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

by R. Gleiter, E.Heilbronner and V.Hornung
Physikalisch-Chemisches Institut der Universitit Basel

(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 z-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 [2] [3]. In some cases predictions, derived from model
MO.-calculations, could be verified by high-resolution photoelectron spectroscopy
(e.g. [4]). In this connection the diazines II, ITI, and IV are of special interest, insofar
as the recognition of substantial coupling between the non-adjacent nitrogen lone
pair orbitals in pyrimidine (III) and pyrazine (IV) leads to a reassignment of the
bands in their photoelectron spectra (PE. spectra) [1] [5].

1) Part 28 of: ‘Applications of Photoelectron Spectroscopy’. Part 27: [1].
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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 recorded on a Perkin-Elmer PS-15 (1 to 1V)
or PS-16 (V, VI) spectrometer (Perkin-Elmer Ltd., Beaconsfield, England; specifications see:
Turner [6]). For experimental details see previous communications, e.g. [7].

A. Preliminary Remarks. — 7-Orbitals. In the following we shall be concerned
mainly with the two highest occupied z-orbitals of I to VI, which are derived from
the degenerate orbital pair e;y(z, S) and eg4(n, A) of benzene, 7.e. those belonging to
the irreducible representation Ei4 of Dgp:

5/7 (7, S) = 2P+ Py — 3 — 2P, — Py + Bg)/)12
GK/Z ely(n» A) = (‘Pz + (Ps - (Ps - ‘,bs)/z

1

Except in the case of V which has Dyj symmetry, replacement of carbon by nitrogen
centres removes the degeneracy of ey(w, S) and eyy(m, A). The resulting orbitals 1
are labelled as usual by the symbol referring to the corresponding irreducible repre-
sentation of the group (e.g. Cop: Y =2y, by; Dop 1 Y = byy, byy), the coordinate axes
being oriented as shown in the formulae I to IV. Furthermore we add the symbol &
to classify ¥ as a m-orbital, and S or 4 to indicate from which of the parent e, (n)-
orbitals (1) of benzene it has been derived (e.g. P(x, S) = a,(xw, S) in II, by(, S) in
II1; P(m, A) = by(m, 4) in 11, a,(w, A) in IIT). Note that S and A4 as used here do #ot
necessarily correspond to the symmetric or antisymmetric behaviour of ¥(z, S) or
YP(m, A) with respect to a mirror plane of the particular molecule but serve only to
label the correlation with e;4(S} and e;4(A) of benzene.

The third m-orbital derived from the lowest @r-orbital a,, of benzene is uniquely
characterized by the symbol z (e.g. ¥(x) = by(x) in II and I11).

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

17
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TFig. 2. PE.-spectra of s-triazine (V) and of s-tetrazine (VI)
The spectrum of V shows two small peaks in the ascent of the first band. They arise from ionization
of the e”(w)-orbital by the 357-A-line, which accompanies in small quantities the dominating
584-A-line of the lle discharge.

The irregular intensity distribution in band @ of VI is due to the presence of N, and the sharp
components on the high energy side of ® to traces of HCN 2).

of the molecule. If two orbitals n,, ny are present (II, ITI, IV), we can form the
symmetry adapted (degenerate) linear zero-differential-overlap combinations
n, = (0 + np)/)Y2; n_—= (n, —m)/)2. 2)

In IT and HI (Cs,) n, belongs to 4, and n_ to B,, while in IV (Dy) n, belongs to
Ay and n_ to By, if the axes are chosen as shown in formulae IT to IV.

As a consequence of overlap controlled through space interaction {2] the orbital
energies e(n,) = {(n, | #{n,> and e(n_) = <n_| H¥|n_> differ from the orbital
energies a(n) = (n, | | n,> of the basis orbitals:

en) = a(n) = {na | H|np, -
e(n_) = afn) — (ny | H|np).

%) see p. 269.
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{According to the sign convention for n, and ny, as defined above, {n,| H#|nyp) is
always negative.) In addition n, and n_ interact with bonding and/or antibonding
g-orbitals belonging to the same respective irreducible representation. This ‘through
bond’ interaction leads to mixed ‘lone pair’ orbitals (o, n.) which are considerably
delocalized over the g-frame of the molecule. These orbitals are again labelled by the
symbol of the corresponding irreducible representation (e.g. ¢ = b,, a, in II and III;
Y = ag, by, in IV) and in brackets, by ¢ 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 (s, n,)
and ¥ (g, n_) with n, and n_. The orbital energies ¢(¥(s, n,)) and e{Y)(g, n_)) derived
from the corresponding band positions [,, s in the PE. spectra by applying Koop-

mans’ theorem [8], ¢.e. &y = — I, , can then be described by two parameters:
1) A first-order perturbation da(n) fixes the mean orbital energy
e(n) = [e(@(o, ) + e(¥(o, n))1/2 4)

relative to the basis orbital energy a(n):
&) — an) + daln) . (5)

The quantity da(n) is always negative and in a first approximation proportional to
the number of basis orbitals n,.
2) An interaction parameter x ,, defined as

#, = [e(Plo, n,)) — e(¥P(o, n)))/2. (0)

1i through-space (through-bond) interaction dominates, # ,, is negative (positive).

In the case of V and VI the parameters da(n) and #,, derived from the PE. spectra
of T to IV have to be used with the appropriate linear combinations of three or four
basis orbitals n,,.

Band shapes. In the absence of more precise criteria, such as an analysis of the
resolved vibrational fine structure (e.g. [9]), 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:
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Type 1: The 0 <« 0 vibrational component is the most intense one of the pro-
gression, so that the vertical and adiabatic ionization potentials coincide: 4,5 =
Iy, 7. These strongly unsymmetrical bands are characterized by a steep ascent and

slow fall-off.
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Type 2: A higher vibrational component v’ < 0 is the most intense of the pro-
gression, so that 14,5 << Iy, 5. Such bands are usually symmetrical, z.e. of Gaussian
or Lorentzian shape.

The photoionization process of a molecule M is followed by a relaxation of M+,
in which this radical cation assumes a new equilibrium structure. This change can
be specified by the shifts dQ of the origin of the normal coordinates Q of M+ relative
to those of M. A simple harmonic oscillator model {10] 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 6¢ associated with the normal mode
responsible for the band shape is less than ag/2. The constant ag is the classical
amplitude of the zero point vibration of this normal mode.

Photoejection of an electron from an orbital 1; leads to small (large) changes in
interatomic distances R, and/or bond angles w if the corresponding changes in
generalized bond orders p,, or overlap populations P, are small (large). If these
changes in internal coordinates R, add up to a shift 6Q of the origin of the normal
coordinate @), responsible for the vibrational fine-structure, smaller (larger) than
agl/2, we shall observe a PE. band of type 1 (type 2). It 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 1; in the same way
ejection from m-orbitals has been assumed to give bands of type 2 as a consequence

Table 1. Tonization Polentials of Pyvidazine (11}, Pyvimidine (I11) and Pyvazine {(IV)
All values in ¢V

1 2 3 4 5 6 7 8

Compound Dand Orbital Iy, Io, g Iy, 5(12]8) [y, 4[11]2) Ia,s[13]
~ @ byo,n) 931 864 890(n)  9.4(m)(n)¢) 9.6(x) (w)e) 8.71 (by)
@f\ @ a,(n,S) 1061 1049 10.53() 10.6(n)(n) 10.48 (b))
SN ® b7, 4) 113 b 11.61 11.2(n) (x) 111 (ay)
I @ a,(o,ny) 113 b - - 111 (a)
Cav ® b, () 13.9 1345 13.63 13.6() () 135 (by)
@© byo,n.) 973 923  942(n)  9.7(n) (m) 9.32 (by)
@\r @ b, S) 1041 1041 10.39(m)  10.4(m) (n) 10.40 (by)
~ @ aj(o,ny) 1123 1110 11.06 11.2(n) (n) 111 (ay)
i ® a,(m,A) 1139 b - 11.5(n) (z7) 113 (a)
Ca» ® b, (1) 13.9 1351 13.62 13.7() () 13.6  (by)
N @ aglony) 963 929  936(n) 9.7 (w) 9.22 (a,)
{/Oj @ beg(m A) 1018 1018 10.15@m)  10.3{x) (n) 1017 (byg)
SN @ beu(o,n) 11.35 11.00 11.14 11.3(n) (n) 10.93 (by,)
v @ by (7, S) 11.77 1166 11.73 11.8(n) () 11.66 (by,)
Dap ® bauin) 139 13.13 13.1(m) () 131 {bs)

2} The exact naturc of these ionization potentials is not defined. See text.
by Strongly overlapping bands. See Fig. 1.
¢} The two columns of bracketed symbols refer to the two differing assignments given in [113.
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of the changes in bond orders p,, and thus in R, . The reverse, however, is often
nearer the truth. Ejection from a delocalized ‘lone pair’ orbital (g, n) may involve
quite substantial changes in R, because of the changes in ¢-bond populations,
whereas loss of a m-electron from an ‘outer shell’ m-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. [11].

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
Iy, 7 =9 to 14 eV. For pyridazine (II) the assignment differs slightly from the one
given previously {13 [5], In that bands @ and @, corresponding respectively to ejection
of an electron from b;(n, 4) and a,(a, n.), are now assumed to coincide, yielding
the intense peak at 11.3 V.

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 m-orbital energies — I, s(calc.), calculated according to a simple
HMO-procedure, correlate closely with the vertical ionization potentials I, y of the
corresponding PE. bands. The regression calculation yields for II, III, and IV:

Iy, s(exp.) Iy, g(calc.)

1T a,(m, S) 10,61 eV 10,57 eV
by(m, 4) 11,3 eV 11,32 eV

111 by(7, S) 10,41 eV 10,57 eV (7)
a,(7r, A) 11,39 eV 11,32 eV

v baglr, A) 10,18 eV 10,19 eV
big(7, S) 11,77 eV 11,70 eV

2) If these bands, which we classify as zz-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 g-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 (ey4(0)) and 12.2 eV (ag, (7))
[15], 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 at 12.2 eV has a different vibrational fine structure in the two spectra and
must therefore be correlated with the highest ¢-(CH)-orbital of I which has been
shifted, relative to the eq4(¢) orbital of benzene, by — 0.7 eV.

3) As can be seen from the PE. spectra of benzene [11] {15], naphthalene [14] [16],
or other hydrocarbons containing larger z-electron systems [16] [17], removal of an
electron from one of their two highest occupied s-orbitals leads to PE. bands of
type 1. Since the m-electron systems of azabenzenes and azanaphthalenes are not
essentially different from those of their isoconjugate parent hydrocarbons [18],
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Fig. 3. Correlation diagram for pyvidine (I), pyvidazine (I1), pyvimidine (I11), and pyvazine (IV)

photoejection of an electron from one of the two highest occupied m-orbitals of
azabenzenes or azanaphthalenes must again lead to PE. bands of type 1 or at least to
PE. bands in which the first vibrational components (0 «<- 0, 1 < 0, 2 < 0) are those
of highest intensity. Consequently we assign the label z to the following PE. bands
in the region 9 to 12 eV: band @ of II, III, and IV, band @ of IV. In the PE.
spectra of II and IIT the second m-band overlaps with a #-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 [19] of those extended Hiickel orbitals [20] of I, II, I1I,
and IV, to whiéh the basis orbitals n, (in I) or the linear combinations (2) n,, n_
(IT, III, IV) contribute with greatest weight. Removal of an electron from any of
these orbitals must lead to significant changes in the structure of the resulting
radical cations relative to that of the neutral molecules, because of the strong parti-
cipation of the C-N and C-C basis g-orbitals andjor the 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), 7.e. band @ of II, I, IV, band @ of II and band @ of
ITI and IV. (Note that the bands labelled & and @ overlap in the spectra of IT and
IIT to yield a single peak of double intensity).

5) In many cases the extended Hiickel treatment (EHT) has proved to be arelatively
reliable guide for the interpretation of PE. spectra (e.g. (4] [7]) [21]): for the diazines
the predicted relative sequences of the three highest occupied sz-orbitals and the two
a-orbitals with dominating ‘lone-pair’ character are identical to those derived above
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ag(O', n,) b2u(o-, n.)

Fig. 4. Schematic vepresentations of the ‘lone paiv’ ovbitals of pyridine (I), pyvidazine (11}, pyvimidine
(II1), and pyrazine (IV)
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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 Hy;, the
agreement may be fortuitous.

For comparison we have included in Table 1 results published by other authors.

The data reported by Dewar & Worley [12] were obtained with a retarding grid spectrometer
[22] and lie therefore between the corresponding adiabatic (I, .,) and vertical (I,,.s) lonization
potentials. They should be identical with I, ; == I, ; in the case of type 1 bands. The method is
liable to miss the second of two strongly overlapping bands ¢.g. band @ of 11 and III. In addition
to the data collected in columnn 6 of Tab. 1 the authors found a sccond break in their spectra at9.22
eV for LI, 9.64 eV for 111, and 9.51 ¢V for IV, which corresponds morce closely to our I, ; values.
The assignment given for the first two bands agrees with ours for IT and III (sequence (n), (7)) and
is the reverse for IV (sequence {7}, (n)). But it should be kept in mind that Dewar & Worley
interpreted their spectra under the implicit assumption that there i1s no interaction between n,
and ny, in IIT and IV.

The ionization potentials listed in column 7 of Table 1 have been taken from the correlation
diagrams given by Turner, Baker, Baker & Brundle on page 341 of their book [11]. Comparison
with the spectra of IIT 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 disagrcement with ours. The arguments leading to the two assignments have not
been discussed (see also [12]).

Recently Asbrink, Fridh, Jonsson & Lindholm [23] have also reinvestigated the PE. spectra of
the diazines. The adiabatic ionization potentials I,, s obtained by 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 [20], agrees with ours
for the first two bands of IIT and IV and for the first band of II, the sequence of the next two
bands being reversed.

Many theoretical calculations with varying degree of sophistication have been
carried out for I, II, III, and IV (e.g. references [24] to [27]). In Table 2 we compare
some of the results with the observed ionization potentials I, ; and with those derived
from an EHT model based on a regular hexagonal framework with R(CC) =R(CN) =
1.4 A and R(CH) = 1.1 A, with standard parameters [20], except for the hydrogen
1s-orbitals, for which a Slafer exponent of 1.3 was used. This model yields an orbital
sequence which agrees with our assignment for the first four bands in IT, III, and IV.
On the other hand it predicts that two of the g-orbitals should lie above the lowest
occupied m-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 Sundbom [253] with a Pariser- Pary- Pople
treatment which includes the lone-pair orbitals %4, 7. The major flaw in this calculation is that
the parameters were determined by a least-squares routinc which fitted the computed orbital
encrgies of 1 to 1V to the ionization potentials given in [11] assuming the assignment shown in
column 7 of Table 1 to be correct. This, nccessarily, invalidates the predictive value of the model.
To account for the lone-pair interaction, the following resonance integrals had to be used: §{ortho)
= —0.363 eV; Bmeta) = —0.620 cV; f(para) = 0.569 cV.

Another Pariser- Pary- Pople trecatment including g-orbitals has been proposed by Zeiss &
Whitehead [26] (column 7 of Table 2). Only the s-orbital energies which agree with the observed
values within 4 1 ¢V are given.

Tinally, Yonezawa, Kato & Kato [27] have used a SCF all-valence-clectron model. (See cotumin
6 of Table 2). The numerical values of the orbital energics comparc favourably with those from other
trecatments, but they arc still not accurate enough to be a safe guide for a band assignment in the
abscnce of other criteria.
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Table 2. Observed vertical Tonization Potentials 1,, 5 and calculated Ovbital Energies e5 of Pyvidazine
(11), Pyrimidine (I11) and Pyrazine (IV).

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

1 2 3 4 5 6 7
Iy, 5 Orbital  orbital energies e5

Thiswork [20] [25] (27] a  [26] b

II @ 931 byon) -1239, - 962 . —10.24
@ 1061 a,m,S) —13.347%  —10.26-3%---—11.04
® 113  bym 4) -13.39-7 ~_10.34 ‘\,_11.27

N\
N\

AN

@ 113  ajo,n;) —13.48-—wn- —11.13.7 \~11.36
® 139  byn) ~15.29-—--- ~13.59 —13.1(?)
W ® 973 byon) —1257._ .- 950, _--10.62
® 1041 by —13.097 - 992N 1076, .- 984 — 961 (b))
® 1123 ajfony) -1338 _~10.06.7 —11.03"'\7\:\
@ 11.39 a,(m, A) ~ 14,007 211,130 me e ~1120 4 —1082  —11.63 (ay)
® 139 byn)  —15160-—m- ~13.15cce —13.02---— —1297  —14.09  (b)
IV @® 963 a,on) —1217. - 932 ..—1012
@ 1018 by d) —12807 _10107"% —1088\ - 933 - 887 (bg)9)
® 1135 bayfon) —1385 - —10.30. s _11412”%/\
@ 1177 by(x, S) 14177 N5 ~1248  N—11.10 -1219 (bag)?)
® 139 bgy(m)e) —1513--—- — 1313 —13.05 —14.13 (b9

a) Parameters according to [28].

b) Parameters according to [29].

¢) Assignment based on assumption that the m-orbital (bgy) in IV has the same energy as the
corresponding s-orbitals in IT and I1I z.e. —13.9 V.

4)  Symmetry label relative to the coordinate system used by Zeiss & Whitehead [25]. These 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 I, ; we calculate the mean ionization potentials T =
—¢(n) (see (4) and (5)) which yield, according to (5), da(n) = 0.7 to 0.9 eV. The splits
Al are the differences between the I, 7, as defined in the legend to Table 3. The
negative sign of A1, for IV has been chosen in accordance with the theoretical results
[25] [5] [27] and also in view of the sign derived previously for the interaction of the
‘lone pairs’ in diazabicyclof[2.2.2Joctane [4]. Using the definition (6) we obtain the
following set of descriptive parameters:

da(n) = 0.7 to 0.9 eV g
Hortno = — 1.00 €V speta = — 0.75 €V,  xpgra = + 0.85 eV ®

The splits A, 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. Comparison between the difference Al = I,(n:) — Iy(n-) and the calculated value Al coe.
= g(n-) — g(n;).

All values in ¢V

Compound Band Orbital Iy g Ty Aly Al, calc.
(obs.) This work
[20] [25] [26)]
I ©  alon) 9.59 9.59 - - - .
®  byen) 931
11 {® a,(6,n,) 113 10.3, 2.0 1.09 0.79 1.03
(® bylom) 973
111 1 ® a,(o,n,) 11.23 1044 1.5 0.81 0.14 0.58
D ag(o,ny) 9.63
v { @ bau(o,n.) 11.35 10.44 —-1.7 —1.68 —-1.05 —1.00
octane: Al = — 2.1 eV [4] using our sign convention. The value predicted by an

EHT calculation is — 1.6 eV [2]. For #rans-azomethane we find AIy, = — 3.3 eV and
for 3,3-dimethyldiazirin 47, = 3.6 eV [4]. In polycyclic systems containing the
1,2-diazacyclobutane moiety one observes Ay, = 1.6 eV [1] [30]. These results indi-
cate that the splits Al = 2.0 eV for Il and AT, = — 1.7 eV for IV are in line with
previous experience.

C. s-Triazine.—The PE. spectrum of s-triazine (V) is shown in Fig. 2. The relevant
data have been collected in Table 4.

The identification of the m-orbitals is again based on the simple HMO model to
be described in the following communication [14]:

e"(w, S)

e’(, A) } Iy, 5(exp.) = 11.67 eV; I, s(calc.) = 11.84 eV ()

Table 4. Ionization Potentials of s-Triazine (V)
All values in ¢V

Band (D Orbital Iy, Iy, s Iy, 4[13] Iy, s[31]
@ e'(o,ns); €'(o,n4) 10.37 9.98 10.01(e’) 10.41 (e")
@ e”(m, S); e”(m,4) 11.67 11.67 11.69(e”) 11.71(e”)
® aj(o,n) 13.21 1321 13.26(a}) 13.25(ay)
@ a’(m) 14.67 14.51 14.56(¢’) 14.65(a’l)
® e'{a) 14.88 a) 15.00(a]) 14.85(%)

3)  Onset overlapped by band @

The shape of band @ in the PE. spectrum of V resembles closely that of the first
band in the PE. spectrum of benzene (1, ; = 9.24 ¢V). The characteristic shape is due
to a Jahn-Teller split, which arises when the photoelectron vacates a degenerate
orbital such as ej4(n) of benzene or e”(n) of V.
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Consequently, bands @ 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, II, III, and IV. Fig. 5 shows the schematic diagram of the three
‘lone pair’ orbitals e’(g, ng), e'(o, n4) (degenerate), and a,’(g, n) of V (symmetry

ay'(a,n)

Fig. 5. Schematic vepresentations of the ‘lone paiv' orbitals of s-triazine (V)

D3p) [19] as obtained from an EHT calculation. These are the g-orbitals to which the
linear combinations (10) contribute with greatest weight. Assuming again that the

5 { ng = (2-n; —ny— n5)/1/6

Tl ng = (m - ny) /)2 (10)
Ayr n=(n; + 15+ ng)f)3

linear combinations (10) are fair representations of e’(c, ng), €'(g, na), and a (s, n),
we can compute the corresponding orbital energies with the use of the parameters (8):
e(e'(o, ng)) = e(e’(o, ny)) = a(n) + 2 da(n) — %meta = — 10.52 eV 1)
e(aj(o, n)) = a(n) + 2 da(n) + 2 smerq = — 12.77 eV -
These results leave no doubt that the bands @ (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, ng), e'(o, ny) orbitals (see Fig. 6).

In contrast to what has been observed for the diazines, ejection of an electron
from a;(g, n) leads to a band of type 1 rather than that of type 2. The reason is evident
from Fig. 5: the aj(o, n) orbital is almost completely localized on the basis orbitals
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ny, n,, n; and does not involve any of the C-N ¢-orbitals. Consequently little change
in structure is expected to accompany the corresponding ionization process, which
should induce only the totally symmetric “‘breathing” vibration of the ring skeleton
(Av = 0.14 eV or 1100 cm™?).

E(eV)-9

by(,S)

e’ ()

Fig. 6. Correlation diagram for s-triazine (V) and s-tetrazine (VI)

Asshown in the last column of Table4, the assigmment derived by Brundle, Robin & Kuebler(32]
on the basis of the perfluoro effect [31] (i.e. comparing the PE. spectra of s-triazine and 2,4, 6-tri-

fluoro-s-triazine) is identical with ours. In particular, band @ is definitely correlated with the

cjection of an electron from the ‘lone pair’ g-orbital a,(c, n). The interpretation of the PE. spectrum
of V given by Fridh, Asbrink, Jonsson & Lindholm [13] agrees with ours as far as bands 4 and @
are concerned (see Table 4).

The observed band positions (Table 4) may now be used to check the parameter set (8). The
mean ionization potential T, = (2 - 10.37 + 13.21)/3 = 11.32 eV yields da(n) — 0.86 eV, z.e.
within the range given in (8). From the split 41, = (13.21 — 10.37) = 2.84 eV one calculates
®meta = — 0.95 €V, being 0.2 ¢V larger than the valuc obtained before. In Table 5 we compare the ob-
served ionization potentials 1, 7 with the results of EHT and of two other calculations [25] [26]. The
results of thc EHT and of Sundbom’s PPP-model [25] agree with our assignment of the order of
#n- and sm-orbitals, but the numerical values arc far off. As in the casc of the diazines, the numerical
values for the ;z-orbitals reported by Zeiss & Whitehead [26] {cf. last column of Table 5) correspond
quite well to the experimental values.
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Table 5. Comparison between the ionization potentials [y, and the calculated ovbital enevgies ey of
s- Tviazine (V).

All values in ¢V

Band Iy, Orbital orbital energies &,
This work
[20] [25] 2) [26] b)
@ 10.37 e’(o,ng); e'(0,ny) —12.95 9.97
@ ©o11.67 e’(n,S); e’(w, 4) —14.00 10.08 —10.93 —11.58
& 13.21 a{(o,n) —14.84 11.83
@ 14.67 ay (7) —15.32 13.48 —13.25 —14.53

a)  Parameters according to [28]
by 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 z-orbitals byg(z, S) and by (z, A). This identifies band
@ (Iy,s = 12.05 €V) and a component of the multiple band @, &, ® (near 13.5 eV)
as z-bands. Both are strongly overlapped by neighbouring ‘lone pair’- or ¢-bands?).

Table 6. Tonization Potentials of s-Tetrazine (VI).
Comparison between experimental and calculated results. All values are in eV.

Band CD Orbital Iy, 0 Io, 0 orbital enegies ¢y
This work [20]  [24]

@ bay (o, n44) 9.72 (o707 B /X [ J——— — 942
@ by, (7, S) 12.05 | 11.75--——————-—13.63 ----------- -~ 9.96
@ bzu(o, Ns4) 12.04 I —————————— —13.88 . -—11.26
@ biy(o. n4s) P) 12.78

® ag(0,ngs) P) 13.36

® bag(m, A) ~13.5(7)

@ b () 15.84

a)  Band onset is overlapped by preceeding band.
by Order based on the correlation diagram of Fig. 8, and differing from the one given in (13)
where the two orbitals are almost degenerate within the limits of our perturbation 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 n,, n,, n,, ng 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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= (hy + ng + ny -} ng)/2

)
n2_‘n3_n5+n6)/2 (12)

)

)

(
(

ngs= (D4 ng; — n, — ng
(

Nag = (N, — Ny 4 Ny — ng)/2

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

&(bag(o, nga)) = a(n) + 3 dar(n) — yrtno — %meta + Hpara — — 9.39 eV,
&(b2u(o, Ns4)) = a(n) + 3 0a(n) — sortne + Hmeta — Rpara = — 12.59 eV, 13)
é(bru(o, Nas)) = a(n) + 3 6a(n) + Hortno — *metw — *para = — 13.09 eV,
&(ag(o, ngs) = a(n) + 3 do(n) -+ orsno + Hmeta + #para = — 12.89 €V.

Accordingly, we identify bands @ (1,1 = 9.72eV), ® (I 3 = 12.05eV), @ Ip,a=
12.78 €V), and ® (I, 5 = 13.36 €V) 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 @),
@, and ®) 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 ®.

The last two columns of Table 6 list the orbital energics obtained from an EHT treatment [20]
and those derived by Sundbom [25] irom a PPP-model. Again, the EHT-method predicts the same
order as the perturbation treatment with the exception of the orbitals assigned to bands @ and ®,

E(eV)9

1

-11.75 N85

|

1 1

-l A
0 | 2 3 4 5 .6 7

1 ]

11 xpara

o

Fig. 8. The dependence of the calculated lone paiv orbital eneygies of s-tetvazine (VI) on the pavameter
*para

where the order is reversed. The PPP-model predicts an assignment for the bands @, @, and @ in
agreement with ours but a different sequence is proposed for the remaining bands betwcen @ and ®.
As mentioned above, this is duc to a different parametrization of the 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 djagram in which the parameters xpppo = — 1.0 €V and
#meta = — 0.75 eV are kept fixed while #p4r4 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-g-orbitals with the n, combination of the ‘lone pair’ orbitals.
In contrast, only CN-g-orbitals are involved in VI. Consequently #pqrq may differ
considerably from the value appropriate for IV.

All theoretical calculations predict that the totally antisymmetric ‘lone pair’
combination bsy(o, ng ) should be the highest oné. Assigning the ‘observed’ orbital
energy &(bgg(o, ny4)) = — 9.72 eV to this orbital leads to the following sequence for
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the three remaining ‘lone pair’ orbitals &(bgy(o, ng4)) = — 12.3 eV, &(b1y(0, D4g)) =
—12.8 eV, g(aylo, ngs)) = — 13.3 eV and to spere = + 0.55 eV. As seen from Fig. 8
the three lower ‘lone pair’ orbitals bsy (g, nga), biu(o, nag), and ag(o, ngg) are very
close in energy so that their order depends critically on the parameter xpqrq.

€(eV)
< Sl
/ -908
b3g(n) /
_10 -
-1NF
-12}
-t
ag(n) /
__g._._/ bq Fig. 9. Correlation diagram for s-tetrazine (VI) and
bag (M S dimethyl-s-tetrazine (VII)
-13.50 The orbital assignment VI isidentical to that of Table 6.
—~ CH3 The numecrical values for the orbital energies for VII
’,‘JON NO’}‘ correspond to the observed band positions in the PE.
NN NYN spectrum of VII. For the orbital energies of VII,
CH, g7 = — I, g (in ¢V), sce legend to Fig. 10.

In Fig. 9 we have correlated the orbitals of s-tetrazine with those of 1,4-dimethyl-
s-tetrazine (VII). The PE. spectrum of VII is reproduced in Fig. 10. Our tentative
assignment is based on the assumption that methyl substitution destabilizes z-orbi-
tals to a greater extent than n-orbitals, as has been observed e.g. for methyl substi-
tuted pyridines [33].
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support by CIBA-GEIGY SA4, Basel, is gratefully acknowledged. We thank SANDOZ AG, Bascl,
for the gift of computer time. The samples of s-tetrazine and of dimethyl-s-tetrazine have been
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(EPFL, Lausanne). Finally we wish to acknowledge the friendly but firm criticism of our assign-
ment by Prof. E. Lindholm (The Royal Institute of Technology, Stockholm) whose many sugges-
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Fig. 10. PE.-spectrum of dimethyl-s-tetvazine (VII)

@: Iy,1=9.08eV; @: Iy,2=10.72eV; @: Ip,3=11.15eV; @: Iy,4 =11,98¢V;
®: Ip,s =12.66eV; ®: Iy = 13.50 ¢V
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30. Photoelectron Spektra of Azabenzenes and Azanaphthalenes:
II. A Reinvestigation of Azanaphthalenes by High-Resolution
Photoelectron Spectroscopy?)

by F. Brogli, E. Heilbronner and T. Kobayashi?)
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(8. XI1.71)
Summary. The bands with I, <13 eV in the photoelectron spectra of quinoline (IX), iso-

quinoline (X), cinnoline (XI), quinazoline (XI1), and quinoxaline (X1II) have been reassigned in a
way consistent with the assignment proposed for pyridine (I1), the diazines (I11, IV, V), s-triazine

1} Part {29] of: ‘Applications of Photoelectron Spectroscopy’, Part [28]: {1].
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