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T h e first t w o ionization e n e r g y va lues of p - s u b s t i t u t e d <rans-azobenzenes p N - C e H ^ - N = ^ - C ß H j 
( N = N H 2 , OCH3, O H , C H 3 , H , CI, C O O H a n d N 0 2 ) are reported. T h e s e h a v e been obta ined 
b y U . V . ( H e l a n d H e l l ) photoe lectron s p e c t r o s c o p y ( U P S ) . T h e subst i tuent effect indicates t h a t 
for electron donor subst i tuents , the highest occupied orbital is .-r-type. T h i s is confirmed b y 
semiempirical calculations. W h e n the s u b s t i t u e n t is H or a withdrawing group, the first t w o 
b a n d s h e a v i l y overlap , a n d in these cases no certain ass ignment was possible , in spite of the 
several approaches used. T h e U P S d a t a are discussed a l o n g with previous polarographic a n d 
U . V . absorpt ion m e a s u r e m e n t s . 

Introduction 

The U.V. absorption spectra of azobenzene are 
characterized by a weak n-n* band at 22.300 cm - 1 

(log e = 2.61) and a strong n-n* band at 31,600 cm - 1 

(log e = 4.35) [1], 
The n-n* transition is almost insensitive to the 

substituent while the n-n* is strongly dependent 
on the substituent [1]. The previous assumption 
that the n level of azobenzenes is not dependent 
upon the substituted [2] implied that also the 
n* level is substituent insensitive. However, the 
substituent effect on the polarographic reduction 
potential of substituted azobenzenes [3], which is 
a measure of the energy of the LUMO. seemed to 
disprove this. On the other hand, photoelectron 
spectroscopy studies [4, 5] showed that there is an 
appreciable substituent effect on the ionization 
energy (IE) of "lone-pairs" in some series of benzene 
derivatives. The above correlations and considera-
tions suggested that a study of the substituent effect 
on the first IE of azobenzenes should be useful for 
a better understanding of their electronic structure. 
The ordering of the highest occupied orbitals in 
azoderivatives has been the subject of several 
studies [6]. The assignment of this first two bands 
in the UPS spectrum generally accepted for 
azoderivatives corresponds to that proposed [7] for 
azomethane. This is n- above n +, where 
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n— and n+ are the antibonding and bonding com-
binations of the "lone-pair" orbitals of the two 
nitrogens. This situation is not found in only a few 
azocompounds such as those containing donor 
groups. Examples of this type of compounds are 
the tetracenes R4N4 [8, 9] and the ether of the 
bis-(trimethylsilyl)-hyponitrous acid [6], for which 
the HOMO is 7r-tvpe. In /ran^-azobenzene the same 
ordering as for £raw<s-azomethane has been proposed 
[10]. However, the bands corresponding to the 
n-(ag) and to the first 7r(au) MO (this last orbital 
is delocalized over the whole molecule) overlap, 
their separation being about 0.3 eV. This makes the 
relative order uncertain. We have determined the 
first two IE values for a series of planar para-
substituted trans-azobenzenes p-XC6H4N = N-CeH5 
(X = NH 2 , OCH3, OH, CH3. H. CI, COOH and 
NO2) using UPS [11] to obtain information on their 
nature and sensitivity to the substituent effect. 
The work is part of a program intended to obtain 
information on the electronic structure of the 
azobenzene system involving bisubstituted azo-
benzenes and hydrogen-bonded azoderivatives. 

Results and Discussion 

Figure 1 shows the region of interest of the UPS 
spectra. Table 1 reports the first two IE values 
determined experimentally and the corresponding 
calculated (CNDO/2) data [19] of the compounds 
under investigation. The same Table also lists the 
IE values of the corresponding benzenes. When X 
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Fig. 1. First two bands of the photoelectron (Hel) spectra 
of para-substituted trans-azobenzenes. For the NH2 
derivative the He II spectrum is also reported. 

is CH3, OH, OCH3 or NH-2, the experimentally 
observed splitting of the first two IE values 
increases with the electron-releasing ability of the 
substituent. In particular, on going from the CH3 
to the NH2 derivative, IEi is destabilized by about 
0.6 eV but IE 2 by only 0.2 eV. This different 
sensitivity to substituent effects indicates that, 
when electron-releasing substituents are present, 
IEi is related to ionization from a jrMO, while IE2 
corresponds to the n - MO. In fact, the mesomeric 
effect of the substituent is certainly stronger on the 
71 than on the n MOs owing to the much larger 
wavefunction coefficient (CNDO/2) at the sub-
stituted carbon atom. The small variation of the 
energy of the n_ MO probably derives from the va-
riation of the charge density at the nitrogen atoms 
brought about by the 71 MOs delocalized over the 

whole molecule*. Note that CNDO/2 calculations 
reproduce the ordering IE^ < IE n , as well as the 
increasing energy gap between the first two 
IE values on going from X = CH3 to X = NH 2 . The 
assignment is much less straightforward when the 
other azobenzenes are considered, since the first 
two bands heavily overlap. The situation is even 
more involved for the nitro derivative, where 
doubts exists as to whether both the TC and 
ionizations contribute to the same (first) band or 
not. 

As pointed out in the introduction, the ordering 
N- above TC has been proposed [10] for the first two 
IE values of unsubstituted trans-azobenzene. In 
order to obtain information on the 71 or n character 
of the HOMO when the substituent is H or an 
electron withdrawing group we used the following 
approaches. 

1) We plotted the experimental IEi and IE2 
values for all the derivatives vs. the IEi value of 
the corresponding monosubstituted benzenes. The 
better correlation is obtained for IEi (azobenzenes) 
vs. IEi (benzene) indicating that the ordering 71 
above n is maintained along the series and that 
ionization from the 71 MO of the N02-derivative 
contributes to the first band. 

2) A very good linear relationship is found 
between both IE i and IE2 and the o p

+ values for 
all the considered azobenzenes, the slope of the 
correlation line for IEi being higher. This approach 
also indicates that the ordering TC above n is 
maintained. 

3) The experimental IEi and IE2 values Avere 
plotted against the corresponding calculated data. 
The best correlations were obtained by inverting 
the Tijn ordering for X = H, Cl, COOH and N 0 2 . 
These correlations indicate that the first band in 
the spectrum of nitro-azobenzene derives from the 
n ionization process only. Note that, despite the 
linear correlations found ( I n exp = — 7.77 + 0.84 
+ (1.43 ± 0.07) I „ i h ; r = 0.99 and / n e x p = - 2 . 6 4 
± 1.93 + (0 .96±0.16)In t h ] r — 0.92) the calculated 
figures do not reproduce such an inversion, the 
71 MO lying above n- in all cases. 

* The first band of the p-NH2 derivative shows a 
marked decrease in intensity with respect to the second 
one on going from Hel to Hell (see Figure 1). Considering 
the relative n/n cross sections [21], this behaviour confirms 
the nature of the first orbital of this compound. No infor-
mation was obtained from the Hell spectra of other 
derivatives since the first two bands overlap. 
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T a b l e 1. Ionizat ion energy d a t a for p - / raws-azobenzenes 
a n d I E i of benzene ( e V ) a . 

X I E i I E 2 IE„-£'I/2C I E i b e n z e n e 

XH2 e x p . 7 . 6 7 
theor. fO .78 

8 . 2 5 
11 .47 

9 . 8 5 8 . 0 2 [ 1 2 ] 

OCH3 e x p . 8 . 0 
theor . 1 1 . 1 4 

8 . 3 
1 1 . 5 8 

9 . 8 3 8 . 3 9 [ 1 3 ] 

OH e x p . 8 . 2 
theor. 1 1 . 1 5 

8 . 5 
1 1 . 5 9 

8 . 6 7 [ 1 4 ] 

CH3 e x p . ( 8 . 3 ) b 

theor. 1 1 . 2 0 
( 8 . 4 5 ) 
1 1 . 5 3 

9 . 8 7 8 . 8 2 [ 1 5 ] 

H e x p . 8 . 5 
theor . 1 1 . 6 0 

8 . 8 
1 1 . 5 6 

9 . 8 7 9 . 2 4 [ 1 6 ] 

CI e x p . 8 . 5 5 
theor. 1 1 . 8 6 

8 . 8 
1 1 . 5 8 

9 . 8 5 9 . 3 1 [ 1 6 ] 

COOH e x p . ( 8 . 7 5 ) ( 8 . 9 5 ) 9 . 9 9 d 9 . 4 8 this 
theor . 11 .81 1 1 . 6 3 w o r k 

xo2 
(9.O5 

e x p . | 9 6 3 

theor . 1 2 . 1 9 

] 9 . 0 5 

[ 9 . 6 
12 .18 

1 0 . 0 2 e 9 . 9 9 [ 1 7 ] 

a U P S spectra were recorded w i t h a P e r k i n - E l m e r P S 18 
spectrometer . Reproducibi l i ty w a s better t h a n ± 0 . 0 5 e V . 
T h e e s t i m a t e d error is ± 0 . 0 5 or ± 0 . 1 e V according to 
the degree of over lap of the t w o bands . T h e p r o d u c t s 
were c o m m e r c i a l l y avai lable or prepared according to 
the l iterature. 

b V a l u e s in parentheses are e s t i m a t e d (see spectra) . 
c E m f r o m [ 3 ] ; to calculate this difference the a s s u m p t i o n 

was m a d e that I E W corresponds to the first b a n d w h e n 
X = H , CI, C O O H , N 0 2 , a n d t o the second o n e in the 
other cases. 

d E i / 2 calculated f r o m the £'1/2-0' relationship [3] . 
e E1/2 f r o m [18] . 

4) The first column of Table 1 gives the differ-
ences between the IE of the orbital and the 
E1/2 polarographic reduction potential [3], assuming 
the n\n inversion for X = H or a withdrawing group. 
Such values are almost constant along the series. 
This behaviour would seem to a) rationalize the 
fact that the energy of the n-71* transition is not 
very sensitive to the substituent [2] (the two levels 
are almost equally influenced by the substituent); 
b) support the n\n inversion hypothesis. 

However, this would be true only under the 
assumption that the J and K integrals do not 
appreciably change along the series and that the 
excited state be described by a single configuration 
[22], INDO/S calculations, parametrized as reported 
in [23], show that in the azobenzenes considered 
here the first low energy low-intensity band is 
mainly an n-71* transition. The C.I. coefficients for 
this transition are 0.90—0.93 for all the compounds 

Fig . 2 . P l o t of the t w o o u t e r m o s t ionization energies for 
p a r a - s u b s t i t u t e d trans -azobeneznes vs. a v + . 

except the nitro derivative whose C.I. coefficient is 
0.77. Also the calculated ( — J - \ -2K) sum is not 
strictly constant, the corresponding figures being 
as follows: p-NH2-/raw<s-azobenzene = — 5.33 eV; 
P-OCH3 = — 5.34 eV; p-CH3 = - 5 . 3 4 eV; H = 
- 5.36 eV; p-COOH = - 5.10 eV; p-N02 = 4.11 eV. 
On the other hand, if no n\n inversion is assumed, 
the IE n—Ei/2 difference shows a break at the 
hydrogen point, the corresponding figures being: 
H = 10.17 eV; C l = 10.10 eV; COOH = 10.19 eV; 
N 0 2 = 10.02 (10.57 if IEW = 9.60 eV). 

All of this shows that this approach also does not 
give a conclusive answer on the assignment of the 
first two UPS bands for frans-azobenzene and its 
derivatives containing an electron-withdrawing 
group. 

5) Help in determining the ordering of the highest 
MO's of azobenzene might come from the UPS 
spectrum of the as-isomer. where a larger splitting 
between the n~ and 71 orbitals is expected. This 
should be in agreement with observations on the 
eis- and <raws-azoisopropene isomers [24]. However 
we could not obtain the UPS spectrum of the cis-
isomer, since it rapidly isomerized in the gas phase 
to the corresponding trans-isomer. I t is to be noted 
that for the same reason no electron diffraction 
study of m-azobenzene was possible [25]. The 
failure of the above approaches in giving a clear 
answer as to the ordering of the last two orbitals 
in azobenzene with X = H or an electron-withdraw-
ing group, shows that this is still an open problem. 
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