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Chemistry of Excited States. Part 13. t Assignment of Lowest x-loniz- 
ations in Photoelectron Spectra of Thiophen, Furan, and Pyrrole 
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An assignment of the lowest x-ionizations(Ib,x) in thiophen, furan, and pyrrole at 12.5, 15.3, and 12.9 eV, 
respectively, is achieved by a comparison of observed He"/He' intensity changes in the corresponding photo- 
electron spectra with calculated intensity trends for different possible assignments. 

THIOPHEN, furan, and pyrrole are among the most im- 
portant constituent parts of heterocyclic compounds. 
This also explains the large number o€ papers dealing 
with the elucidation of their electronic structure by 
means of photoelectron (p.e.) spectroscopy 1-9 often in 
conjunction with various types of quantum chemical 
calculations found in the l i t e r a t ~ r e . ~ ~ ~ , ~ - ~ l  Although 
the outer valence region (ionization energies Ei < 15-16 
eV) in the p.e. spectra has been widely investigated, there 
are still discrepancies concerning the sequence of 0- 

orbitals (a1,b2) and the assignment of the lowest x- 
orbital (1 b,x) in these molecules. 

In a previous paper 22 we reported the assignment of 
the lowest n-orbital ionization in the p.e. spectrum of 
pyridine N-oxide based on the HeII/HeI intensity 
comparison. We report here a similar study of thiophen, 
furan, and pyrrole where we have taken into account 
additionally calculated relative intensities and the re- 
sults of various quantum chemical calculations. 

EXPERIMENTAL AND CALCULATlONS 

The p.e. spectra of thiophen, furan, and pyrrole were 
recorded on a Vacuum Generators UV-G3 spectrometer 
which enables good determination of HeII/HeI intensity 
changes over the whole region.23 The relative intensity (Ir) 
of a band system i corresponds to its area normalized to the 
area of the first band system and corrected by a factor fi 
[equation (1) ;  S ,  and Si describe the sensitivity of the 

analyser (an energy-dependent parameter of the spectro- 
meter) for the first and i th band system, respectively, and 
Ek(1) and Ek(i) the corresponding kinetic energy of the 
photo-electrons] . 

According to Siegbahn 24 the theoretical photoioniza- 
tion cross-section, @O, for different excitation energies 
for the i th MO can be determined from populations and 
the photoionization cross-section of the basis orbitals .,,A0 
[equation (2)}. Equation (2) has been extensively tested *I 

by investigating the intensity changes on going from He1 to 
He11 excitation. In  the present work the values were 
determined according to the method of Schweig et aLas 

However, as shown in refs. 27 and 28, the oiMO in (2) corres- 
pond only to the inclusion of one-centre contributions.: 

The Pi,, values were determined from a wave function cal- 
culated by spectroscopically adjusted INDO-type calcula- 
tions (INDO/RZ) . a*-31 The experimental molecular geo- 
metries for t h i ~ p h e n , ~ ~  f ~ r a n , ~ ~  and pyrrole 84 were used in 
the calculations. All ionization energies in the investigated 
region were also calculated by a doublet-LCI (limited-CI) 
procedure 35 based on the INDO/RZ method, since there is 
no a priori certainty that a satisfactory description, both 
qualitatively and quantitatively, of the p.e. band system can 
be achieved by assigning them to a single MO (or only one 
Koopmans' configuration) This condition, however, 
has to be fulfilled before the intensity model used here can be 
applied. 

The different sets of figures for each molecule representing 
the calculated HeII/HeI relative intensity ratios of individ- 
ual band systems for different assignments, HeII/HeI 
(calc), were compared with the set of observed ratios, 
HeII/HeI (exp), using the agreement index (3) (as suggested 
by one of the referees). 

X I HeII/HeI (exp) - HeII/HeI (calc) I 
XHeII/HeI (exp) 

The use of this index (see Tables 1-3) gives results in 
agreement with the conclusions reached in this study, i.e. 
clearly favours the proposed assignments. 

R =  . 100 (3) 

RESULTS AND DISCUSSION 

Thiophen.-The He1 and He11 p.e. spectra of thiophen 
are shown in Figure 1. In the region Ei < 15 eV seven 
band systems can be identified which have been assigned 
in the literature as follows: 

I Derrick et aL2 

I1 Gelius et aL6 

111 von Niessen et aLm 

IV  Sell et al.% 

V de Alti et aZ.3s 

$ The choice of uuAo is, in the present case of low-energy hoto- 
electrons, generally dubious.46 Changes in relative HeLHe' 
band intensities should be, however, correctly reproduced on the 

a2x < bln < b,x < a 

a2x < b p  < aln < b, < b p  < a1 < b, 

a2x < blx < aln < b,n < b, < a1 < ba 

n2x < b p  < aln < b p  < a 

a2n < b,n < b,n < aln < b, < a1 < ba 

- -  t Part 12, M. Scholz, J .  Prukf. Chew., in the press. basis of eMAO used here.a7~*~ 
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FIGURE 1 The He1 and HeII p.e. spectra of thiophen. The corresponding base lines are indicated by dotted lines. Vertical 
ionization energies Ed (in eV) are given above the systems in the He1 spectrum 

The assignments differ only in the location of the lowest ab initio result.20 Assignment I was found to be less 
blx orbital. The result (I) was obtained semiempirically probable than 11, whereas I11 was not considered. 
by comparison of the lowest x-systems in benzene and The present observed and calculated changes of rela- 
furan spectra with calculated MO energies (EHT). The tive intensities on going from He1 to He11 excitation are 
assignment 111 corresponds to ab initio orbital energies given as ratios I, (HelJ)/Ir (HeJ) denoted by HeII/HeI 
(@F) corrected for reorganization and correlation effects for assignments I-IV in Table 1. The strong decrease 
by the many-body-Green-function (MBGF) method. of the relative intensity of Heir of the third system 

TABLE 1 
Comparison of experimental vwsus calculated data and assignment of the p.e. spectrum of thiophen 

Experimental 
A r \ Calculated 

Relative intensity r c * 

Ionization R a t 2  different assignments Ionization energy a EdeV 
r A Ratio HeI1/Hel for 

7 \ Present 
115 11120 1173; YCI c assignment 

energy HeI1/ 
System Er/eV He1 Heir He1 12 

1 8.85 1.00 1.00 1.00 1.00 1.00 1.00 1.00 8.5 8.2 (97% 1a2-l) la,x 

4 12.46 0.75 0.65 0.87 0.85 1.11 1.11 13.2 13.0 (78% 1blp1) lblx 

6) - 9.49 1.05 0.85 0.81 0.73 0.73 0.73 0.73 9.8 10.1 (92% 2bl-l) 2b1x 

5 13.11 1.60 1.25 0.78 1.21 0.90 13.1 13.2 (91% 4b2-l) 4b, 
6, 7 13.80 2.90 2.45 0.84 0.97 0.97 14.6 14.3 (87% 5a,-l) 5% 

14.23 13.9 13.8 (87% 3b2-') 3 4  

3 12.00 1.05 0.50 0.48 1.04 0.76 0.76 0.76 12.0 12.2 (96% 6a1-') 6a1n 

Agreement index R 20% 18% 
0 INDO/RZ. Koopmans' theorem only. Configuration interaction (152 configurations). 

However, this correction did not change the orbital 
sequence given by the Koopmans' theorem.m In IV 
Sell et aZ.,% measuring the angular distribution of photo- 
electrons and determining the asymmetry parameter 8, 
which in a characteristic way differs for x- and a-systems, 
found the same sequence as 111. The result V was ob- 
tained by MS SCF Xar calculations. Assignment I1 is 
bawd on the simulation of ESCA band intensities using 
an approach similar to  equation (2) and an orbital 
sequence even  by Gelius et uL16 which differs from the 

excludes the assignments I and V as correct. Less 
significant for the identification of the lowest x-orbital 
are HeII/HeI intensity ratios of systems 4-7. The 
trend of calculated intensity changes, however, favours 
the assignment(s) 111 (and IV) over 11. Thus, the ioniz- 
ation of the lblx orbital should correspond to the system 
at 12.46 eV in the He1 p.e. spectrum of thiophen. 

The ionization energies Ei calculated in the INDO/RZ 
formalism applying both Koopmans' theorem and the 
doublet-LCI method are given in Table 1. The inclusion 



1982 541 

of configuration interaction effects between Koopmans’ 
and non-Koopmans’ configurations does not change the 
ordering obtained by single configuration interpretation 
in the given region of the spectrum. The many-determin- 
ant approach and the inclusion of the reorganization 
effect, however, result in an interchange of 4b, and lb,x 
in comparison with the orbital sequence given by Koop- 
mans’ theorem. 

Furan.-In the furan p.e. spectrum (Figure 2) in the 
region of ionization energies Ei < 16 eV six clearly 
separated peaks are observed, which usually were 
assigned to seven MOs: 

I Derrick et aL2 

I1 Gelius et aL5 
a2n < b p  < a,n < b, < b,x < (a ,  < b,) 

von Niessen et aL20 
a2x < b,x < a,% < a, < b, < ( b ,  < b p )  

a,x < b,x < Q < 0 < a < (a < 0 )  < b , x  

a,x < b,x < a,n < a, < b,x < b, < b, 

a2x < b,x < a,n < b, < a, < ( b p  < b,) 

I11 Sell et aZ.38 

IV  de Alti et al.39 

V Asbrink et aL40 

The assignments I-IV were obtained in the same 
manner as described for thiophen. The results V are 
from a HAM/3 41 calculation. 

For furan there are also considerable discrepancies 
concerning the assignment of the lowest x-orbital: 14.5 
eV (I,IV), between 15 and 16 eV (II,V), 17.5 eV (111). 
Table 2, analogously to Table 1 ,  displays the observed 
and calculated intensity changes (HeII/Hel) for different 

FIGURE 2 

assignments. The trend of intensity change is best 
reproduced by 11, however, similarly as in thiophen, with 
too high a HeII/HeI ratio for the a-lone pair MO(a,ut). 

The assignment of the lowest b,x orbital to the system 
at 14.5 eV 2939 is practically impossible [HeII/HeI (calcu- 
lated) = 2.71!], but to systems 6 or 7 is very probable, 
since both, experimentally and theoretically, give a 
strong rise in the relative intensity of the band system in 
the He11 spectrum. Even for system 8 the intensity 
increases considerably. However, the currently most 
reliable procedures for the interpretation of valence 
electron photoionization spectra of organic molecules 
(MBGF method, HAM/3) yield ionization energies for 
the lowest 7r-orbital which considerably (>Z eV) differ 
from the energy of system 8 (see Table 2). This devi- 
ation is out of the range of error usually assumed for both 
procedures. From the results of the CI-calculation 
shown in Table 2, it can be seen that the p.e. systems in 
the investigated range of the spectrum are satisfactorily 
described by a single Koopmans’ configuration. 

Pyrrok-The He1 and He11 spectra of pyrrole are 
shown in Figure 3. The seven systems of Ei < 15 are 
ascribed in the literature to the following seven MOs : 

I Derrick et at!., 
Asbrink et aL4* 

a2x < b p  < (a, < b p )  < b, < al < b, 

a2x < blx < (a ,  < b,) < b, < b,x < a, 

a,x < b,x < (a, < b,) < b p  < b, < a, 

a,7r < b p  < (b,x,a) < 0 

I1 Gelius et aL5 

I11 von Niessen et aZ.21 

IV Tanaka et aL4, 

*..*.. 4 . 0  .. . .. .. . . . . , . 
20 18 16 14 12 10 

Ei /eV 
The He’ and HeTr p.e. spectra of furan. The corresponding base lines are indicated by dotted lines. 

energies Et (in eV) are given above the systems in the He1 spectrum 
Vertical ionization 
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The assignment IV is made on the basis of an ab initio- application of the intensity model becomes critical, 

CI calculation for the ground and excited states of since the low purity of the 2Bl-configuration (40 and 
pyrrole and its radical cation (for 1-111 see thiophen and 47°/0,42 respectively, Table 3) arising from mixing with 
furan). Table 3, analogously to the previous examples, shake-up configurations (breakdown of the orbital 
contains the intensity data for the first seven systems of interpretation) results in a lower relative intensity of the 

TABLE 2 
Comparison of experimental vettws calculated data and assignment of the p.e. spectrum of furan 

System 
1 
2 
3 
4 
5 

6, 7 

FIGURE 

Experimental 

Ionization ,- 7 
energy Ratio 
Ei/eV He1 He11 HeII/HeI 

8.83 1.00 1.00 1.00 
10.39 0.85 1.20 1.41 
12.96 1.25 1.25 1.00 
13.86 1.40 1.55 1.11 
14.51 1.00 0.90 0.90 
15.26 1.00 1.75 1.75 
15.26 

I 7 
Relative intensity 

L 

Agreement index R 
a Ref. 20. b Ref. 

Calculated 
r * 

7 
Ratio HeII/HeI for 

different assignments Ionization energy Ei/eV 
--7 7 
I a  116 I I P  V41 MBGFa HAM/3b KTc CI d 
1.00 1.00 1.00 1.00 8.9 9.4 8.5 8.3 (98% 1as-l) 
1.22 1.22 1.22 1.22 10.4 10.7 10.8 10.6 (95% 2b,-') 

0.95 1.11 0.95 14.1 14.7 14.3 14.1 (69% 5a1-l + 21% gal-') 
2.71 1.02 1.20 14.7 14.5 13.8 13.7 (96% 4ba-l) 
1.10 1.43 1.10 1.43 15.5 15.5 16.2 15.9 (64% 

15.2 15.7 16.5 16.3 (77% 3b,-l) 

1.43 1.43 1.43 1.43 13.3 13.2 13.9 13.9 (75% 6a1-l + 20% 5U1-') 

45% 15% 20% 
40. c INDO/RZ Koopmans' theorem only. d INDO/RZ-LCI (152 configurations). 

I I I I I I 

18 16 14 12 10 8 
Ei /eV 

3 The He' and HeII p.e. spectra of pyrrole. The corresponding base lines are indicated by dotted lines. 
ionization energies El (in eV) are given above the systems in the He1 spectrum 

Present 
assignment 

laln 
2bln 
6a1n 
5% 
4b* 
lb,n 
3b, 

Vertical 

pyrrole. It is easy to see that a clear identification of 
the lowest x-orbital is hardly possible on the basis of the 
observed intensity changes only, because of the very 
small changes for systems 3-7. Similarly, in a recently 
published angular dependence only the first two 
systems yielded an asymmetry parameter p typical for 
x-ionizations. Therefore, the third x-system was im- 
possible to assign. The small intensity changes favour 
mostly the assignment I (or IV), since in all other cases, 
contrary to the observation, a rise of the x-system upon 
He11 excitation is expected (HeII/HeI = 2.19 for I1 and 
2.0 for 111). 

The inclusion of the configurational interaction effect 
yields an explanation for the difficulties in the experi- 
mental assignment of the lblx-orbital. Namely, the 

system. Therefore, probability statements on the basis 
of explicitly calculated ionization energies (Table 3) 
should always be part of the procedure of making a 
' correct ' assignment. 

The present assignment of the lowest x-orbital to 
the overlapping systems in the region of 13 eV made on 
the basis of intensity comparison is supported by the 
HAM/3 4O and CI-calculation 42 but is in disagreement 
with the sequence given by von Niessen et aL21 

The 2Bl configuration, in comparison with the lb,x- 
orbital, is considerably shifted to lower ionization ener- 
gies as a result of strong configuration interaction (ca. 1 
eV according to INDO/RZ-LCI, ca. 2.3 eV according to 
Tanaka et aLg2). This shift is much stronger than that 
calculated for the neighbouring a-orbitals. However, in 
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TABLE 3 

Comparison of experimental veysus calculated data and assignment of the p.e. spectrum of pyrrole 

System 
1 
2 

3 , 4  

5 
6 
I 

r- 
Experimental 

A 7 
Relative intensity 

Ionization 
energy 
Er/eV 

8.02 
9.05 

I 12.85 
12.85 
13.57 
14.27 
14.80 

Ratio' 
HeII/ 

He1 He11 He1 
1.00 1.00 1.00 
0.95 1.15 1.21 

1.85 1.70 0.92 

1.15 0.85 0.74 
1.50 1.65 1.10 
1.15 1.05 0.91 

Calculated 
7 -  

Ratio HeII/HeI for 
different assignments Ionization energy EileV 

,--------A 

1.00 1.00 1.00 1.00 8.2 8.8 8.0 7.8 (97% 
1.29 1.29 1.29 1.29 8.9 9.8 9.4 9.3 (91% 261-l) 

- 3 
CI d I* 1 1 6  11181 I V *  SBGFa HAM/3b K T e  

13.0 13.1 13.8 13.6 (84% 6~1-')  
1.47 1.12 1.12 1.47 13.7 13.5 14.9 14.0 (40% 1bl-l) 

1.37 2.19 1.21 14.9 14.6 15.2 15.3 (86% 5al-') 
1.09 1.09 2.00 13 4 13.8 13.4 13.4 (95% 4bS-l) 

1.31 1.55 1.55 14.4 14.9 15.6 15.5 (89% 3bl-l) 

Agreement index R 28% 40% 39% 
a Ref. 21. b Ref. 40. c INDO/RZ Koopmans' theorem 

the case of INDO/RZ-LCI calculations this does not 
yield to a change of the sequence predicted by Koop- 
mans' theorem, probably because of the strongly limited 
configuration set. A final clarification of this problem 
seems achievable only by large-scale non-empirical CI- 
studies, taking into consideration all ionic states in the 
corresponding energy region. 

ConcZ.usions.-The present investigation indicates that 
the HeII/HeI intensity comparison enables the assign- 
ment of valence shell p.e. spectra of organic molecules 
not only in cases when the ionic states of different sym- 
metry (o,x) exhibit remarkable changes in spectral 
intensities ( e g .  ref. 22 and furan lb,x-state) but also in 
less pronounced examples (thiophen , pyrrole) when it 
can be used in conjunction with calculated intensity 
trends to enable a choice between different possible 
assignments. It is important to point out here that the 
reliability of calculated values should be checked first by 
comparison of the energies over the whole p.e. spectrum. 
Secondly, one has to make sure that a one-configuration 
interpret at ion (MO interpret at ion) is satisfactory , i. e.  
that its contribution remains dominant even when CI is 
allowed for. The necessity of such a test is evident in 
the case of the lowest b,x-system of pyrrole, giving an 
explanation for the discrepancies in its assignment. 

We acknowledge the suggestion by one of the referees of 
the use of an agreement index as an objective criterion for 
comparison of various assignments. 

[ l / l l 8 6  Received, 27th July, 19811 
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