 (2 9.31 b,(o,n-) -12.39,~, ,,-- 9.62, ,.-10.24 

c3 10.61 a2(n,S) - 13.34,": - lO.26--':\,1---- 11.04 
\ I  I ,., 

,' \ A:' , \  

,:$) 11.3 bl(n,A) - 13.39".' '~ - 10.34 '\< ,- 11.27 
, . '\' 

(8 11.3 a,(a,n+) - 13.48------- 11.13.,*' ~',- 11.36 

13.9 bl(n) - 15.29------- 13.59 - 13.1( ?) 

111 :D 9.73 b2(cr,n-) -12.57,. ,,- 9.50,  *.--10.62 
;>< \_/ " 

0 10.41 bl(n,S) -13.09,' '.- 9.92'.>''\. . _-  -10.76\,, ,.,- 9.84 - 9.61 (b,) 
y .  

':9 11.23 al(o,n+) -13.38 ..,,,,,, -10.06.,,,~'~''\ -11.03.. '..\, 
12 11.39 a2(z,A) - 14.00*/"*',-- 11.13-------- 11.20 - 10.82 -11.63 (a2) 

\,I 

(3 13.9 bl(n) - 15.16------- 13.15-------- 13.02------- 12.97 - 14.09 (b,) 

IV IE 9.63 a,(cr,n+) -12.17.. ,- 9.32; ..--10.12 '=.( >,..' 

(2 10.18 bza(n,A) - 12.80,' '-- 10.lO,"T'., _,- 10.88 ,\ ,, - 9.33 - 8.87 (b3a)d) 
b' \I' 

3 11.35 bzu(.-.n-) -13.85.., ,,-10.30/.~"~. -11.12.,''\~, 
><: 

@ 11.77 bi,(n, S) - 14.17*,' '*- 11.15-------- 12.48 ' ~ \  - 11.10 - 12.19 (bza)") 

@ 13.9 bSu(n)c) - 15.13------- 13.05 - 14.13 (blu)d) 

a) Parameters according to [28].  
h) Parameters according to  [29]. 
C) 

d, 

Assignment based on assumption that  the n-orbital (bSu) in IV has the same energy as the 
corresponding n-orbitals in I1 and 111 i . e .  - 13.9 eV. 
Symmetry label relative to the coordinate system used by  Zeiss & Whitehead [25]. Thesc labels 
transform into those given in column 3 as indicated by the correlation lines. 

Table 3 summarizes our assignment of the 'lone pair' bands. From the observed 
vertical ionization potentials Iu, J we calculate the mean ionization potentials = 

--e(n) (see (4) and (5)) which yield, according to (5), &(n) = 0.7 to 0.9 eV. The splits 
A I n  are the differences between the Iu ,  J ,  as defined in the legend to Table 3. The 
negative sign of dIn for IV has been chosen in accordance with the theoretical results 
1251 [5] [27] and also in view of the sign derived previously for the interaction of the 
'lone pairs' in diazabicyclo[2. 2.21octane [4]. Using the definition (6) we obtain the 
following set of descriptive parameters: 

&(n) = 0.7 to 0.9 eV 
Xmeta = - 0.75 eV; 

- 

( 8 )  %ortho = - 1.00 eV; ltpara = -t 0.85 eV 

The splits A I n  given in Table 3 compare favourably with those found previously 
for the 'lone pair' bands of other diaza compounds. In the case of diazabicyclo[2.2.2]- 
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Table 3 .  Cowtparison between the diffevence A I ,  = Iv(n ?) - Iv(n-) and the calculated value A I c a i c .  
= E ( n - )  - g(nT). 

All values in eV 
- 

A I ,  calc. Compound Rand Orbital I , , ,J I,, A I n  
( o h . )  This work 

[2@1 ~ 5 1  WI 
~~ ~ 

I Q a,(o.n) 9.59 9.59 - - - - 
b,(G,n-) 9.31 

10.3, 2.0 1.09 0.79 1.03 { al(o,n.,) 11.3 
a b,(a,n-) 9.73 

1 0 al(o,n+) 11.23 
Q a,(o,n+) 9.63 
0 bzu(a,n-) 11.35 

I1 

10.4, 1.5 0.81 0.14 0.58 111 

10.4, -1.7 -1.68 -1.05 -1.00 IV 

octane: dIn = - 2.1 eV [4] using our sign convention. The value predicted by an 
EHT calculation is - 1.6 eV [2]. For tram-azomethane we find Af, = ~ 3.3 eV and 
for 3,3-dimethyltliazirin A I ,  = 3.6 eV [4]. In polycyclic systems containing the 
1,2-diazacyclobutane moiety one observes A l ,  = 1.6 eV [l]  [30]. ’rliese results indi- 
cate that  the splits dl, = 2.0 eV for I1 and dl, = - 1.7 eV for IV are in line with 
previous experience. 

C .  s-Triazine. -The PE. spectrum of s-triasine (V) is shown in Fig. 2. The relevant 

The identification of the n-orbitals is again based on the siniple HMO model to 
data have been collected in Table 4. 

be described in the following communication [14] : 

Table 4. Ionization Potentials of s-Triazi?ze ( V )  
All values in CV 

Q e’(o, ns:i ; e’(n, na )  10.37 9.98 10.@l(e’) 10.41 (e’) 

11.67 11.69 (e”) 11.7 1 (e”) c2 e”(n, S) ; e”(n,A) 11.67 

Q a;(., n) 13.21 13 21 1 3.26 (a :) 13.25(ai) 

@ a: (n) 14.67 14..51 14.56je’) 14.65(ai) 

6 e’io) 14.88 “) 15.00(a;) 14.S5( ?) 

a) Onset overlappcd by band @ 

The shape of band (2 )  in thc PE. spectruiii of I’ reiein1)les closely tliat of the first 
band in the PE. spectrum of benzene ( I o , ,  = 9.24 c l V )  The cliaracleri5tic ihape IS due 
to a Jahw Teller split, wliicli a r i~eb  when tlie photoelectron vacates a degenerate 
orbital such as elg(n) of benzene or e”(n) of V 
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Consequently, bands 0 at 10.37 eV (of double intensity) and @ at 13.21 eV must 
correspond to  ionization processes where the electron vacates a ‘lone pair’ orbital. 
The same conclusion is reached on the basis of the parameter set (8) calibrated on the 
PE. spectra of I, 11, 111, and IV. Fig. 5 shows the schematic diagram of the three 
‘lone pair’ orbitals el(@, ns), e’(o, nA) (degenerate), and a,’@, n) of V (symmetry 

1 

a{ ( a,n 1 
Fig. 5. Schematic representations of the ‘lone pair‘ orbitals of s-triazine ( V )  

D3h) [19] as obtained from an EHT calculation. These are the o-orbitals to which the 
linear combinations (10) contribute with greatest weight. Assuming again that the 

A ; :  n = (n, + n3 + n,)/1/3 

linear combinations (10) are fair representations of e’(o, ns), e’(o, nA), and a;(o, n), 
we can compute the corresponding orbital energies with the use of the parameters (8) : 

c(e’(o, ps)) = s(e’(o, n A ) )  = a(n) + 2 &(n) - l tmeta  = - 10.52 eV 
s(aL;(o, n)) = a(n) + 2 &(n) + 2 xmeta = - 12.77 eV (11) 

These results leave no doubt that the bands 0 (10.37 eV) and @ (13.21 eV) of the 
PE. spectrum of V are indeed the n-bands. The double intensity of band @ is due 
to the degeneracy of the e’(o, ns), e’(o, nA) orbitals (see Fig. 6). 

In contrast to what has been observed for the diazines, ejection of an electron 
from a;(a, n) leads to a hand of type 1 rather than that of type 2. The reason is evident 
from Fig. 5 : the a;(o, n) orbital is almost completely localized on the basis orbitals 
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nl, n3, n5 and does not involve any of the C-N o-orbitals. Consequently little change 
in structure is expected to accompany the corwsponding ionization process, which 
should induce only the totally symmetric “breathing” vibration of the ring skeleton 
( A ;  = 0.14 eV or 1100 c ~ i i - ~ ) .  

As shown in the last coluinn of Table4, theassigrninent dcrivedby Brundlr?, Robin & Kuebler[32] 
on the basis of the perfluoro effect [31] (i.e. comparing the I’E. spectra of s-triazine and 2,4,6-tri- 
fluoro-s-triazinc) is identical with ours. In  particular, band @ is dcfinitelp correlated with the 
cjection of an electron from the ‘lone pair’ o-orbital al(a, n). The interpretation of the PE. spectrum 
of V given by Fr idh ,  Asbvinh,  Jonsson & Lindholni [13] agrccs with ours as far as bands 1) and a 
are concerned (see Table 4).  

The observed band positions (Table 4) may now bc used t o  check the paramctcr set (8). The 
mcan ionization potential = (2 . 10.37 + 13.21)/3 = 11.32 eV yields &(n) = 0.86 eV, z.e. 
within the range given in (8 ) .  From the split A I ,  = (13.21 - 10.37) = 2.84 eV one calculates 
xrneta = - 0.95 eV, being 0.2 eV larger than the value obtaincd beforc. In Table 5 wc compare the ob- 
served ionization potentials I u ,  J with the results of EHT and of two other calculations [25] [26]. The 
results of the EHT and of Sundbonz’s PPPmodel [ Z j ]  agree with our assignment of the order of 
n- and morbitals, but the numcrical values arc far off. As in the casc of the diazines, the numerical 
valucs for the morbitals rcportcd by Zeiss & Whitehead [26] (c f .  last column of Table 5) correspond 
quitc well to the expcriinental values. 
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Tablc 5. Comparison between the ionization potentials I,..r and the calculated ovbital energies cJ of 
s- Triuzzne ( Vj. 
All values in cV 

Band I v ,  J Orbital orbital energies EJ 

This work 
[201 1251 “1 [261 9 

0 10.37 e’(c, n.4 ; e’(o, na) - 12.95 9.97 

0 11.67 e”(n, S )  ; e”(n, A j - 14.00 10.08 - 10.93 - 11.58 

@ 13.21 a;(., n) - 14.84 11.83 

@ 14.67 a[ (z) - 15.32 13.48 - 13.25 - 14.53 

a) Parameters according to  [28] 
1’) Parameters according to [29] 

D. s-Tetrazine. - The PE.-spectrum of s-Tetrazine (VI) is shown in Fig. 2 and 
the relevant data have been collected in Table 6 (see also correlation diagram of 
Fig. 6). 

The HMO model described in [14] gives orbital energies - 11.98 eV and - 13.49 eV 
for the two highest occupied x-orbitals bl,(n, S) and bzs (n, A ) .  This identifies band 
@ (I,,z = 12.0, eV) and a component of the multiple band @, 0, @ (near 13.5 eV) 
as n-bands. Both are strongly overlapped by neighbouring ‘lone pair’- or n-bands2). 

Table 6. Ionization Potentials of s- Tetratiize ( V I ) .  
Coinparison between experimental and calculated rcsults. All values are in eV. 

Rand @) Orbital I v ,  J Ia, J orbital enegies E J  

This work [20] [24] 

a) 

b) 

Band onset is overlapped by preceeding band. 
Order based on the correlation diagram of Fig. 8, and differing from the one given in (13j 
where the two orbitals are almost degenerate within the limits of our pcrturbation treatment. 

Fig. 7 shows the four ‘lone pair’ orbitals of VI as given by an EHT calculation 
[20]. These orbitals are again those to which the following symmetry-adapted linear 
combinations of the basis orbitals n2, n3, n5, n, contribute with greatest weight. 

2, As pointed out by Prof. E.  Lindholm,  the sharp vibrational components on the high energy 
side of @ are due to traces of HNC. 
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I Q 

Fig. 7 .  Schematic representations of the ' lone pair' orbitals of s-tetrazine ( V I )  

nss = (n, + n3 + n5 - 1 -  n,)/2 
nS.4 = (n, - n3 - ns + n,)/2 
 AS = (n, + n3 - n5 - n,)/2 (12) 

n A A  = (n, - n3 ~i n5 - n,)/2 

The parameters given in (8) with Sa(n) = 0.8 eV lead to the following orbital energies: 

c(b3,(o, % A ) )  = a(.) + 3 8a(n) - rap tho - ltmeta + 
e(bm(o, n&l) = a(.) + 3 &(n) - Xortho + Xmeta - 

E(biu(o ,  n A d )  = 4.) + 3 84.) -t- Xortho ~ ltmeta - 

&(a,(., nss) = a(.) + 3 &(n) -1- xortno -t- Xmeta -1 

= - 9.39 eV, 
= - 12.59 eV, 
= - 13.09 eV, 
= - 12.89 eV. 

(1.3) 

Accordingly, we identify bands 0 = 9.72 el7),  $1 = 12.05 eV), @ 
12.78 eV), and @ (1,,5 = 13.36 eV) as 'lone pair' bands. Without additional infor- 
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mation (such as could be derived from the vibrational fine structure of the bands @, 
0, and 0) the assignment given in Table 6 is necessarily tentative, especially as all 
three bands are very close in energy. The double intensity of the second peak in the 
spectrum is due to the strong overlapping of bands @ and 0. 

The last two columns of Table 6 list the orbital energics obtained from an EHT treatment [ZO] 
and those derived by Sandbonz [25] from a PPP-model. &aill, the EHT-method predicts the same 
order as the perturbation treatment with the exception of the orbitals assigned to bands @ and 6, 

-12.65 

I I I 

.o .1 .2 .3 .4 .5 .6 .7 .8 1.1 x Dara 

Fig. 8. The dependence of the calculated lone pair  orbital energies of s-tetrazine ( V I )  on the parameter 
%pava 

where the order is reversed. The PPP-model predicts an assignment for the bands a, @, and in 
agreement with ours but a different sequence is proposed for the remaining bands betwcen (3) and 0. 
A s  mentioned above, this is duc to a different paramctrization of thc assumed interaction between 
lone-pair basis orbitals. 

Another way to derive the sequence of the four ‘lone pair’ orbitals in VI is to 
construct a correlation diagram in which the parameters %ortho = - 1.0 eV and 
xmeta = - 0.75 eV are kept fixed while %para is varied from 0 eV ( i .e .  no para-inter- 
action) to 1.1 eV (strong through-bond interaction). The diagram so obtained is 
shown in Fig. 8. In  the case of IV the through-bond interaction is due mainly to  a 
mixing of the CC-o-orbitals with the n+ combination of the ‘lone pair’ orbitals. 
In  contrast, only CN-o-orbitals are involved in VI. Consequently xpara may differ 
considerably from the value appropriate for IV. 

All theoretical calculations predict that  the totally antisymmetric ‘lone pair’ 
combination bSg(O, n A A )  should be the highest one. Assigning the ‘observed’ orbital 
energy 4bSg(o, nAA)) = - 9.72 eV to this orbital leads to  the following sequence for 



the tliree remaining ‘lone pair’ orbitals &(b,,(a, nSA)) = ~ 12.3 eV, &(bl,(a, nAs)) = 

-12.8 eV, &(ag(@, nss)) = - 13.3 eV and to = + 0.55 eV. As seen from Fig. 8 
the three lower ‘lone pair’ orbitals bzu(a, nSA), bl,(o, nAs), and a,(@, nss) are very 
close in energy so that their order depends critically on the parameter zpara. 

-lot 

ag(n)  /’ 

b2g (TI dimet~ayzyl-s-tetrazine ( V I I )  
Fig. 9. Covrelatio+a diugvunz fov  s-telrazzne ( V I )  and 

The orbital assignment VI is identical to that of Table 6. 
The numerical values for the orbital energies for VII 
correspond to the observed band positions in the PE. 
spectrum of VII .  For thc orbital energies of VII, 

E J  =  it,,^ (in cV), scc legend to Fig. 10. 

b2g(5) 

-13.50 --I 

i H 3  

Y 
CH3 

!OX 

In Fig. 9 we have correlated the orbitals of s-tetrazine with those of 1,4-dinietliyl- 
s-tetrazinc (VII). The YE.  spectrum of VII  is reproduced in Fig. 10. Our tentative 
assignment is based on thc assumption that methyl substitution destabilizes n-orbi- 
tals to a greater extent than n-orbitals, as has been observed e.g. for methyl substi- 
tuted pyridines [ 331. 

This work is part of project KO. SR 2.120.69 of the Schzmizerischer Arrztionalfonds. Financial 
support by C I B A - G E I G Y  SA, Basel, is gratefully acknowlcdgcti. We thank .5,4IVDOZ AG,  Bascl, 
for the gift of computer time. The samples of s-tetrazinc and of dimethyl-s-tctrazine have been 
generously provided by Dr. B . H .  Schweizev ( C I B A - G E I G Y  S A ,  Basel) and by Prof, E.  KovLits 
(EPFL, Lausanne). Finally we wish to acknowledge the friendly but firm criticism of our assign- 
ment by Prof. E.  Lzndholnz (The Royal Institute of Technology, Stockholm) whose many suggcs- 
tions have proved both stimulating and helpful. 
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3- 

i 
7 0 9 10 11 12 13 14 15 16 17 18 19 20 

L P . 0  

Fig. 10. PE.-spectrum of dimethyl-s-tetrazine ( V I I )  

a: IU ,1=9 .08eV;  @:1, ,2=10.72eV;  @:1, ,3=11.15eV;@: Iv,4=11,98eV; 
a: I V , 5  = 12.66eV; @ :  Iv ,6  = 13.50 eV 
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Summary. The bands with I, < 13 eV in the photoclcctron spsctra of quinoline (IX),  iso- 
quinoline (X), cinnoline (XI), quinazoline (XII),  and quinoxaline (XIII) h a w  been reassigned in a 
way consistent with the assignment proposed for pyridine (11). the diazines (111, IV, V), s-triazine 
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