INVESTIGATIONS OF CONDENSED HETEROAROMATIC
SYSTEMS INCLUDING A THIOPHENE RING
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The electronic absorption and fluorescence spectra of a number of condensed heteroaromatic
compounds containing a thiophene ring were studied. In connection with the fact that the
theoretical treatment of the closeness of the electronic structure of thiophene and benzene
molecules is based, in particular, on the similarity between the electronic absorption spectra
of thiophene-containing systems and their polycyclic aromatic analogs, the spectra of the in-
vestigated compounds were compared with the corresponding polycyclic aromatic hydrocar-
bons. It was demonstrated that the differences introduced by the thiophene ring depend on the
length of the chain of condensed benzene rings in the molecules of the thiophene-containing
systems. The results can be used to analyze mixtures of such compounds.

Continuing our investigation of the chemical and physical properties of condensed heteroaromatic sys-
tems containing a thiophene ring, we have studied the electronic absorption spectra and, since many of the
compounds fluoresce, the fluorescence spectra of solutions of 14 condensed thiophene-containing compounds
(see Table 1), most of which we have obtained for the first time [2-4]. The quantum fluorescence yields
were measured in some cases.

We note that the absorption spectra are known only for thiophene (I) [5], benzo[bithiophene (I) [6], di-
benzothiophene (1) [6], and benzobnaphtho[2,3~d]thiophene @V) [7], while the fluorescence spectra are
known for dibenzothiophene (II) [8] (in the crystalline state).

In contrast to thiophene (), all of the investigated compounds, except for benzothienylanthraquinone
XV), fluoresce. The absorption and fluorescence spectra of solutions in dioxane and toluene of almost all
of the compounds coincide. Exceptions to this are compounds bearing COOH and C ==0 functional groups
X-XII, XV), for which the spectra of solutions in cyclohexane were also measured,

The fluorescence intensity of solutions of the investigated compounds in dioxane exceeds the fluo-
rescence intensity of solutions in toluene, I order to avoid the specific effect of the nature of the solvents,
the fluorescence of toluene solutions was investigated,

Almost all of the compounds that we studied differ with respect to their spectra, A characteristic
peculiarity of them is the presence of a vibrational structure in both the fluorescence spectra and in almost
all of the absorption spectra. This facilitates identification of such compounds, and the results can be used
to analyze mixtures of them.

The electronic spectra of polycyclic heteroaromatic compounds with a thiophene ring differ substan-
tially from the spectra of thiophene () itself (Fig. 1). Commencing with benzo[b]Jthiophene (II), a vibrational
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TABLE 1. Electronic Absorption Spectra and Fluorescence Spectra
of Some Condensed Heteroaromatic Compounds Containing a Thio-

phene Ring
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TABLE 1 (continued)
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TABLE 1 continued)
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*Solvents: hexane (H), dioxane (D), toluene (T), and cyclohexane (C).
t See [5]. '

structure, which is also observed in the fluorescence spectra, appears in these spectra, as already indi-
cated. As usual, the absorption and fluorescence regions are shifted to the long-wave side as the number
of condensed benzene rings in molecules of these compounds (II-IV, XIII) increases, However, replacement
of the hydrogen atom by a phenyl group (X) leads only to an insignificant bathochromic shift in the spectra.
This is associated with the development of steric hindrance, because of which the phenyl group is oriented
almost perpendicular to the plane of the condensed molecule. The introduction of an alkyl substituent into
benzo[bnaphtho[2,3~d]thiophene (V) causes a small change in both the absorption spectra and fluorescence
spectra. Replacement of one of the benzene rings in benzo{blnaphtho[2,3-d]lthiophene (IV) by a cyclohexane
ring (VI) induces a short-wave shift in the spectra, since the number of aromatic rings in the condensed
system decreases in this case, However, when a benzene ring is replaced by a cyclohexene ring (VII, VIII),
this shift is smaller. The presence of COOH and C =0 functional groups in X-XII also induces a long-wave
shift of the absorption and fluorescence region relative to benzo [bjnaphtho[2,3-d]thiophene (IV), as was al-
so observed for the corresponding aromatic analogs.

The optical characteristics of the isomerie anthrabenzothiophenes (XIII and XIV) differ. The absorp-
tion and fluorescence regions of anthra[2,1-blbenzo[djthiophene (XIV) are shifted to the short-wave side as
compared with anthra[2,3~d]benzo|d]thiophene (XIII).* The quantum yield of XIV is about 30% lower than
thatof XIII, They also differ with respect to the form of the absorption and fluorescence spectra (ratio of
the band intensities). It is known [5,9] that this sort of difference in spectral properties is observed for
"linear" and "angular" polycyclic aromatic hydrocarbons. A comparison of the spectra that we obtained
for XIII and XIV with their molecular models confirms the previously drawn conclusion [2,3] regarding the
structures of these isomeric anthrabenzothiophenes ("linear" structure XIII and "anguldr" structure XIV).

The presence of a C =0 functional group in the
benzothienylanthraquinone (XV) molecules induces a
short-wave shift in the absorption spectra as com-

12%_ pared with anthra[2,3-bJbenzo[d]thiophene (XIII) and al-
" Y4 most complete quenching of the fluorescence, This is
apparently associated with rupture of the chain of con-
4,01 jugated double bonds in the polycyclic system and the

‘ quenching action of this group.

3,04 °

The quantum fluorescence yield increases as the
] number of condensed benzene rings in the molecule in-
2,04 creases, The quantum yields for anthra[2,3-b]benzo-

[d]thiophene (XIII), benzo[bnaphtho[2,3-d]thiophene
(IV, and dibenzothiophene (III) are, respectively,

1,0+

v, em™
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*The presence of a long-wave band at 440 nm in the ab~
sorption spectrum of XIV (see Table 1 and Fig, 4) is ap-

Fig.1l. Absorption spectra of solutions: 1) I parently due to contamination by XIII, Gas-liguid-
2) I1; 3) I11; 4) IV; 5) XIII in dioxane; 6) XVII chromatographic analysis demonstrated slight XIII
in benzene, contamination in XIV,
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Fig. 2. Absorption (1) and fluorescence (2) spectra of a solution
of IV in toluene,
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Fig. 3. Absorption (1) and fluorescence (2) spectra of XIII in toluene.

0.20, 0.02, and about 0.001. Benzo[blthiophene (I) fluo-
rescesveryweakly. The quantum fluorescence yield of a

E/v
LA ’ benzene solution of anthracene in the presence of air oxy-
gen is 0.10 [10]. We note that the quantum fluorescence
2,04 20 yields decrease for polycyclic aromatic hydrocarbons as
the number of condensed henzene rings increases, com-
mencing with tetracene [9],
101 o Mirror symmetry between the fluorescence spectra
and the long-wave group of bands in the absorption spectra
(Figs. 2-4) is observed for most of the compounds we in-
A 5500 oo o0y, em™t vestigated. Consequently, the nuclear configurations of
: i i i these molecules do not change on transition from the
500 450 400 === A,Bm350 ground to the excited state,

Fig. 4. Absorption (1) and fluorescence (2)
spectra of XIV in toluene,

The theoretical treatment [11] of the closeness of the
electronic structures of thiophene and benzene, upon which
the idea of pd hybridization in the thiophene molecule was
based, is based, in particular, on the closeness of several physical and chemical properties of thiophene
compounds and their benzene analogs, including the electronic absorption spectra.

In [6, 12, 13] it was noted that the electronic absorption spectra of benzo[bJthiophene (i), dibenzothio-
phene (III), and benzo [binaphtho[2,3-d]thiophene (IV) are close to the spectra of the corresponding isoelec-
tronic, polycyclic, aromatic hydrocarbons but are shifted as compared with the latter to the short-wave re-
gion by 20-40 nm. However, this analogy reduces to rather general features. It should also be noted that
different absorption spectra, for example, for dibenzothiophene (III} and naphthothiophene (XVI), are ob-
served for condensed heteroaromatic compounds with the same number of rings but different positions of
the thiophene ring in the chains. Of the compounds that we investigated, the absorption spectra of anthra-
benzothiophene (XIII) and the isoelectronic isopentacene (XVII) [5] in the long-wave region are rather close.
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Spectra in the long-wave region that are similar in form are also observed for tetracene [5], anthracene,
and its substituted compounds [14]. However, they are considerably shifted to the shorter-wave side for
anthracene and to the long-wave side for tetracene as compared with the spectra of XIII. This sort of cor-
respondence in the spectra is not observed for the other compounds that we investigated, for example, di-
benzothiophene (II) and the isoelectronic phenanthrene (or anthracene), benzo[bnaphtho[2,3-d]thiophene (IV),

and 1,2"be11zoanth.l acene,
S
Xvi

On the basis of these results, it can be assumed that the best correspondence between the spectra of
condensed heteroaromatic compounds containing a thiophene ring and their carbocyclic analogs should be
observed for heteroaromatic compounds with a sufficiently extended chain of condensed benzene rings. In
this case, the effect of the thiophene ring decreases, and the properties of the chain of condensed benzene
rings that are peculiar to polycyclic aromatic hydrocarbons are manifested to a greater extent. This is
also confirmed by the change in the absorption spectrum of benzothienylanthraquinone XV as compared
with the spectrum of anthra[2,3-b]benzo[b]thiophene (XII) and by the difference in the spectra of dibenzo-
thiophene {II) and naphthothiophene (XVI). The absorption spectrum of XVI is considerably closer to the
spectrum of anthracene than to that of III.

Xvir

A gradual increase in the fluorescence quantum yields of solutions of aromatic hydrocarbons [15] is
observed in the benzene —anthracene series. The quantum yields for the compounds investigated by us de-
crease very sharply on passing from XIII to IV and III, This decrease in the quantum yield is probably also
associated with an increase in the quenching action of the thiophene ring as the length of the chain of con-
densed benzene rings in molecules of these compounds decreases.

Thus the presence of a thiophene ring in molecules of heteroaromatie polycyclic compounds leads to
an appreciable change in the electronic absorption and fluorescence spectra as compared with their analogs
— polycyelic aromatic hydrocarbons. These changes become sharper as the length of the chain of condensed
benzene rings in the molecule decreases, since in this case the relative spacing of the nr * and 7w * levels
apparently changes [16].

EXPERIMENTAL

The absorption spectra were measured with a Unicam SP-700 spectrophotometer, and the fluores-
cence spectra were measured with an apparatus prepared in the laboratory and assembled from a mirror-
diffraction monochromator with automatic recording. The fluorescence was excited by means of the radia-
tion of a mercury lamp, from the luminous flux of which the lines at 365 and 313 nm were isolated. The
apparatus was calibrated in relative energy units by means of a standard lamp. The fluorescence quantum
yield was determined without removal of oxygen by the method in [17]. Dioxane, toluene, and, in individual
cases, cyclohexane and heptane were used as the solvent, The solution concentrations were ~107°-107% M
and ~10~% M. Reabsorption was taken into account in investigating the fluorescence spectra. The methods
used to obtain the investigated compounds and their physical constants are presented in [1-4].
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