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The first fully heterocyclic circulene very recently isolated, C;sSg, was studied by means of high accurate
methods, allowing reliable predictions and interpretations of the structural and electronic properties of organic
molecules bearing sulfur and selenium atoms. The changes induced by the oxidation process and the S/Se
substitution on some of its properties and the infrared (IR) spectra were analyzed, allowing a comprehen-
sive assignment of the bands observed in the case of C;6Ss. The results confirmed the planarity and a large
surface area of C;4Sg, which remain in C;6S5,Se4 and Cj¢Se, derivatives, favoring their use for H, adsorption.
The molecules were shown to have a strong aromatic character, while the IR spectrum of C¢Sg was elucidated,
toward its possible application for a better understanding of the new class of materials; the IR signal associated
to the asymmetric stretching of the C=C bonds can be used as a structural signature to identify the neutral
from the radical forms whose structural planarity was found to resist against the oxidation process. Some of
the electronic and physical properties characterizing good electron-donating (ED) and charge-transporting
(CT) capacity such as the frontier molecular orbital energies (Enomo, ELumo), the ionization potential (IP),
and the reorganization energy (Ay/A. for hole/electron) were calculated and the influence of the cyclic structure
of C14Sg on them discussed. C6Sg, C1654Sey, and C¢Se, were found to display a comparable/much lower 1y,
and higher IP and Epyyo than those for some of the already well-known field-effect transistors (FET) materials
such as pentacene, anthracene, and DT-TTF; further investigation for this issue is strongly recommended.

1. Introduction

Organosulfur compounds display important electronic proper-
ties.! Thus, molecules like tetrathiafulvalenes and s7-conjugated
oligothiophenes are extensively used in light-emitting devices,>
thin-film transistors,> and other applications.4 Indeed, since the
discovery of the first organic metal tetrathiafulvalene-7,7',8,8'-
tetracyanoquinodimethane (TTF-TCNQ) over 30 years ago,’
tetrathiafulvalene (TTF) and its derivatives have been success-
fully used as building blocks for charge transfer salts, giving
rise to a multitude of organic conductors and superconductors,
as well as for the preparation of a wide range of molecular
materials.® In the research field of organic field-effect transistors
(OFETs),’ thiophene oligomers® and acene molecules’ have been
extensively studied for over 20 years. With eight thiophene rings,
octathio[8]circulene (C;¢Sg) can be considered as a thiophene
oligomer with a special cyclic structure, which differentiates it
from the commonly studied thiophene oligomers. Popularly
called sulflower, the molecule was the first fully heterocyclic
circulene very recently synthesized and studied by Chernichenko
et al.'” The extremely close packing of the molecules in the
solid state suggests strong intermolecular interaction both within
layers and between adjacent layers.!” Such interactions should
be favorable for its future use as an electron donor in materials
science applications. C;sSg was then considered as the first
representative of a novel class of heterocyclic circulenes
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displaying a high structural stability, illustrating a possible
development of an efficient synthetic methodology, which
should be applicable to the new families of Se-, Te-, N-, and
P-containing heterocyclic circulenes, with the success in the
preparation of a mixed thiophene—selenophene circulene
(C16S4Sey) being announced already.

Since the synthesis of C;4Sg, only one year ago, a theoretical
investigation has been reported, showing that because of its
planar structure, the molecule can adsorb up to 10 hydrogen
molecules.!! The favorable mode of interaction was found to
occur along the centers of mass of the alternate thiophene ring
and the H, molecule, oriented vertically above and below, at a
distance of 3.2 A.!' The nature of interactions between the
molecule and the hydrogen molecules is physical adsorption,
and the moderate binding energy for this material suggested
that potential hydrogen-storage devices can be constructed by
using this molecule.® Currently, nothing is known for C¢S,Se,,
and even for C,Sg, many of its properties are still unknown.

Electron Spin Resonance (ESR) investigations revealed the
presence of a paramagnetic species that displays a broad singlet
in the ESR spectrum (g factor: 2.008), ' which most likely
corresponds to the radical cation of C¢Ss. If this is the case,
redox properties can be reasonably obtained from the molecule.
For example, TTF undergoes a two-step, fully reversible
oxidation, leading successively to the radical cation and the
dication for well-separated, low values of the applied potential.
On the basis of this property, many derivatives have been
synthesized, and turned to become versatile building blocks,
finding widespread use in the design of novel materials and
supramolecular structures such as cation sensors, liquid crystals,
molecular electronic switches and shuttles, and redox poly-
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mers.'>71% It becomes thus interesting to know more about the
cationic form, for which no other result has been reported so
far. To obtain a better understanding of the redox properties of
Ci6Ss derivatives and related compounds, it is of prime
importance to elucidate the relationship between the structural
properties and the electrochemical behavior of their oxidation
products.

In this study, one of our main aims was to evaluate the
electron-donating (ED) strength and charge-transport (CT)
performance of C;¢Sg and some of its plate-like derivatives,
including the thiophene—selenophene circulene (C6S4Ses)
whose synthesis was announced,!' compared to some of the
well-known ED and CT materials. For a good understanding
of the influence of the cyclic structure, the linear homologue of
C6Ss, the octathienoacene (8T) having the same number of
thiophene rings is considered. Second, we tried to investigate
the oxidation products, a special emphasis being given to the
radical C¢Sg* which, although not yet well characterized, was
anyway identified experimentally. Finally, to provide some
useful data for experimentalists in the development and a good
understanding of the new class of materials, infrared spectra
are discussed and a useful link to their use in the characterization
of these compounds established. In this way, we intend to give
our contribution to a good understanding and development of
this new family of compounds whose many properties and
characterization are still lacking.

2. Computational Strategy and Details

All the calculations were carried out within the density
functional theory (DFT) approach, using the BO3 revision of
the GAUSSIAN 03 program package.'” The atomic orbitals
contributions to the molecular orbitals are analyzed by using
the VModes 7.1 program.'® Three functionals including the
PBEI1PBE (also called PBE0),"” B3LYP,* and B3P86%' were
used with the 6-31G(d,p)* basis set. Both the PBEO and B3P86
functionals are recognized to provide reliable predictions and
interpretations of the molecular geometries, electronic proper-
ties,”> and vibrational frequencies for sulfur and selenium
compounds in good agreement with experimental data for
organic molecules bearing sulfur and selenium atoms.>* The
radical cations and anions were treated as open-shell systems
and were computed by using spin-unrestricted DFT wave
functions (UB3P86 and UPBEQ). The calculated harmonic
vibrational frequencies were scaled down uniformly by a factor
of 0.96, as suggested by Scott and Radom.? For the sake of
comparison, already well-known charge transport materials (like
pentacene®® and dithiophene—tetrathiafulvalene (DT-TTF)?’)
were considered. In a first step, the geometry optimization was
performed for both the neutral and ionic forms, using PBE0O/
6-31G(d,p). The ions were treated as open-shell systems, using
the spin-unrestricted (UPBEO) approach. The reorganization
energy Arore (An/Ae for hole/electron) corresponds to the sum of
geometry relaxation energies upon going from the neutral state
geometry to the charged state geometry and vice versa. The
geometry relaxation energies upon vertical transition from the
neutral state to a charged state and vice versa (A{] and A2
are given by eqs 1 and 2.

A0 =ED M) — E°(M) (1)

rel
E°(MY) )

22 = FV) -
Here, E°(M) and E°(M*/~") are the ground state energy of the
neutral state and the energy of the considered cation/anion state,
respectively, EX)(M) is the energy of the neutral molecule at
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TABLE 1: B3P86/6-31G** Optimized Bond Lengths (in A)
for C;6Ss, C1654Se4, and Cy6Ses (See Labels in Scheme 1)

Ci65s Ci6545e4 CisSes
bond calcd” exptl’ thio® seleno? seleno?
a 1.418 1.417 1.429 1.431 1.442
b 1.378 1.383 1.383 1.383 1.386
¢ 1.755 1.765 1.737 1.870 1.853
d 1.755 1.761 1.737 1.870 1.853
SA° 41.8 42.9 44.8

@ Calculated. ” Averaged experimental values based on the X-ray
structure taken from CCDC No. 699788 (§ee ref 10). “ Thiophene
ring. ¢ Selenophene ring. ¢ Surface area (in A?).

the optimal cation/anion geometry, and E(V(M*/~) is the energy
of the cation/anion state at the optimal geometry of the neutral
molecule. A very good agreement was obtained with the
(U)PBE0/6—31G(d,p). It has been shown? that the DFT
estimates of the reorganization energy depend significantly on
the amount of “exact” Hartree—Fock exchange included in the
hybrid functionals. Among the standard functionals, B3LYP
provides the best description of relaxation processes in oli-
goacenes. Recently, the same functional was successfully used
to calculate the charge transport parameters for thiophene
oligomers.” For these reasons, B3LYP/6-31G** single point
calculations were performed and all the parameters necessary
for the calculation of A, recomputed.

3. Results and Discussion

3.1. Molecular Features. The discovery of C;4Sg being no
more than one year old, theoretical investigations on it are still
rare from the literature. However, the two reported works about
it are consistent with a planar or nearly planar structure. In our
calculation both the C, and Dg, symmetries were considered.
Both the B3P86 and PBEO results are consistent with the
planarity of the C;¢Sg, and its preservation through the S/Se
substitution. Comparing the C; to the Dg, geometries, very
negligible differences were detected in the optimized parameters
of both C¢Sg and C,¢Seg, demonstrating the anticipated high
symmetry of C;¢Sg.'®'! In comparison with the crystal struc-
ture,'” a relatively significant difference was detected in the
dihedral angles involving the S atom. We ascribe this to the
solid-state effects, which are not taken into account in this study.
From the bond lengths and angles viewpoint, however, an
excellent agreement is observed (Table 1), implying that no
profound alteration is induced by the solid state effect on the
single molecule geometry. Apart from its very appealing
chemical structure, C¢Sg has a very large surface area, and
coupled with its planar structure that ensures equal activity on
either surface, it should be capable of adsorbing small molecules
such as H,. The surface area is even more enlarged by the S/Se
substitution and thus was found in the increasing order C;sSg
(~41 A% < Ci6S4Ses (~43 A2) < C6Seg (~45 A?). Also, as
Ci6Ss, CieSes, and CS4Se, should be capable of absorbing small
molecules, the planar structure, as a consequence of the presence
of the S/Se atoms in C¢Seg and C¢S4Sey, should ensure similar
activity of both the top and bottom surfaces of the rings.

In comparison with the neutral species, no significant geo-
metrical changes are detected in the mono- and dicationic
species. Indeed, both of the two positively charged forms are
found to preserve the planar or nearly planar geometries with
at most 0.018 A and less than 2° of changes in bond lengths
and angles. In the anionic species, however, the magnitude of
the structural change depends on both the degree of S/Se
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SCHEME 1: Chemical Structures of the Molecules
Studied

substitution and the charge. In C;4Sg, the anion shows a twist
angle (0) of ~10°, which is decreased to ~5.3° in C;6S4Sey,
and ~0.0° in CeSes, i.e., O decreases in the order C;4Sg~ >
C1654Se,~ > CyeSeg . Figure 1 compares the oxidation and
reduction products to the neutral C;6Ss.

By turning back to the geometric relaxation upon oxidation
or reduction of an isolated C;¢Sg, the C—C and C=C bonds
undergo geometric changes to a greater extent in the cationic
state than in the anionic state; the bond relaxations occur over
the entire molecule and are more pronounced in rings 3, 4, 5,
and 6. In Figure 2, we summarize the calculated variations in
bond lengths for the different oxidation states of C;¢Ss (upon
the redox process). For the C—S bond, the geometric relaxations
are more pronounced in 3, 5, 7, and 9 and occur predominantly
upon oxidation (as we will see below in section 3.3, the wave
functions of the highest occupied molecular orbital (HOMO)
have nodes on the sulfur atoms); the weak geometric changes
in the cationic state are localized on the rings 2, 4, 6, and 8.
Interestingly, a careful analysis of the structural changes as
summarized in Figure 2 reveals a symmetry break from the Dy,
to C,, upon oxidation and to C4, upon reduction. The same
conclusion about symmetry can also be drawn from the Mulliken
charge analysis as shown in Figure 3.

As an indicator of aromaticity, which is a useful criterion to
judge the nature of a given heterocycle, the Nuclear Independent
Chemical Shift (NICS)***! values at the ring centers were
calculated. To reveal the individual effect of the cyclic special
structure and the S atoms, and for a good understanding of the
structural aspect, a linear oligomer, the 8T having the same
number of thiophene rings, and the organic homologue (C,4H¢)
of Cy¢Ss were considered. From the results plotted in Figure 4,
it becomes clear that C,4H;¢ is of nonaromatic character (ca. 0
< NICS < 2.5), while C;Sg (ca. —9.7, except for the eight-
membered ring) are of aromatic character. From the same
results, it can be found that the S/Se substitution (see C;4S4Sey4
and C;¢Seg) only slightly weakens the aromaticity. The eight-
membered ring is found to be nonaromatic in C,4Hs, whose
NICS value is between 0.2 and 0.3, with an antiaromatic
tendency in Ci6Sg, C1654Sey, and CieSes, with NICS values
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Figure 1. B3P86/6-31G(d,p) minimum energy conformations predicted
for (a) Ci6Ss™, (b) C16Ss, and (c) C6Ss™
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Figure 2. Calculated (a) C—C and (b) C—S bond length variations
isolated for different oxidation states. Closed and opened symbols are
used for oxidation and reduction, respectively (see Scheme 1 for
definition of the parameters).

Neutral

Cation

Figure 3. Mulliken (net) atomic charges (in e™) calculated for C;Sg
(Dg1), Ci6Sg" (nearly C,y), and Ci6Ss~ (nearly C,,) at the B3P86/6-
31G** level.

between 5 and 5.7. In comparison with 8T, the five-membered
ring in C;¢Sg appears to be more aromatic except for the
peripheral rings. From the computed NICS values, the thiophene
rings within C;¢Sg display a strong aromatic character, which
remains even upon reduction, but altered upon oxidation. The
eight-membered ring displays an antiaromatic character in the
neutral form, which is even more reinforced in the anionic
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Figure 4. Computed NICS values of C;4Sg, Co4Hi6, Ci6S4Se4, Ci6Ses,
and 8T (labeled as i—wv respectively; see Scheme 1 for the labels of
the rings).

species (NICS values not shown), while nonaromatic in the
cationic forms. It was observed that the S/Se substitution slightly
weakens the aromatic and antiaromatic character without any
perturbation in the trend described above. Both the B3P86 and
PBEO are consistent with this feature. This result is found to
be in agreement with a previous report (based on various
criteria),?? according to which selenophene was found to be less
aromatic than thiophene. More details about the explanations
(one of the explanations is relative to the fact that, compared
to sulfur, selenium heteroatoms have a destabilizing effect,
owing to the larger covalent radius, hence diminished p-orbital
overlap, and higher propensity toward oxidation) can be found
in the work by Alexandru and co-workers.*? From the structural
viewpoint, one of the direct consequences of the S/Se substitu-
tion is the longer C—Se than C—S bond, reinforcing the planarity
and thus the surface area of the molecule stated in the fist
paragraph of this section. In addition, the substitution preserves
the resistance of the planarity of the molecular structure upon
the redox process (6 increases in the order Ci¢Sg~ > C6S4Ses™
> CieSeg ).

3.2. Electronic Structure. From the frontier molecular
orbitals (FMO) viewpoint, the general trend is that the HOMO
(in Cy6Ss, C16S4Sey, and CeSeg) is predominantly composed of
delocalized p, atomic orbitals which are symmetric along the
nodal plane, and this along with the planarity and highly
symmetric molecular structure is also suggestive of aromaticity,
which was also evidenced by the NICS values (ca. —9.7) in
thiophene rings. For a good understanding of the influence of
the cyclic structure on the electronic structure, we calculated
and compared the molecular orbital contributions from sulfur
and non-sulfur atoms to the FMOs for 8T and C4Sg As shown
from the results listed in Table 2 and Figure 5 (only for C;4Sg),
the S atoms contribute more in the HOMO of CiSg (~46%)
than that of 8T (only ~3%). Both B3P86/6-31(d,p) and PBE(O/
6-31(d,p) results reveal that the sulfur atoms only contribute
for less than 3% to the HOMO in 8T, while contributing for
~46% to the HOMO in C,4Sg. For the LUMO, however, 37%
and 31% of contributions from the sulfur atoms are revealed
for Cy4Sg and 8T, respectively. In general, the HOMO-1 appears
to be mainly made up of sulfur atomic orbitals for 8T, while in
C6Ss, only ~8% of a difference in contributions is detected
between sulfur and non-sulfur atoms. In reverse, the LUMO++1
of 8T is mainly composed of atomic orbitals from the non-
sulfur atoms, a relatively small difference (14%) in contributions
for sulfur and non-sulfur atoms being detected in C;Sg. These
features suggest a significant difference in electronic properties
between the two thiophene oligomers, implying that the special
cyclic structure of C;¢Sg induces a significant influence from
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TABLE 2: Molecular Orbital Contributions (%) from
Sulfur (S) and Non-Sulfur (NS) Atoms to the 6 Frontier
Molecular Orbitals (FMO) in C4Sg and Its Linear
Homologue (8T)

Ci6Ss 8T

PBEO B3P86 PBEO B3P86
FMO* NS S NS S NS S NS N
L+2 67.7 323 677 323 57.0 43.0 574 426
L+1 572 428 569 43.1 739 26.1 739 26.1
LUMO 627 373 626 374 688 312 688 312
HOMO 539 46.1 541 459 973 270 972 2.80
H-1 539 46.1 54.1 459 18.8 81.2 18.8 81.2
H-2 4377 563 438 562 695 305 733 267

“H = HOMO and L = LUMO.

(b)

Figure 5. B3P86/6-31G(d,p) isodensity plots of HOMO and LUMO
for (a) C]ﬁSg and (b) C1654SC4.

TABLE 3: The FMO Energies Egono and Epyyo (€V) and
Ionization Potential (IP in eV) at Different Levels of Theory

B3P86/6-31G(d,p) PBE0/6-31G(d,p)

molecule Exomo  Erumo P Enomo  Erumo P
Ci6Sg —-6.40 —1.68 7.67 —6.02 —094 7.17
C16S4Sey —-6.19 —1.65 743 —580 —091 6.92
Ci6Seg —-6.02 —166 723 =561 —093 6.71
8T =576 —250 682 —536 —178 6.29
TTF** —5.19 6.74 —4.67 —0.75 6.16
TTM-TTF*  —5.57 6.65
tetracene —554 =276 695 —5.10 —203 6.38
pentacene —528 —3.08 657 —483 —203 599
DT-TTF =552 —-179 669 —510 —1.01 6.33

@ From ref 23a. ” From ref 24.

the electronic structure viewpoint. One of the implications to
this may be the relatively big difference in the Eyomo, and thus
the ionization potential (IP). In addition, as we know the changes
induced by oxidation on the molecular geometry of C;¢Sg are
easily understood by looking at the atomic orbital composition
of the HOMO (Figure 5), which displays sz-bonding interactions
for the C=C bonds (except for two) and s-antibonding
interactions for the C—S bonds. Thus, when electrons are re-
moved from C;Sg, the m-bonding bonds lengthen and the
m-antibonding bonds shorten. Since S atoms do not contribute
to the HOMO in 8T, C—S bonds are expected to behave
differently from those in C;¢Sg upon the redox process, resulting
in a different contribution to the relaxation energy and to the
reorganization energy.

From the FMO energies viewpoint (see Table 3), the results
are consistent with the decrease of the Epomo through the
substitution of S by Se in the increasing order of C;cSg <
C1654Se, < Ci6Ses, whereas the Ej ymo decreases slightly in the
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order C16S4Se4 > C|6Seg > CIGS8~ GOiIlg from sulfur to
selenium, the energy of the p-orbitals increases, and conse-
quently the HOMO (with a large amount of contribution of
p-orbitals from S or/and Se) energies are increased, explaining
the difference we observed in HOMO energy among C,¢Sg
(—6.40eV), C1654Se4 (—6.19 eV), and C¢Seg (—6.02 eV). Note
that the change in the Egyo is greater for the Eyomo than the
Ejumo values, The ionization potentials (IP) calculations based
on the energy differences indicate that 8T is more easily
oxidized than C¢Sg, C6S4Se4, and C;4Sg; and C;¢Seg is more
easily oxidized than C;6S4Ses. A first theoretical approach to
the energy required to extract an electron, i.e., to the ionization
energy, can be obtained from the energy of the HOMO
(Koopmans’ theorem****). Since oxidation implies the extraction
of an electron from the HOMO, more positive oxidation
potentials are therefore to be expected for compounds with lower
energy HOMOs. At the B3P86/6-31G** level, the HOMO of
8T (—5.76 eV) is calculated at 0.64, 0.43, and 0.26 eV above
the HOMOs of C;Ss, C1654Sey, and Cj¢Seg, thus supporting
the increasing order in the IP values of 8T < C,cSes < C16S4Seq
< Cy6Ss, with the later being the least easily oxidized. Compared
to the already well-known ED (such as TTF and TTM-TTF)
and FET (such as pentacene, tetracene, and DT-TTF) com-
pounds, C,6Ss and its homologues are still less easily oxidized.
To our knowledge, no experimental data are available in the
literature for the ionization energy for any of these compounds.

3.3. Charge Transport Parameters. To obtain high electron
mobility, organic semiconductors should have proper Ejymo
energy levels near the work function of electrodes.* To enhance
the stability and obtain high hole mobilities in the thin films,
fused aromatic rings or electron-deficient nitrogen heterocycles
were introduced into the TTF skeleton,*® to weaken the ED
strength which makes the thin films labile to oxygen, resulting
in poor FET performance.?” From the results shown in Table 3,
both sets of results (B3P86 and PBEQ) are consistent with the
fact that C;6Ss, C16S4Se4, and Cy¢Seg fulfill the two requirements,
compared to the materials taken as reference (also listed in this
table). Indeed, one may find that the highest IP values
(7.23—7.67 eV with B3P86, and 6.71—7.17 eV with PBEO) and
the deepest HOMO (between —6.40 and — 6.02 eV with B3P86,
—5.61 and —6.02 eV with PBEO) in energy correspond to them.
This suggests a weaker ED strength compared to DT-TTF,
pentacene, tetracene, TTF, and tetramethylthiofulvalene (TTM-
TTF). Also, the results show a lifted LUMO in energy (—1.66
4 0.02 eV with B3P86, and 0.99 4+ 0.02 with PBEO) by up to
1.1 eV in the case of tetracene and pentacene. Assuming that
CT can favor the FET use, these properties may allow improved
performance.

To explain the high mobility of pentacene®® and dithiophene—
tetrathiafulvalene (DT-TTF)* transistors, previous studies have
focused on the reorganization energy (Aror,) Of the isolated
molecules. A good agreement was found between our B3LYP
An values (0.092 4+ 0.002 eV and 0.241 + 0.002 eV for
pentacene and DT-TTF, respectively), as shown in Table 4, and
previously reported A, values (i.e., 0.098 eV?%* and 0.238
eV, ¥4 respectively). Since the crystal packing of C¢Ss!? seems
to be similar to those of DT-TTF*’ and pentacene, Areor, €stimates
can yield valuable predictions in the case of the compounds
under study. With the reference of the A;, for some of the well-
studied hole-transport materials, this property was calculated
by using the same methods for the molecules of interest, and a
comparison was made. The results are summarized in Table 4.
As shown, the B3LYP (PBEO) results provide A, values of 0.120
(0.133) eV for C;cSs, 0.114 (0.138) eV for Cy6S4Ses, 0.109
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TABLE 4: Calculated Intramolecular Reorganization
Energies (eV) for Hole (4;) and Electron (4.) in CySs,
C1654Sey, and C44Ss (for Comparison, 4;, Values for 8T,
Tetracene, Pentacene, and DT-TTF Are Listed)

ﬂ.h A-e

molecule PBEO B3P86 B3LYP*  B3LYP’  B3P86 B3LYP’
Ci6Ss 0.133 0.125 0.120 0.126 0.420  0.399
Ci6S45es  0.138 0.119 0.114 0.113 0.172  0.169
CisSes 0.118 0.117 0.109 0.106

8T 0.275 0.257 0269 0.261 0.213  0.216

tetracene 0.118 0.100 0.115 0.112
pantacene 0.085 0.077  0.094 0.091 (0.098)°
DT-TTF 0.253 0241 0243 0.242(0.238)¢

“PBE0/6-31G(d,p) geometries. ” B3P86/6-31G(d,p) geometries.
¢ Theoretical value from refs 26 and 38. ¢ Theoretical value from
refs 39 and 40.

(0.118) eV for Cy¢Ses, and 0.269 (0.275) eV for 8T. For C;4Ss,
C16S4Sey, CiSeg, and 8T, these results predict a much lower Ay,
than that of DT-TTF (0.254/0.243 eV), and only slightly higher
in comparison with that of pentacene (0.094/0.085 eV), implying
a potential application of Cy4Sg, C16S4Seg, and CjSeg as charge-
transport materials. The consistency between B3P86- and
B3LYP-based results suggests a certain reliability of the results
reported herein, while for CsS;Sey, A is greater than A;, in
agreement with the trend recently reported by Kim Eung-Gun
et al. for a series of thienoacenes,” A. is smaller than A, for
C6Ss and C;6S4Sey. Accordingly, we suggested further inves-
tigation on the OFET use of Ci¢Sg and its S/Se substituted
derivatives.

3.4. Infrared Spectra. Infrared spectroscopy is a technique
that allows the pinpointing of the structural properties in a
molecule, which was demonstrated to return a vibrational
spectroscopic signature for all the species appearing during
the redox process in the cases of TTF and TTM-TTF.**
Analyzing the IR spectra of these two compounds, DFT
calculations of the frequency and structural changes induced
by redox process were shown to be of important use in the
understanding of corresponding properties.?* The vibrational
spectrum has been intensively and successively used in
numerous investigations on oligothienoacenes,*' oligoth-
iophenes,”? and thiophene- and selenophene-based het-
eroacenes.* In our studied cases, the IR spectra calculated
for neutral and cationic species in the 400—1600 cm™! range
are displayed in Figures 6 and 8. For the sake of comparison,
the spectrum of the neutral C;4Sg in the frequency range of
1000—1600 cm™! is displayed separately in Figure 8a because
of the relative low intensity of the peaks calculated compared
to those of the cationic species (Figure 8b). The neutral C¢Sg
presents three peaks at 1408, 947, and 492 cm™! with
calculated intensities (/) of 24, 87, and 24 and a very small
peak at 1099 cm™! (/ = 1). The peak at 1408 cm™!
corresponds to the vibration mode shown in Figure 7d, which
describes the symmetric stretching of the C=C double bonds.
The peaks at 946 and 492 cm™! correspond to the experi-
mentally observed intense ones at 947 and 499 cm™!,
respectively,!® characterizing the C—S bonds. As one may
find, the agreement between these and the predicted values
is excellent.

The neutral C¢Seg displays three intense peaks at 1353, 887,
and 494 cm™! which were assigned similarly to previous ones,
in the case of C;6Sg. A careful analysis shows that, compared
to C6Ss, the peaks in Ci¢Seg correspond to a downshift of ~55
and 59 cm™! of the first two in the former. In the neutral
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Figure 6. B3P86/6-31G(d,p) IR spectra of the neutral molecules: green,
black, and red are used for C;sSes, C16S4Ses, and Ci¢Sg, respectively.

(b)

Figure 7. B3P86/6-31G** eigenvectors associated to the normal modes
calculated at 492, 947, 1099, and 1408 cm™! for neutral C,;¢Sg.

C16S4Sey, the same situation is observed. The most intense three
peaks (1382, 928, and 493 cm™!) are predicted at wavenumber
values between those for CisSg and Ci¢Ses.

Since the radical cation of C;Sg (C16Ss™) was experimentally
detected, IR spectra analysis will concentrate on the cationic
species. Here, we describe the influence of the redox process
on the IR spectrum of the neutral form. In Figure 8b, we plot
the IR spectra of C;4Sg™ and CsSg*>" in the frequency range of
1000—1700 cm™!. This range was chosen since most of the
interesting changes in the IR spectrum upon reduction were
found in it. As one may find, more peaks appear in this range
compared to the neutral form. For C;sSg*, the most intense peak
corresponds to a double peak calculated at 1401 (I = 2268 km
mol™") and 1423 cm™' (/ = 1207 km mol™') corresponding to
asymmetric stretching of four of the eight C=C bonds. The peak
at 1397 cm™! originates in a set of asymmetric stretching of
the other four bonds. The double peak at 1566 and 1584 cm™!
(I = 228 and 288, respectively) corresponds to the sets of
vibrational modes associated to the C—C bending. The double
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Figure 8. B3P86/6-31G(d,p) IR spectra for (a) the neutral C;4Sg and
(b) C16Ss™ and C4Ss>" in the range of frequencies 1000—1600 cm™.

peak at 1092 and 1095 cm™' (I = 63 and 186, respectively)
corresponds to the sets of vibrational modes associated to C=C
bending. Another doublepeak (not shown in the figure)
appears at 918 and 928 c¢cm™!, which corresponds to the
vibrational modes associated to the C—S bendings (wagging
+ rocking). The other double peak was calculated at 733
(and 735) cm™!, which was assigned to the vibrational mode
associated to asymmetric C=C stretching. Finally, in the same
range, two peaks at 612 and 499 cm™! were both being
assigned to the C—S bending (out-of-plane and in-plane,
respectively).

The calculated IR spectrum for C6Sg*" shows nearly the same
trend as the one discussed for the radical C;sSg". The most
intense double peak due to the asymmetric vc—c shifts down
by ~25 cm™! to 1297 cm™! and 1277 and cm™' in comparison
to 1323 and 1301 cm™! predicted in the case of Ci¢Sgt. In
comparison with the neutral C;sSg (ve—c = 1408 cm™!), this
corresponds to a downshift of 101 and 131 cm™, a dramatic
difference in intensity being also observed (see Figure 8 for
details). The frequency downshift is due to the lengthening of
the C=C bonds directly involved in the vibration (see Figure
2). The intensity increase is due to the electrical dipole moment
induced by the asymmetric vibrational motion. The magnitude
of the induced dipole strongly depends on the net charges
supported by the vibrating atoms and is expected to increase
with the oxidation state due to the increase in the atomic charges.

As a summary, theoretical calculations predict very low-
intensity vibrations for neutral C;sSg compared with those
obtained for the cation and the dication. The peak observed at
724 cm™! was not found in our predictions and may be due to
the experimental medium not being taken into account in the
present investigation. However, all the others are predicted in
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excellent accuracy, which gives credit to the computational
approach. The vibrational band associated to the asymmetric
stretching of the C=C bonds of C;¢Sg was shown to undergo a
frequency downshift with oxidation. The corresponding bands
can be used as a signature of the oxidation state of C;sSg and
their high intensities may allow experimentalists to follow the
oxidation process.

4. Concluding Remarks

The first fully heterocyclic circulene very recently isolated,
C16Sg, was studied by means of quantum chemical methods
based on DFT-B3P86 and PBEO, allowing reliable predictions
and interpretations of the structural and electronic properties
of organic molecules bearing sulfur and selenium atoms. The
changes induced by the oxidation process and the S/Se
substitution on some properties and IR spectra were analyzed,
allowing a comprehensive assignment of the bands observed
in the case of C;¢Sg. The results confirmed the planarity and
a large surface area of C;4Ss, which remain in C;4S4Se4 and
Ci6Se4, favoring their use for H, adsorption. The molecules
were shown to have a strong aromatic character and the IR
spectrum of C4Sg elucidated toward a possible application
for a better understanding of the new class of materials; the
IR signal associated to the asymmetric stretching of the C=C
bonds can be used as a structural signature to identify the
neutral from of the radical forms whose structural planarity
was found to resist the oxidation process. Some of the
electronic and physical properties characterizing good ED
and CT capacity such as frontier molecular orbital energies
(Enomo, Erumo), the IP, and the A/, (for hole/electron) were
calculated and the influence of the cyclic geometry of C¢Ss
on them discussed. C;¢Ss, C1654Se4, and C¢Se, were found
to display a comparable/much lower A; and higher IP and
E;uymo than those for some of the already well-known FET
materials such as pentacene, anthracene, and DT-TTF; further
investigation for this issue is thus strongly recommended.
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