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Photoelectron Spectra of the a-Substituted Derivatives of Furan, Thio- 
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Vertical ionization energies of the two highest molecular orbitals and of orbitals mainly localized on the substituent 
of 31 a-substituted derivatives of furan, thiophen, selenophen, and tellurophen are discussed. The substituent 
effects confirm the reversal in the energy sequence of the two highest occupied x-MOs of tellurophen with respect 
to  other five-membered heteroaromatic congeners and permit the assignment of the ionization energy values of the 
x ,  and xg MOs in selenophen. Assignments for some of the bands other than the first two in the photoelectron 
spectra of tellurophen and selenophen are proposed. The effect of the ring on the orbitals mainly localized on the 
substituent is briefly discussed. 

SEVERAL authors 1-4 have discussed in some detail the 
photoelectron spectra of furan and thiophen and to a 
lesser extent those of some of their derivatives. 
Recently 5*6 the photoelectron study has been extended 
to selenophen and tellurophen and the comparison of 
the spectra has made it possible to obtain some interest- 
ing information. In particular it has been suggested 
that there is a reversal in the sequence of ionization 
energies ( I )  of the two highest occupied orbitals of 
tellurophen jI (x3)  > I (x , ) ]  with respect to the other 
congeners [I(T,) > I ( x 3 ) ] .  

In order to confirm this hypothesis and contribute to 
the solution of some other problems raised in the 
preliminary study, we have undertaken a systematic 
photoelectron spectral investigation of the substituent 
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effects on the inolecular orbital energies of the five- 
membered lieteroaromatic Group VI congeners. 

RESULTS AKD 1)ISCUSSION 

The photoelectron spectra of 31 a-derivatives of 
furan, t hiophen, selenophen, and tellurophen, containing 
substituents of varying electronic type, have been 
recorded on a Yerkin-Elmer PS 18 photoelectron 
spect roinet er. 

Vertical ionization energies ( I I ,  I,) of the two highest 
MOs (xz ,  x3) and orbitals mainly localized on the sub- 
stituents, are reported in Tables 1 and 3 respectively. 

(1) Sequence of the Two Highest Occupied x-MOs in 
TeZZwu$dzen.-The reversal in the energy sequence of 
the x2- and x,-MOs of selenophen with respect to furan, 
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thiophen, and tellurophen, hypothesized in previous thiophens (correlations 1-4). On the contrary, slopes 
papers 596 has now been definitely confirmed from the differing greatly from unity, with very poor correlation 
photoelectron data of a-monosubstituted derivatives. coefficients, and high standard errors are observed when 

Table 1 shows that a-methyl substitution causes an the energies of the first and second bands of substituted 
increase in the separation of the first two bands (I2 - 11) tellurophens are plotted against the corresponding 
in furan, tliiophen, and selenophen and a decrease in energies of thiophen derivatives (correlations 5 and 6).  

TABLE 1 
Vertical ionization energies (eV) of  x3- and x,-MOs of a-substituted five-membered heteroai-omatic Group VI congeners 

Substituent 
CH, 
11 
CON(CH,) 
C1 
J3r 
I 
C0,H 
CO,CH, 
NO, 
CI3,Cl 
CHO 
CN 
SCH, 

Oxygen 

r1(n3) 

8.37 10.13 
8.89" 10.32a 
8.86 10.41 

9.16 1O.iS 
9.00 10.56 
8.75 11.13 

9.47 10.99 
8.58 10.33 

Heteroatom 
Sulphur Selenium 

r A - - - 7  -- 
8.43 c 9.23 c 8.40 8.96 
8.87 " 9.49a 8.92 9.18 
8.84 9.40 8.85 9.10 
8.89 c 9.63 6 8.83 9.34 
8.82 9.58c 
8.526 9.47c 
9.14 9.73 9.19 9.45 b 
8.98 9.61 9.05 9.26 
9.73 10.21 9.64 9.88 
8.89 9.49 
9.37 9.87 

I I b 3 )  I2b2)  I X ( X 3 )  1 2 ( d  

8.63 9.37 

Tclluriuni 

Il(X2) 
8.20 
8.40 
8.39 
8.68 
8.59 
8.34 
8.62 
8.51 

I2(%)' 
8.43 b 
8.88 
8.89 
8.89 b 
8.84 b 
8.52 
9.15 
9.00 

a Ref. 3. b Shoulder. c Values in good agreement with those reported in ref. 4. 

telluroplien, in agreement with the expectation that 
electron-releasing substituents in the a-position exert a 
more pronounced destabilization effect on the energy of 
x3- (which has a nodal plane passing through the hetero- 
atom and the middle point of C-3-C-4 bond) than on 
that of x,-orbital (mainly localized on tlie heteroatom 
and tlie C-3-C-4 bond). Analogous effects are observed 
for halogen substitution. 

More conclusive support for tlie ' reversed sequence 
hypotliesis ' in tellurophen is clear from an examination 
of the correlations reported in Table 2. 

TABLE 2 
Corrclations between t hc ionization cnergivs of the two 

liigliest x-MOs of fursns, selenophens, and tellurophens 
against those of tliiopheris 

Correlation P C  h d S 8  r f  no 
(1) 1,Fur us. 1,Thi 1.06 -0.55 0.03 0.998 7 
(2) f1Sel 1 Thi 0.96 0.43 0.06 0.988 7 
(3) 1,Vur 71s. J2Tkli 1.01 0.87 0.06 0.984 7 
(4) I p '  us. 1,'r'Li 0.96 0.11 0.03 0.997 7 
(5) ],'re1 0s. flTh' 0.55 3.61 0.11 0.790 8 
(6) I ,Tel 2's. 1 2Thi 1.25 -3.08 0.15 0.818 8 
(7) I2Tel  7,'s. JIThi 1.03 -0.19 0.02 0.999 8 
(8) IITe' us. J,Thi 0.95 -0.61 0.07 0.920 8 

a Calculatcd by least square analysis. Variables in the 
regression analysis : the second is the iriclependent variable. 
c Slope of the straight line. Intercept. e Standard error of 
the estimate in elr. f Correlation coefficient. y Number of 
points. 

Slopes close to 1, very high correlation coefficients, and 
low valucs of standard error are obtained when I ,  and 
I ,  valucs for substituted furans and selenophens are 
plotted against the corresponding values for substituted 

* I t  is interesting to  note that, duc to this overlapping, seleno- 
phcn is the only congener showing only one charge transfer band 
with tetracyanoethylene the other congeners showing 7b two 
charge transfer bands assigned to charge transfer involving x3 and 
z2 as donors. 

However, very good correlations (7 and 8) with unitary 
slope are again obtained if the first ionization energies 
of tellurophens are plotted against the second ionization 
energies of thiophens and vice versa. The correlations 
of Table 2 clearly show that the substituent effect on 
I (x2 )  and I ( x J  does not depend on the nature of the 
heteroatom. This result is foreseeable and in agree- 
ment with previous results s obtained by using the 
electron impact technique considering that the energy 
of x3 is independent of the heteroatom. On the other 
hand it sliows that the substituent effect on x2 is mainly 
inductive. 

The inversion of the highest filled orbitals in telluro- 
phen has previously been ju~t i f ied.~ 

(2) Assignment and Ionization Energy Values of the 
Two Highest Occupied PMOS in SelenoPhen.-The first 
two bands in the photoelectron spectrum of selenophen 
are in part overlapped indicating that the corresponding 
MOs are close in energy.* The vibrational structures 
are only partly resolved so that there is some doubt 5 y 6  

about the assignment of I ( x 3 )  and I ( x 2 )  and their 
precise values inot in the sequence I (x3)  < I ( x 2 )  which 
is well established]. 

A contribution to the solution of this problem can be 
obtained by utilizing the correlations of I ( x 2 )  and I ( x 3 )  
of substituted selenophens against the corresponding 
values of the other congeners. 7 Average interpolatcd 

t The regression parameters of the correlation of 1, and I, of 
selenophens against those of thiophens are reported in Table 2 
(correlations 2 and 4). The regression equations coming from the 
correlations against those of furans and tellurophens are : I1Se1 = 

(s 0.07; Y 0.981; n 6); Ilsel = l.1012Te1 -0.90 (s 0.05; I' 0.988; 
12 6);  12*el = 0.94IlTel -1.22 ( s  0.06; Y 0.944; n 6). 

7 (a)  G. G. Aloisi, S. Santini, and G. Savelli, J.C.S. Farnday I ,  
in the press; (b)  S .  Pignataro and G. Aloisi, 2. Natu~forsch., 1972, 
27a, 1165; G. illoisi and S. Pignataro, J.C.S. Favaday I ,  1973, 584. 

0.901,F"' + 0.88 IS 0.04; Y 0.995; 12 6) ;  = 0.91~?, '~ -0.31 
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values of 8.88 & 0.01 for Il(x3) and 9.14 I f  0.05 eV for 
12(x2) are obtained which are in excellent agreement 
with the values and the assignment reported in ref. 5. 

16 ’* 1leV 8 

FIGURE 1 Photoelectron spectra (a) of tellurophen and (b) 
its tetrahydro-derivative 

(3) Assignment of the Bands Other than the First Two 
in the Photoelectron Spectra of Tellurophen and Selenophen. 
-The third band in the spectra of selenophen and 
tellurophen was previously assigned 6 to the xl-MO (the 

The two spectra look very similar: in particular, the 
first three bands of the tetrahydro-derivative resemble 
in intensity and energy separation the first, third, and 
fourth of tellurophen. They are assigned to x2, and to 
the two (a, and b,) G~~-~-,-MOS which are expected to 
be equivalent in both molecules. 

The second and fifth bands in the aromatic compound 
spectrum do not seem to have counterparts in the 
saturated derivative. On this basis, they have been 
attributed to the x3- and xl-MOs respectively. 

To sum up, according to this new assignment, the 
ionization energies of the uppermost occupied MOs of 
tellurophen are in the order: 8.40 (x2), 8.88 (xJ, 10.8 
( ~ T ~ - - c - ~ ) ;  11.5 (a~e--c-~), 11.8 eV (xl). 

The shift toward higher ionization energy values 
observed in passing from the bands of the saturated 
derivative to the corresponding bands in the aromatic 
compound, should be due mainly to the greater in- 
ductive effect of the C4H, chain with respect to C4H4 
and to the higher s-character of the a-framework in 
tellurophen. 

If this assignment is correct, then the interpretation 
of the photoelectron spectrum of selenophen 6 should 
probably be modified in a similar manner. By analogy 
with tellurophen, the bands at 11.4 and 12.0 eV in the 
selenophen spectrum should be due to OS,--~ and x1 
orbitals. 

According to this assignment, the ionization energies 
of the x,-MOs of the congener five-membered compounds 
are as follows: furan 3 14.4, thiophen 12.1, selenophen 
12.0, and tellurophen 11.8 eV. 

It is interesting to observe that the differences (A) 
between I ( x 2 )  and I ( x J  parallel the ‘ground state 
aromaticities ’ of the congener systems as estimated 
from several different approaches, in the sense that a 
smaller energy difference corresponds to higher ‘ aro- 
maticity ’: thiophen (A 2.61) > selenophen (A 2.85) > 
tellurophen (A 3.40) > furan (A 4.08 eV). 

(4) Substituelzt Bmzds.-Tlie spectra of the halogen- 
containing compounds show, as expected, two bands due 

TABLE 3 
Vertical ionization energies (eV) of MOs mainly localized on the substituent 

Furan 
9.65 

12 .2a  12.7a 

10.56 11.1 
t10.9 - 11.50 h 

Thiophen 
9.63 

11.53 8 11.93 
10.87 b 11.39 
9.98 b 10.65 

10.61 11.67 
10.37 11.03 

t10.80 - 11.40 

Selenophen Tellurophen 
0.63 9.54 

11.34 11.70 10.86 11.24 
10.43 10.96 
9.71 10.40 

10.58 11.81 10.41 11.23 
10.33 11.00 10.21 11.00 

-10.65 -- 11.22 
A. D. Baker, Accounts Chern. Res. ,  1970, 3, 17. 6 Values in good agrecment with those reported in rcf. 4. 

lower energy occupied x-MO without a node) by analogy 
with the thiophen ~pectrurn.~ 

We now attempt an alternative assignment of the 
bands other than the first two in tellurophen, based on a 
comparison of its photoelectron spectrum with that of 
the non-aromatic tetrahydro-derivative 8 (Figure 1). 

S. Pignataro and G. Distefano, Chew. Phys. Letters, 1974,26, 
366. 

to the halogen lone pairs which are non-equivalent as a 
consequence of the different interaction of the Pz and py 
orbitals with the x-electron system of the aromatic ring 
(Table 3). The peak at  lower ionization energy is 
sharper, which suggests a lower bonding character and 
it has therefore been assigned to the electrons occupying 

J.C.S.  Perk in  II, 1974, 332. 
9 F. Fringuelli, G. Marino, A. Taticchi, and G. Grandolini, 
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the orbital p ,  coplanar with the ring. The wider band 
at higher ionization energy is then due to the p,- 
electroiis 2y10 (the 9, orbital is perpendicular t o  the ring 
plane and overlaps the ring x-orbitals) . 

Very good straight lines are obtained for halogeno- 
thiophens and -tellurophens when the energies of the 

2.5 2.7 2.9 3.1 
C 

Plot of halogen p5 and p ,  lone pair ionization energies 
( I )  of halogenothiophens (dashed line) and halogenotelluro- 
phens (full line) against the Pauling electronegativity (E)  of 
the halogen atom 

FIGURE 2 

lone pair orbitals of C1, Br, and I are plotted against the 
Pauling electronegativities of the corresponding halogen 
atoms, in perfect analogy with the observations for 
halogenobenzenes I1 (Figure 2). 

The ionization energies of the halogen lone pairs vary 
with the ring, decreasing in the series, furan > 
thiophen > selenophen > tellurophen, probably as a 

lo A. D. Baker, D. P. May, and D. W. Turner, J .  Chem. SOC. (B) ,  

11 A. D. Baker, D. Betteridge, N. R. Kemp, and R. E. Kirby, 

l2 D. A. Sweigart and D. W. Turner, J .  Amev. Chew. SOC., 1972, 

13 A. Catriband J. W. Rabalais, J .  Phys. Chem., 1973, '47, 2358. 
1 4  0. S. Khalil, J. L. Meeks, and S. P. McGlynn, J .  Amer. Chem. 

15 S .  Gronowitz, G. Sorlin, B. Gestbloin, and R. A. Hoffman, 

16 S. Gronowitz, A. R. Hornfeldt, and K. Petterson, Chenzica 

1968, 22. 

Internat. J .  ,Mass Spectrometry IOH Phys., 1970, 4, 90. 

94, 5692. 

SOC., 1973, 95, 6876. 

-4rkiv. Kemi, 1962,19(34), 483. 

Scripta, in the press. 

consequence of the decreasing electronegativity of the 
he t eroat oms. 

The energy separation between the two halogen lone 
pairs (Table 3) is constant for a given halogen (0.38, 
0.53, and 0.68 eV for C1, Br, and I, respectively) and 
does not depend on the nature of the heteroatom. This 
is consistent with the fact that the fiY-orbital interacts 
with the x3-orbital, the energy of which is constant 
(ca. 8.9 eV) for the four five-membered compounds. 
Such energy separations are very close in value to those 
observed for halogenobenzenes lo (0.34, 0.55, and 
0.84 eV). 

Similar effects are also observed for MOs mainly 
localized on other substituents like CO,H, CO,CH,, and 
NO,. Also for these substituents the energy splitting 
of the substituent bands is independent of the hetero- 
atom and it is close to values reported for other com- 
pounds.12-14 Furthermore the corresponding ionization 
energy values increase with the electronegativity of the 
het eroat om. 

EXPERIMENTAL 

Furans,1"16 thiophens, 17-19 and selenophens 16* 2* were 
prepared by well known procedures and the tellurophens 
were synthesized as previously r e p ~ r t e d . ~ l - ~ ~  

Photoelectron measurements were made using a Perkin- 
Elmer PS 18 photoelectron spectrometer. The estimated 
error in the reported figures is j0.05 eV unless overlapping 
of the bands occurs. Vibrational structures were often 
observed. The spacing in I(x3)  is generally larger (160- 
170 mV) than in I(x2) (90-120 mV). For the ionization 
energy values of unresolved bands an error equal to the 
vibrational spacing should be taken into account. 
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