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The He I photoelectron spectra of benzo-2,1,3-thia-, selena-, and telluradiazole were measured, and the observed
ionization bands were assigned by comparison with the results of DFT calculations. Whereas the B3LYP exchange-
correlation functional provided orbital energies that permitted a preliminary assignment by application of Koopman’s
theorem, a more-accurate interpretation was established by calculation of the vertical ionization energies with the
PW91 functional and analysis of the correlation of energy levels along the homologous series. This strategy clarified
earlier disagreements in the assignment of the spectrum of benzo-2,1,3-thiadiazole.

Introduction

There is a long-standing interest in the study of molecules
that contain organic heterocycles of nitrogen and one of the
chalcogens (sulfur, selenium, or tellurium) due to their many
actual and proposed applications, in addition to their
sometimes unusual chemistry. In the case of the 1,2,5-
chalcogenadiazole ring, the sulfur derivatives can be used
in antibacterial1 and antiviral2–7 agents, insecticides,8 fun-

gicides,9 specialized polymers,10–13 and organic LEDs;12,14–16

the corresponding selenium compounds are also applicable
as antibacterials,13 fungicides,9,17 and insecticides8,17,18 in
addition to dyes.19–21 All three benzo-2,1,3-chalcogenadia-
zoles have been investigated as building blocks in supramo-
lecular design because of their propensity to associate through
secondary bonding interactions.22–24
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This has motivated multiple investigations of the electronic
structures of such heterocycles, intended to better understand
and improve the properties of the compounds. The accuracy
of quantum mechanical calculations for these systems,
especially for the derivatives of selenium and tellurium, has
been limited by the size of the available basis sets, the
inclusion of electron correlation (HF), the choice of exchange-
correlation functional (DFT) and the inclusion of relativistic
effects. Experimental verification of calculated electronic
structures can in principle be obtained from the ionization
potentials measured by ultraviolet photoelectron spectroscopy
(UPS). Whereas the exact physical meaning of the Kohn-
Sham molecular orbitals (KSMOs) is still a matter of
discussion,25,26 recent studies suggest that not only do their
compositions allow for accurate bonding analyses,27 but also
their orbital energies approximate reasonably well the vertical
ionization potentials (VIPs).28

Early UPS studies of the benzothiadiazole 2 and benzose-
lenadiazole 3 (Chart 1) interpreted the spectra with the
assistance of semiempirical29–32 and ab initio33 calculations,
but some assignments are ambiguous and there are disagree-
ments in the order of the molecular orbitals. Although it can
be argued that a rigorous ab initio calculation must be more
accurate, unambiguous assignments can in principle be
accomplished by the study of a series of at least three
isoelectronic molecules. An earlier attempt30 along these lines
included the oxadiazole 1 together with 2 and 3; however,
the high electronegativity of oxygen reverses the polarity of
the E-N bond changing drastically the MO structure and
thus precluding definitive assignments.

Here, we present the ultraviolet photoelectron spectra of
2, 3, and their analogue 4 and compare them to the results

of relativistic DFT calculations with different exchange-
correlation functionals, in an attempt to clarify the details
of their electronic structure and benchmark the computational
method that has previously been employed to rationalize the
solid-state structures of these systems.24

Experimental Section

Materials. Benzo-2,1,3-thiadiazole was purchased from Aldrich,
and the other heterocycles were prepared from o-phenylenediamine
by reaction with selenium dioxide34 or TeCl4.24 The samples were
stored and handled under nitrogen; each was rigorously purified
by sublimation before use.

Instrumentation. Photoelectron spectra were recorded with an
in-house-built instrument featuring a 36 cm hemispherical analyzer
(McPherson), custom-designed sample cells, and detection and
control electronics. The electron detection and instrument operation
are interfaced to a National Instruments PCIe-6259 multifunction
data acquisition card and custom software. The samples were
ionized with He I radiation (21.21 eV), the 2E1/2 ionization of methyl
iodide (9.538 eV) was used for calibration of the ionization-energy
scale, and the Ar 2P3/2 ionization (15.759 eV) was used as the
internal energy scale lock during collection. The instrument
resolution (measured using fwhm of the argon 2P3/2 peak) was 0.020
eV during data collection. The sample cells were placed in the
instrument and collected at the temperature (monitored with a k-type
thermocouple passed through a vacuum feed-through and attached
directly to the sample cell) at which the sample produced sufficient
vapor pressure (g10-4 Torr) for measurements: 25 °C for both
benzo-2,1,3-thiadiazole and benzo-2,1,3-selenadiazole; and 60-90
°C in 10 °C increments for benzo-2,1,3-telluradiazole.

Data Analysis. All data are intensity corrected with an experi-
mentally determined instrument analyzer sensitivity function that
assumes a linear dependence of analyzer transmission (intensity)
to the kinetic energy of the electrons within the energy range of
these experiments. The ionization bands were fitted to asymmetric
Gaussian peaks over a three point baseline.35 The bands were
defined by their position, amplitude, half-width for the high binding
energy side of the peak, and the half-width for the low-binding-
energy side of the peak. The peak positions and half-widths were
reproducible to about (0.02 eV (3σ level). The fitting procedures
used in this work are described in more detail elsewhere.35

Computational Details. The structures considered in this study
were fully optimized using the ADF DFT package (version
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was used for the exchange-correlation kernel,39,40 and the dif-
ferentiated static LDA expression was used with the Vosko-
Wilk-Nusair parametrization.41 The calculation of model geom-
etries was gradient-corrected with the exchange and correlation
functionals of the gradient correction proposed in 1991 by Perdew
and Wang (PW91).42,43 Preliminary geometry optimizations were
conducted using a small double-� basis set with frozen cores
corresponding to the configuration of the preceding noble gas and
no polarization functions; the resulting structures were refined using
a triple all-electron basis set with one polarization function and
applying the zero-order relativistic approximation (ZORA)44–48

formalism with the specially adapted basis sets. The C2V point group
was used as a symmetry constraint for each molecule. Frequency
calculations were performed to ensure that each geometry was at a
minumum.49,50 Single-point calculations were performed on the
neutral molecule with the exchange correlation functionals proposed
by Becke and Perdew (BP86),42,51 and the statistical averaging of
potentials (SAOP)52–54 as well as B3LYP55–57 for hybrid DFT.
Single-point calculations were performed on ionized species in the
neutral geometry by removing an electron from an orbital of
specified symmetry using both PW91 and B3LYP.

Results and Discussion

Calculated Geometries. The molecular structures were
optimized using the PW91 GGA exchange-correlation func-
tional, which is known to provide accurate results for many
heavy-main-group systems. These models correspond to the
structures of individual molecules in the gas phase and are
appropriate for the interpretation of the photoelectron spectra.
However, the experimental data available for comparison of
geometries proceed only from crystallographic determina-
tions of single crystals,24,58,59 in which intermolecular
association can induce significant structural changes.23,24 The
optimized molecular dimensions were comparable to the
crystallographic measurements (within less than three times

the standard deviation) for the benzene rings. The five-
membered rings of 2 and 3 showed somewhat larger
deviations; the tellurium heterocycle had good agreement in
bond lengths but large deviations in bond angles. It is
precisely in the last case that the strong secondary bonding
interactions alter the free-molecule geometry; better molec-
ular dimensions are obtained with models of associated
molecules.24

MO Compositions. The electronic structure of the ben-
zochalcogenadiazoles was calculated using three GGA and
one hybrid exchange-correlation potentials: BP86 which has
been commonly used with ADF, PW91 which usually
provides better structural parameters for heavy main-group
systems; SAOP which is usually recommended for TD-DFT
calculations and has been recently proposed for the assign-
ment of photoelectron spectra;28 and the popular B3LYP.
Atomic contributions to the molecular orbitals are dependent
on the nature of the chalcogen but, for each molecule, the
composition of the KSMOs determined with all four methods
is essentially identical. The energies and the order of the
inner orbitals show small variations between functionals.
Figure 1 displays the calculated composition of the LUMO
and the 10 most-external orbitals of 4, which correspond to
the electrons that are most easily removed: those in the π
manifold and the lone-pairs. The C2V symmetry allows the
distinction of π (a2, b1) and σ (a1, b2) orbitals. The calculated
LUMO (b1) is a π orbital with 4 nodal planes and
predominantly chalcogen-nitrogen antibonding character. The
composition of the HOMO (a2 symmetry) corresponds to
electron density on the CdC bonds in the Lewis structure
and has less than 2% chalcogen character in all three cases.
The HOMO-1 (b1) is primarily the chalcogen π lone pair
(sulfur: 33%, selenium: 48%, tellurium: 62%). The HOMO-2
(b2) and HOMO-3 (a1) are both σ orbitals that represent the
in-phase and out-of-phase combinations of the nitrogen lone
pairs; the HOMO-3 also contains a significant contribution
from the chalcogen σ lone pair (sulfur: 8%, selenium: 16%,
tellurium: 23%). The HOMO-4 (a2) and HOMO-5 (b1) are
π-orbitals with 2 nodal planes each. The small overlap in
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Figure 1. LUMO and the 10 highest-occupied molecular orbitals of benzo-
2,1,3-telluradiazole, 4. Isosurfaces plotted at 0.05.
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the HOMO-5 between the chalcogen and nitrogen, the chal-
cogen contribution to this orbitals decreases down the group
(sulfur: 18%, selenium: 17%, tellurium: 12%). The HOMO-6
and HOMO-7 are σ orbitals with symmetries a1 and b2

respectively, which swap order in the case of 3. The a1 orbital
contains chalcogen σ lone pair character (S: 46%, Se: 21%,
Te: 19%). The HOMO-8 (a1) is also part of the sigma
framework with chalcogen σ lone pair character (sulfur: 6%,
selenium: 16%, tellurium: 13%). The HOMO-9 (HOMO-10
for 2) is the lowest-energy σ orbital, it has a b1 symmetry
with one node, and its chalcogen contribution decreases for
the heavier molecules (sulfur: 27%, selenium: 13%, tel-
lurium: 6%). Overall, the electronic structures display
increasing localization of electron density as the σ overlap
between nitrogen and the chalcogen becomes less efficient;
indeed the crystal structures of these compounds do show a
high degree of bond alternation.24,60

He I Photoelectron Spectra. The acquired photoelectron
spectra of the benzo-2,1,3-chalcogenadiazoles 2-4 are
displayed in Figure 2, and the vertical length of each data
point corresponds to the experimental variance.35 The
spectrum of 2 is consistent with those recorded previ-
ously,30–33 consisting of three groups of overlapping bands
between 8 and 10 eV, 10 and 12 eV, as well as between 12
and 14 eV. The spectra of the heavier 3 and 4 display similar
patterns, shifted to lower energies. There are two previous
reports of the spectrum of 331,33 but none of the photoelectron
spectrum of 4; in the latter the second set of bands is split
in two.

For the spectrum of 2, the bands between 10 and 12 eV were
modeled with three asymmetric Gaussian envelopes while the
bands between 12 and 14 eV required two asymmetric Gaussian
envelopes. The measured vertical ionization energies for each
model band are given in Table 1 and are compared with those
determined in previous studies; most values agree within 0.04
eV but there are a few exceptions. The first group of bands
corresponds to ionization from the two most-external orbitals
only, the first of which displays vibrational structure that is fit
with a progression of three Gaussians in each spectrum. An
earlier report29 lists the second ionization energy as 9.65 eV,
0.11 eV above the value observed in this work, another peak
was reported at 12.38 eV but this corresponds to the bottom of
a valley between two bands in the present study; the disagree-

ment is possibly the result of a typographical error. Three reports
list an ionization shoulder at 11.6 eV30 or 11.7 eV,31,32 which
must correspond to the band fitted at 11.84 eV.

Compared to the spectrum of 2, the photoelectron spectrum
of 3 displays the most conspicuous differences in the second
set of peaks. The sharp features of this spectrum correspond
within 0.08 eV to the previously reported values (Table
1).31,33 In the first study, the feature between 9.8 and 11 eV
was attributed to a single ionization, the new determination
resolves clearly two bands and corresponds well with the
second study. There is also disagreement in the position of
the ionization at 12.66 eV, but the peak fitting method
employed in the present study is more accurate in the
characterization of peaks with poorly defined maxima.

Spectral Assignments. Successful matching of electronic
structure calculations with the photoelectron spectrum of a
molecule requires agreement in both the values of the
ionization energies and the nature of the corresponding
molecular orbitals. As a first approximation, assignments of
the experimental spectra from the calculated electronic
structures can be attempted by application of Koopman’s
theorem, bearing in mind that such an approach does not
account for correlation or relaxation upon electron removal.
One more fundamental issue is that KSMOs are inherently
different from those obtained by HF methods. Fortunately,
recent investigations have shown that it is possible to
correlate the DFT orbital energies with the vertical ionization
potentials28 as long as a correction is introduced to account(60) Chivers, T.; Gao, X. L.; Parvez, M. Inorg. Chem. 1996, 35 (1), 9–15.

Figure 2. Photoelectron spectra of (a) 2, (b) 3, and (c) 4.

Table 1. Experimental VIPs and Assignments for 2, 3, and 4 in eV

2 Assignment

IEa IEb IEc IEd IEe IEf a b c f

8.98 9.00 8.98 9.00 8.95 9.00 a2 (π) a2 (π) a2 (π) a2 (π)
9.54 9.55 8.95 9.65 9.50 9.56 b1 (π) b1 (π) b1 (π) b1 (π)
10.68 10.71 9.52 10.71 10.66 10.69 b2 (σ) b2 (σ) a1 (σ) b2 (σ)
11.31 11.32 10.64 11.27 11.32 11.28 a1 (σ) a2 (π) a2 (π) a2 (π)

11.31 a2 (π) a1 (σ)
11.80 11.7g 11.70 b1 (π) b1 (π) b2 (σ) a1 (σ)
12.73 12.83 11.6g 12.38 12.74 12.78 a1 (σ) a1 (σ) b1 (π)

b2 (σ) b2 (σ)
a1 (σ) a1 (σ)

3 Assignment
IEa IEb IEf a b f
8.80 8.81 8.76 a2 (π) a2 (π) a2 (π)
9.26 9.30 9.24 b1 (π) b1 (π) b1 (π)
10.30 10.55 10.36 b2 (σ) b2 (σ) b2 (σ)
10.70 10.62 a1 (σ) a2 (π) a2 (π)

a2 (π) a1 (σ)
11.27 11.30 11.25 b1 (π) b1 (π) a1 (σ)
12.66 12.85 12.41 b2 (σ) a1 (σ) b1 (π)

12.76 a1 (σ) b2 (σ) a1 (σ)
a1 (σ) a1 (σ)

4 Assignment
IEa a
8.57 a2 (π)
8.92 b1 (π)
9.82 b2 (σ)
10.14 a1 (σ)

a2 (π)
10.87 b1 (π)
12.20 a1 (σ)

b2 (σ)
a1 (σ)

a This work, see the end of discussion for justification. b Ref 33. c Ref
30. d Ref 29. e Ref 32. f Ref 31. g Shoulder.
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for a systematic error that is unique to each exchange-
correlation functional.61 Empirical correction factors were
obtained by averaging the difference between the energy of
the HOMO and the first measured ionization band for all
three compounds; these correction factors are -2.77 eV for
PW91, 1.29 eV for SAOP, -2.72 for BP86, and -2.14 for
B3LYP and were used to offset the orbital energies calculated
with each functional. The DFT orbital energies corrected in
this way are given in Table 2. The values obtained from
calculations with the gradient-corrected functionals BP86,
PW91 and SAOP are close to each other. The maximum
differences of BP86 from PW91 are 0.18, 0.01, and 0.02
eV for 2, 3, and 4 respectively. The corresponding SAOP
differences are 0.18, 0.13, and 0.25 eV; and 0.61, 0.60, and
0.59 eV for B3LYP. The first two ionizations match well
the corrected energies of the HOMO and the HOMO-1,
within 0.1 eV for all functionals, with exception of the SAOP
HOMO-2 of 4. Subsequent bands cannot be assigned because
individual ionization processes are not resolved.

To obtain more reliable assignments than those based on
Koopman’s theorem alone, relaxation can be accounted for

by calculating the vertical ionization potentials as the energy
difference between ground and the ionized states evaluated
by removal of one electron from a particular orbital from
the molecule in the ground-state geometry (eq 1). The vertical
ionization potentials calculated with PW91 and B3LYP are
reported with no further correction in Table 2. There are
significant differences between the VIPs calculated by these
functionals. B3LYP overestimates the ionization energies by
between 0.24 and 0.75 eV as compared to PW91. The VIPs
calculated with PW91 agree with the experimental VIPs
within 0.10, 0.06, and 0.06 eV for the first two orbitals of 2,
3, and 4, respectively. However, this approach alone cannot
conclusively assign the next bands.

VIP)E(h)-E(e-))E(M+)-E(M) (1)

Further insight into the identity of the inner orbitals, from
which each of the next ionization bands originate, can be
obtained by comparison of the spectra of the three benzo-
2,1,3-chalcogenadiazoles. Because all of the members of this
family should have valence orbitals of similar composition
and energy order, the ionization energies should decrease
as the atomic number of the chalcogen increases and the
trend should be almost linear, as in the cases of the dimethyl
chalcogenides ((CH3)2E, E ) S, Se, Te),62 the pnictabenzenes
(P, As, Sb),63 and the triphenyl derivatives of groups 1464

and 1565 elements. Figure 3 presents the experimentally
determined and calculated ionization potentials as a function
of the first ionization potential of the chalcogen atoms.66

Approximately linear trends are observed for several orbital/
ionization energies and can be quantitatively characterized
by the slope and the correlation coefficient (Table 3). The
linear character of the trends is stronger when the relevant
molecular orbital has a greater contribution from the chal-
cogen and is weaker when the orbital is mostly localized in

(61) Stowasser, R.; Hoffmann, R. J. Am. Chem. Soc. 1999, 121 (14), 3414–
3420.

(62) Chang, F. C.; Young, V. Y.; Prather, J. W.; Cheng, K. L. J. Electron
Spectrosc. Relat. Phenom. 1986, 40 (4), 363–383.

(63) Batich, C.; Heilbronner, E.; Hormung, V.; Ashe III, A. J.; Clark, D. T.;
Cobley, U. T.; Kilcast, D.; Scanlan, I. J. Am. Chem. Soc. 1973, 95,
928–930.

(64) Distefano, G.; Pignataro, S.; Szepes, L.; Borossay, J. J. Organomet.
Chem. 1976, 104 (2), 173–178.

(65) Distefano, G.; Pignataro, S.; Szepes, L.; Borossay, J. J. Organomet.
Chem. 1975, 102, 313–316.

(66) Lide, D. R., CRC Handbook of Chemistry and Physics, Internet Version
87 ed.; Taylor and Francis: Boca Raton, FL, 2007.

Table 2. Koopman’s Theorem Ionization Energies in eV, Calculated
Vertical Ionization Potentials in eV and Corresponding Orbital
Symmetries for 2, 3, and 4

Benzo-2,1,3-thiadiazole (2)

Koopman’s Theorem Energies VIPs

PW91 SAOP BP86 B3LYP PW91 B3LYP

a2 (π) 8.97 9.02 8.96 8.96 9.08 9.32
b1 (π) 9.49 9.45 9.48 9.49 9.53 9.87
b2 (σ) 10.09 10.27 10.09 10.63 10.80 11.55
a1 (σ) 10.64 10.65 10.64 11.17 10.84 11.56
a2 (π) 11.09 11.16 11.08 11.35 11.47 11.92
b1 (π) 11.73 11.73 11.73 12.05 11.84 12.42
a1 (σ) 12.18 12.10 12.09 12.64 13.22
b2 (σ) 12.26 12.18 12.18 12.85
a1 (σ) 12.44 12.40 12.26 13.05

Benzo-2,1,3-selenadiazole (3)

Koopman’s Theorem Energies VIPs

PW91 SAOP BP86 B3LYP PW91 B3LYP
a2 (π) 8.79 8.82 8.79 8.79 8.85 9.10
b1 (π) 9.23 9.15 9.23 9.22 9.32 9.58
b2 (σ) 9.90 10.02 9.90 10.38 10.34 11.04
a1 (σ) 10.23 10.17 10.23 10.69 10.51 11.15
a2 (π) 10.96 10.99 10.96 11.23 11.24 11.70
b1 (π) 11.37 11.33 11.37 11.66 11.43 11.98
a1 (σ) 12.18 12.05 12.18 12.62 12.93
b2 (σ) 12.15 12.04 12.15 12.74
a1 (σ) 12.30 12.26 12.31 12.90

Benzo-2,1,3-telluradiazole (4)

Koopman’s Theorem Energies VIPs

PW91 SAOP BP86 B3LYP PW91 B3LYP
a2 (π) 8.59 8.51 8.59 8.59 8.59 8.84
b1 (π) 8.83 8.61 8.84 8.77 8.86 9.11
b2 (σ) 9.55 9.53 9.56 9.96 9.74 10.36
a1 (σ) 9.66 9.50 9.68 10.05 10.02 10.61
a2 (π) 10.80 10.71 10.80 11.07 10.99 11.45
b1 (π) 11.00 10.88 11.01 11.27 11.01 11.54
a1 (σ) 11.89 11.64 11.89 12.33 12.54
b2 (σ) 11.93 11.71 11.94 12.52
a1 (σ) 12.14 11.99 12.15 12.73

Figure 3. Experimental ionization energies of the benzo-2,1,3-chalcoge-
nadiazoles, 2-4, correlated to the first ionization potential of the respective
chalcogen.
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the benzene rings. This analysis is limited to the first six
ionizations, for which correlations are clearly defined. The
slopes are also useful to confirm the assignments and, in
some instances, they can clarify ambiguous assignments. For
example, on the basis of only the orbital energies calculated
by BP86, PW91, and SAOP, assignment of the third and
fourth ionizations is ambiguous because one of the ioniza-
tions from either the HOMO-2 or the HOMO-4 is not visible.
The slope magnitudes indicate that it is the HOMO-4 that
does not have a distinguishable ionization band in the He I
spectrum. Assignment of the third and fourth ionization to
the HOMO-2 and HOMO-3 agrees with B3LYP orbital
energies within 0.14, 0.08, and 0.14 eV for for 2, 3, and 4,
respectively. The slope magnitude, however, cannot be used
as an absolute criterion to determine the nature of each
molecular orbital. In the present case, the HOMO is nodal
at the chalcogen and the HOMO-1 is essentially a chalcogen
lone-pair, yet the slopes of their corresponding ionizations
are different by 0.2 at most. On the other hand, the slope of
the second ionization is comparable to that of the first
electron removal from pnictabenzenes, a much steeper
slope63 is suggested by the first ionizations of the 1,2,3,5-
dithia- and 1,2,3,5-diselenadiazolyl radicals.67

The shape of the bands, including the vibrational structure
is also indicative of orbital character. The narrow first two
bands are consistent with ionization from π orbitals, for
which the corresponding ionized states undergo very small
geometric changes. The vibrational structure of the first
ionization band (8-10 eV in the case of 2) contains some
information on the nature of the HOMO. The vibrational
wavenumber measured as the distance between maxima in
the vibrational progression is 1350 ( 160 cm-1 (0.02 eV)
for all three compounds 2, 3, and 4. This value must
correspond to an A1 normal mode in a region characteristic
of υCC and υCN stretching vibrations within the carbocycle
and are consistent with removal of an electron from a wave
function that has electron density located over the CdC and
CdN bonds. The calculated normal mode that best fits these

requirements has 1342, 1321, and 1318 cm-1 in 2, 3, and 4,
respectively; experimentally, the Raman spectra displays the
closest bands at 1359 for 2,68 1349 for 3,68 and 1343 cm-1

for 4.24 This interpretation of the vibrational structure is
consistent with the composition of the HOMO and agrees
with the previous report for 2 and 3.31

The combination of VIP energies and slopes within the
homologous series leads to the final assignment for ioniza-
tions observed below 13 eV that is presented in Table 1.
Agreement for PW91 results is within 0.16 eV for all the
ionizations in each of the molecules except for the fourth
ionization of the sulfur and selenium analogues, which differs
by 0.47 and 0.19 eV, respectively. Interestingly, B3LYP gave
larger errors (0.19-0.87 eV). Above 13 eV for each
spectrum, close spacing of orbitals precludes assignments
with this approach.

Reorganization Energy. The solvent-independent changes
of energy associated to the structural relaxation upon
ionization of each molecule were determined in two steps.
The first consisted in fitting the intensities of the vibrational
progression to a Poisson distribution (eq 2). Here, I is the
intensity of the nth vibrational band, and S is a distortion
parameter. The latter parameter was then applied to eq 3,
where h is Planck’s constant and λ the reorganization energy.

In )
S n

n!
e-s (2)

λν )∑
k

Sk hυk (3)

Overlap of the first and second ionizations was taken in
account when modeling the vibrational progression in each
spectrum. From the progression frequencies given above, the
fitted distortion parameters and the corresponding reorganization
energies were: 0.65, 0.11 ( 0.02 eV; 0.80, 0.13 ( 0.02 eV;
and 0.60, 0.10 ( 0.02 eV for 2, 3, and 4, respectively. These
energy values are comparable to those calculated using PW91:
0.08, 0.09, and 0.07 eV for 2, 3, and 4.

The small magnitudes of reorganization energy (c.f. 0.180
( 0.005 eV for 1,10-phenanthroline69 and 0.059 ( 0.004

(67) Cordes, A. W.; Bryan, C. D.; Davis, W. M.; de Laat, R. H.; Glarum,
S. H.; Goddard, J. D.; Haddon, R. C.; Hicks, R. G.; Kennepohl, D. K.;
Oakley, R. T.; Scott, S. R.; Westwood, N. P. C. J. Am. Chem. Soc.
1993, 115, 7232–7239.

(68) Korobkov, V. S.; Sechkarev, A. V.; Zubanova, L. P.; Dvorovenko,
N. I. IzVestiya Vuz. Fizika 1968, 11 (4), 158–160.

Table 3. Slopes (m) and Correlation Coefficients (R2) for Ionization Energies of 2, 3, and 4 with Atomic First Ionization Energies of Sulfur, Selenium,
and Tellurium

PES Ionization Band 1 2 3 4 5 6

m 0.30 0.46 0.64 0.86 0.68 0.40
R2 1.00 1.00 1.00 1.00 0.98 0.88

Koopmans Theorem Orbital HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4 HOMO-5 HOMO-6
PW91 m 0.29 0.50 0.41 0.75 0.22 0.56 0.22

R2 1.00 0.99 0.98 1.00 1.00 1.00 0.85
BP86 m 0.28 0.49 0.41 0.74 0.21 0.55 0.16

R2 1.00 0.99 0.98 1.00 1.00 1.00 0.57
SAOP m 0.39 0.65 0.59 0.85 0.34 0.65 0.36

R2 0.99 0.99 0.98 1.00 0.99 1.00 0.88
B3LYP m 0.28 0.55 0.51 0.86 0.22 0.60 0.24

R2 1.00 0.99 0.99 1.00 1.00 1.00 0.81
VIP Ionization 1 2 3 4 5 6
PW91 m 0.37 0.51 0.81 0.62 0.36 0.64

R2 1.00 0.97 1.00 1.00 1.00 1.00
B3LYP m 0.37 0.59 0.90 0.72 0.35 0.67

R2 1.00 0.99 1.00 1.00 1.00 1.00
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eV for pentacene70) together with the tendency of these
molecules to form extended supramolecular structures23,24

invite further investigations of the charge-transport properties
of materials based on chalcogenadiazole heterocycles.

Conclusions

The investigation of the photoelectron spectra of the benzo-
2,1,3-chalcogenadiazole homologous series - including the
sulfur, selenium, and tellurium derivatives - showed that
both GGA and hybrid DFT calculations can successfully be
applied in their interpretation. Although preliminary assign-
ments can be conducted using a single point B3LYP
calculation, a more-reliable identification of orbitals requires
actual calculation of vertical ionization potentials and a study
of the correlations of orbital energies with the first ionization
potential of the chalcogen atoms.
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