X-RAY EMISSION SPECTROSCOPY AND ELECTRONIC.
STRUCTURE OF HETEROCYCLIC COMPOUNDS
2*. THIOPHENE

V. D. Yumatov, N. P. Erchak and E. Lukevits

The electronic structure of has been studied by X-ray spectroscopy. SKg-, SL; 5- and CK -spectra were
obtained. Theoretical spectra were constructed on the basis of ab initio and MNDO calculations and the
experimental results were interpreted. The HOMO is an orbital in which the electron density is localized on
the carbon atoms. Conclusions about the occupancy of the lowest 3d orbital were reached from the
experimental results.

There are a large number of papers concerned with the study of the electronic structure of thiophene by photoelectron
spectroscopy and quantum chemical calculations (see [2] and references cited therein). X-ray photoelectron spectra have been
obtained previously [3,4]. X-ray emission spectroscopy is the subject of a number of papers [5-9] in which the SKg- [5-8] and
the SL, ;-spectra [6, 7, 9] have been reported. However the carbon emission spectrum of the thiophene molecule has not yet
been reported.

The object of the present study was a complete X-ray spectroscopic investigation of the filled orbitals of the thiophene
molecule. We have recorded the SKjs- and SL, 3-spectra again and the CK,-emission for the first time (Fig. 1). The spectra
are presented on an ionization potential (/) scale by a method described, for example, in ref.[10]. The photoelectron spectrum
obtained with the Hel excitation line (from [11]) and the high energy part of the X-ray photoelectron spectrum excited by the
MgK, line (from [3]) are also given here.

The ground state of the thiophene molecule (point group C,,) was calculated ab inifio and by the MNDO method. The
X-ray spectra synthesized on the basis of these calculations are shown in Fig. 2) (see also Table 1).

The experimental spectra could be interpreted from the theoretical results. Note that molecular orbitals (MO) of a;
and b, symmetry belong to the o-system (they lie in the plane of the molecule), while MO of a, and b; symmetry belong to
the w-system (perpendicular to the plane of the molecule).

The highest occupied level of the molecule is 1a,. According to symmetry rules, sulfur wave functions of s- and p-type
are not involved in this orbital which is formed from carbon 2p,. atomic orbitals (AO). Electronic transitions from 1a, to carbon
1s orbitals (la; - C, sls and la, —» C; 415) appear as line A in the CK, spectrum. The energy difference between these
transitions is not large, since the experimental distance between C, s1s and C; 41s is about 0.34 eV [3].

Next in order of increasing energy of electron bonding (I scale) is the 3b; level populated by sulfur 3p, and carbon
2p, electrons. Transitions from this level appear in both the CK,- and SKg-spectra. Consequently line A results from the
superposition of four transitions: from the 1a, and 3b; MO to C, sls and C; 41s (see Figs. 1 and 2). It coincides with the high
energy line (transition energy scale, E) in the SKg-spectrum and with the first two bands of the photoelectron spectrum. The
transition epergy of this line in the SKg-spectrum is =~ 2468.1 + 0.1 eV which corresponds to = 9.4 £ 0.2 ¢V on the
ionization potential scale. Thus it can be said to coincide with two photoelectron spectral lines (I = 9.5 eV [2]). I = 8.9 eV
for the first band [2]. As noted previously, line S in the CK -spectrum is not associated with an MO but results from
characteristic fluorescence of the analyzer crystal.

*For Communcation 1, see [1].
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TABLE 1. Identification of Individual Lines of the Theoretical CK,-Spectra Shown

in Fig. 2
. Transition Transition
Line Line
STO-3G MNDO STO-3G MNDO
1 lay — Ca5ls lap — Casls 14 662 — C3ls 6b2 — Caals
2 laz — Caals lay — C3als 15 9a) — Ca5ls 9a1 — Casls
3 3b) — Ca5ls 3by — Casls 16 9a) — C3.4ls 9a) — C34ls
4 3b) — C3als 3by — C34ls 17 5by — Cusls 8§63 — Casls
5 llay — Czsls 1lay — Czsls 18 562 — Ciqls S5by— C3als
6 11la) — C3a4ls 1la; — C341s 19 8a) — Casls 8ay — Casls
7 Tby — Casls 26y — Casls 20 8a1 — C3als 8a1 — C3als
8 7by — C3als 251 — Csals 21 4 — Casls Tay ~ Casls
9 261 — Ca5ls 76y — Casls 22 Ta1 — Casls Tal — C3zals
10 2by ~— C3als Tby — C34ls 23 4by — C34ls 4by — Ca5ls
11 10a) — Ca5ls 10a1 — Ca5ls 24 Tar — C3sls 4by — C34ls
12 10ay — C3a4ls 667 — Casls 25 6ay — Casls 6ay — Casls
13 66y — Casls 10a1 — C3als 26 6ar — Cyals 6ar — Cisls
SK ’
P 2by, 3,
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Fig. 1. X-ray and photoelectron spectra of thiophene. SKg-

and SL, 3-spectra: - - smoothed; CK,-spectrum:
- smoothed and corrected for
effectiveness of the analyzer crystal.

experimental,
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Fig. 2. Theoretical X-ray spectra of thiophene: STO-3G basis set (1); MNDO (2). In
the SL, 3-spectrum, the higher intensity line of a pair corresponding to the same MO
represents the transition to S2p;,, and the lower intensity line to S2p;,. In the CK -
spectrum, the unnumbered lines correspond to transitions identified in sequential
order in Table 1. A single line with two numbers corresponds to the sum of two
transitions differing by less than 0.1 eV on the energy scale.

A group of levels can be separated which lie within a narrow energy range at = 2.8 ¢V (PES results [2]). These are
the MO 1lay, 2by, 7b,, 10a; and 6b,. Different calculations place them in the same sequence. A detailed quantum chemical
analysis of the constitution of these MO has been published [2]. We shall use this sequence which we consider most reliable.

The wave functions of orbitals 11a;, 2b; and 7b, have considerable contributions from 3p AO so that transitions to
the corresponding levels appear in the SKjz-spectrum as lines with maximum intensity (Figs. 1 and 2). Orbitals 10a, and 6b,
consist predominantly of contributions from 2p AO so their participation in SKg-emissions is negligible. The sulfur 3s AO
contributes to the 11a; and 10a,; orbitals and consequently these MO have their analogs in the SL, ;-spectrum (Figs. 1 and 2).

Note that two transitions from the same bonding MO (MO(a;) = S2p;,,(L3) and MO(a;) - S2p,5(L,)) were taken
into account in constructing the theoretical SL, j-spectrum. The energy difference between them, obtained from the

photoelectron spectrum {3}, is = 1.25 eV and the intensity ratio SL3/SL, is = 1.6. The ratio was calculated as the average
value from a series of high resolution spectra for compounds of elements of period 3 [12-15] (see Fig. 2).

This group of orbitals appears as line B in the CK- spectrum (Figs. 1 and 2). All of the bands in the X-ray spectrum
corresponding to the MO 11ay, 2b,, 7b,, 10a; and 6b, coincide and this also occurs in the photoelectron spectrum (Fig. 1).

The 9ay, 5b,, 8a;, 4b,, 7a; and 6a; MO are based on contributions from the sulfur 35 AO and the carbon 2s AO.
This sulfur AO does not contribute to MO of type b, for symmetry reasons. Some MO appear in the SKg-spectrum because
of small contributions from the $3p AO. According to ab initio calculations the contribution of the sulfur 3s AO is greater for
the 7a; and 6a; MO than for the 8a;, although, as Fig. 1 shows, the experimental results lead to the opposite conclusion. The
MNDO results are closer to the experimental (Figs. 1 and 2). The lines corresponding to 7a; and 6a; in the SL, 3-spectrum
coincide with the X-ray photoelectron spectrum. Note that the line corresponding to the 7a; MO is a superposition of the
transitions 7a; = 2p5, 1/, and the satellite (S;,). The nature of the latter is in dispute. It frequently appears in X-ray spectra
of this type (e.g., [8]). In a detailed examination of the nature of so-called satellite X-ray lines it was concluded that these lines
in the L, 5-spectrum correspond to second order reflections of the carbon K, emission [16].

The orbitals 15y (S2p,), 3b; (S2p,), 5a; (S2p,), 4ay (S2s), 2b; (C3 415), 3a1 (C3 415), 185 (Cy 515), 2ay (Cy 515), lay
(S1s) are atomic. Their energetic positions were determined by photoelectron spectroscopy (e.g., [3]).

Finally we turn to the role of the vacant sulfur 34 orbitals in chemical bond formation in thiophene. A necessary
condition for the participation of S3d AO in chemical bonding in any compound is the formation of a positive charge on the
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Fig. 3. Diagram of p,-d, interaction in the
thiophene molecule.

sulfur atom. This is achieved, for example, by electron density transfer through the o-system to the neighboring atoms which
should be highly electronegative. As a result of such electron density redistribution, the S3d AO becomes less diffuse and this
in its turn facilitates overlap with the w-system of the surrounding atoms and electron population of the 3d orbitals [10]. This
somewhat pictorial hypothesis provides a mechanism for the participation of sulfur 3d AO in chemical bonds. However the
first prerequisite condition does not occur in the thiophene molecule. According to X-ray spectroscopy the charge on the sulfur
atom is close to zero [10]. In contrast, in SO,2~ , which in theory has the most highly populated S 3d orbitals [17], the charge
on sulfur is = 2.6e [10].

On symmetry grounds the thiophene 1a, orbital may be constructed from the carbon 2p, AO and the sulfur 3d, AO
(Fig. 3). However the small positive charge on the sulfur atom makes overlap of the S3d,. and C2p,. orbitals impossible. If
the sulfur 3d orbitals were occupied, lines corresponding to the 1a, > 2p;, {, transitions should appear at = 161 eV (E scale)
in the experimental SL, 5-spectrum (see Fig. 1).

Thus the sulfur 3d AO make no contribution to contribution to chemical bonding in the thiophene molecule, in other
words $3d,-C2p, bonding was not observed experimentally.

EXPERIMENTAL

The X-ray spectroscopic apparatus has been described elsewhere [7]. The SL, s-spectrum of solid thiophene was
obtained as described in that paper [7]. The sulfur Koy ,- and KB-spectra were measured for gas phase thiophene (the role of
the SKOI1 ) lines is discussed below). X-ray emission was excited by electron bombardment. Calibration for sulfur has been
described elsewhere [18].

CK, emission was obtained by electron bombardment in the gas phase as described elsewhere [19]. Second order
reflexion CrLey , and VLa , lines from the pure metals were used for calibration; the energy levels were taken from [20].
An algorithm for correcting the spectrum for the effectiveness of the analyzer crystal was developed previously [19].

The rms deviations for the energies of the main lines in the SKau_, SKﬁ-, SL, 5 and CK -spectra were +0.1, +0.1,
+0.3 and +£0.2 eV respectively. The intensity deviation did not exceed =3 to 5%.

All spectra were smoothed by a known method [21]. The smoothing intervals were chosen experimentally based on
the halfwidths (width at half height) of individual lines, estimated experimentally, in a particular spectrum. The halfwidths were
1.3, 1.8 and 1.2 eV respectively for SK3, SL, 5 and CK,, emissions.

The ionization potential of the lowest orbital 1a; (S1s), used as the basis for the SK, g-spectrum, was determined as the
sum of the energies of the S2p;, level [3] and the SKOL1 line (2307.8 £ 0.1 eV) and had the value 2477.7 + 0.2 eV. This
parameter has a value of 2477.6 eV based on the sulfur K absorption spectrum [8].

The S2p, 5 level with an energy of 109.9 eV [3] was used to connect the SL, 5 spectrum to the ionization energy scale.
The theoretical and experimental CK-spectra were reconciled using the C; 415 level, the experimental value for which [3] was
used for spectra calculated by the MNDO method.

Ab initio calculations used the GAUSSIAN-80 program (V. L. Bugaenko, V. G. Zakzhevskii and N. B. Kuz’minskii’s
version) with the STO-3G basis set, omitting 3d functions. Semi-empirical calculations were carried out with the MNDO-86
program which is alter development of MNDO-85 [22].

Theoretical curves were synthesized as the sum of Lorentzian curves with the halfwidths discussed above. For the semi-
empirical calculations the heights of individual lines corresponded to the squares of the contributions of the AO to the MO [6],
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while for the non-empirical calculations the line intensities were calculated via the matrix elements of the X-ray transitions using
the frozen orbital approximation [6].

In conclusion the authors thank N. A.Osmokova (Institute of Semiconductor Physics, Siberian Branch, Russian Academy

of Sciences, Novosibirsk) for help with the calculations.
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