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selenanthrene radical cations: long range multicenter
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The bonding mechanism of charged stacks of thianthrene and selenanthrene radical cations is studied

using quantum-chemical methods. The investigation of the nature of the electronic ground state and
the electronic structure via gas-phase multireference calculations brings insight into the interactions of
such dimers and trimers as found in molecular crystals. Since thianthrene and selenanthrene are the
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dibenzo-homologues of dithiin and diselenin, the latter are taken as model systems to study the
influence of the ring systems. For all investigated systems, the singlet state is the ground state.
Multicenter bonds are formed between the singular occupied orbitals of the radicals. All dimers are

found to be metastable. The thianthrene trimers, which are experimentally found in molecular crystals

www.rsc.org/pccp

1 Introduction

Organic semiconducting materials are in the focus of intensive
research due to their electronic properties, mechanic flexibility
and the vast possibilities for chemical modifications." Applica-
tions in electronic and optoelectronic devices are organic light-
emitting diodes,” field-effect transistors®* and solar cells.” If
such systems feature unpaired electrons in ground or electro-
nically excited states, they have the potential for high and
complex reactivity and the emergence of magnetic properties.
Such spin centers in semiconductors made up of organic
radical cations may lead to materials exhibiting magnetic
properties besides the conductivity and find applications in
spintronics.® If the organic radicals are of planar shape, stacked
arrangements of these cations can occur, thus leading to
interactions of these spin centers. Understanding the inter-
actions of these spin centers is crucial for the design of novel
multi-functional materials.”®

The reaction of thianthrene (TA) with the thianthrene radical
cation (TA™) has been known for over a hundred years.”™** The
reversible formation of TA radical dimers was confirmed by in situ
ESR/UV-Vis-NIR spectroelectrochemical experiments.”> While
selenanthrene (SeA) is generally less explored than thianthrene,
it is known that it undergoes a one-electron oxidation to form
the radical cation and a second oxidation step to form the
dication."*"
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53115 Bonn, Germany. E-mail: mpei@thch.unibonn.de; Tel: +49 228 733834
b mstitute for Inorganic Chemistry, University of Bonn, Bonn, Germany
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are also stable in the gas phase, while the analogue selenanthrene trimers are not.

In a previous study we reported the synthesis of TA[PF6] that
features TA™ dimers in local C,y, point group symmetry, slightly
distorted from perfect D,;, symmetry. Periodic calculations of the
relative stability in the singlet and triplet state gave contradicting
results, depending on the method. While the Hartree-Fock
method predicts the triplet state to be more stable by 0.4 eV,
the PBE functional®® favors the singlet state by 1.0 eV and the
hybrid approaches PBE0'” and PW1PW'® predicted the singlet
state to be 0.7 eV more stable than the triplet state.

Rosokha et al. synthesized [TA;**]-2(C;3H3¢B1;) -4CH,Cl,
where the TA radicals form a crossed triple-decker dication."®
In a recent publication we reported on the reactions of TA and
SeA with AICIl;. The solvent-free reaction of TA with AICI;
yielded TA;[AL,Cl;], which features parallel stacked trimers
of TA.?° The corresponding reaction of selenanthrene (SeA)
yielded [Al(SeA);][AL,Cl;];, where the tris-chelate complex ion
[Al(SeA);]** with SeA acting as a bidentate ligand and both Se
atoms binding to the octahedrally coordinated AI** ion was
formed. No SeA-trimers were found. With SO, as solvent, both
TA and SeA give radical salts (TA),[AICl,], and (SeA),[AICl,],,
respectively. Both systems consist of dimers of TA" (SeA")
radical ions, which are bound by weak intermolecular forces.
In that study we have theoretically studied these crystals with
the periodic HF-DFT hybrid method employing the PW1PW'®
functional and pob-TZVP basis sets®* as well as with molecular
calculations with the PBEO functional'” and dispersion correction.*

Density functional theory takes into account dynamic corre-
lation effects. But an accurate quantum-chemical description
of the electronic properties of molecular crystals featuring
spin centers needs to treat both static and dynamic electron
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correlation effects in an accurate way. At present multi-reference
methods are not applicable for periodic systems with many atoms
in the unit cells. One possibility is the application of multi-
reference ab initio methods using cluster models that represent a
small portion of the molecular crystal. For a deeper understanding
of the electronic structure and the bonding mechanism of the
dimers and trimers inside the above-mentioned radical salts, we
now performed highly-accurate multi-reference calculations on
selected fragments of the molecular crystals.

As TA is the dibenzo-homologue of 1,4-dithiin (DT), the
latter is an ideal model system to investigate the effect of the
benzene rings on the electronic structure and the bonding
mechanism of the TA, dimers and trimers. The same is true
for SeA and 1,4-diselenin (DSe) and SeA, dimers and trimers.

2 Computational details

All molecular as well as free and embedded cluster calculations
were carried out using the ORCA program system.>® For structure
optimizations and for the generation of initial natural orbitals (NOs)
for our multi-reference calculations the spin-component-scaled
variant of Moller-Plesset Perturbation Theory of 2nd order*
combined with the resolution-of-identity-approximation (SCS-RI-
MP2) with relaxed densities was applied. This method has been
shown to give better results than MP2 itself.>>>¢

Configuration interaction expansions built on natural orbitals
show the fastest possible convergence.”” Natural orbitals with
negligible occupation numbers were omitted from the one-electron
space. The multi-configurational complete active space self-
consistent field (CASSCF) method*® was applied to the NOs
generated from SCS-RI-MP2 with relaxed densities for the
efficient treatment of long-range static correlation.

Strongly-contracted n-electron valence perturbation theory
of 2nd order (SC-NEVPT2)**" on top of CASSCF allows efficient
treatment of short-range dynamic correlation. In contrast to second-
order multi-configurational perturbation theory (CASPT2),*?
SC-NEVPT2 does not suffer from the so-called intruder state
problem. It is size-consistent and due to internal contraction
it is independent of the reference space. Therefore we applied
SC-NEVPT2 on top of the CASSCF-wavefunction (CAS(m,n)-
NEVPT2) to include dynamic correlation effects. In this notation
the active space consists of m electrons and n orbitals.

To make the SCS-RI-MP2 and especially the (multi-reference)
CAS-NEVPT2 calculations with over a thousand basis functions
feasible, while introducing only a small error, the “chain-of-
spheres” algorithm for the Hartree-Fock exchange in combination
with Split-RIJ for the Coulomb part (RIJCOSX) approximation®?
was employed.

The well-proven Karlsruhe def2-SVP**** and def2-TZvP**?*’
basis sets were employed. All monomers and dimers, as well as
the trimer structures of DT and DSe, were optimized employing
the TZVP basis sets. For the structure optimizations of the larger
trimer structures of TA and SeA, the SVP basis sets were used.

For the selenium containing compounds, structure optimi-
zations were also checked employing the Douglas-Kroll-Hess
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(DKH) scalar relativistic Hamiltonians.?® No significant differences
were found compared to the non-relativistic calculations.

To account for the problem of the basis set superposition
error (BSSE) when calculating the dissociation energies, we
estimated the Counterpoise correction (CPC) with the geometrical
Counterpoise correction (gCP) scheme at the HF/TZVP level.*>*°
Although this scheme is meant to be used for HF and not for MP2,
it should give a crude approximation of the BSSE for MP2.

The effect of the Madelung potential on the singlet-triplet
splitting was studied via the embedded cluster model employing
large grids of point charges.

Figures were generated with Gabedit.*!

3 Results and discussion
3.1 Neutral molecules and radicals

The neutral DT, DSe, TA and SeA molecules have C,, symmetry
and are bent along the intramolecular S-S, respectively, Se-Se
#2743 while in the literature general bending angles o of TA
and SeA are given, there are in fact two dihedral angles to take
into consideration. The two dihedral angles o, (X1-C2-C7-C6)
and o, (C2-X1-X8-C9) both reflect the bending of the molecule and
give it a hatlike structure (see Fig. 1 and 2 for the numbering
scheme of atoms).

Vashchenko et al.*® discussed this problem when studying
the macrocyclization of DT. In order to compare our calculated
angles to the experiment we summed up both dihedral angles
o, and o, to reproduce the general bending angle o. The results
given in Table 1 are in good agreement with the experiment.
Nevertheless, this is just an approximation and finer resolved
experimental data are needed for a more accurate comparison.
The bending of the molecules leads to a dipole moment, which
was calculated to be 1.3 D for DT, 1.7 D for TA, 1.2 D for DSe
and 1.6 D for SeA.

Gallaher and Bauer*® have studied the structure and inversion
potential of TA in the gas-phase. Our calculated structural

6 )1( 2
()
5 )4( 3

Fig. 1 Numbering scheme of atoms in DT and DSe (X =S, Se).

13 1 3
12 14 X 2 4
11 9 X 7 5
10 8 6

Fig. 2 Numbering scheme of atoms in TA and SeA (X =S, Se).

axis.
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Table 1 Experimental and calculated (SCS-MP2/TZVP) bending angles of DT, TA,
DSe and SeA

Molecule Exp. o o oy

DT 1374 138.2 2.9 135.3
TA 1284 127.9 2.2 125.7
DSe — 131.0 3.3 127.7
SeA 127% 125.0 1.5 123.5

parameters are in agreement with their results, except for the
intramolecular S-S distance, which they found to be 2.74 A. Our
calculated S-S distance of 3.28 A differs significantly. We have
checked these findings with the a different theoretical model
(hybrid-method PBE0"”) which gives exactly the same result and
therefore we gained some confidence that our results are
correct.

After oxidation to the radical cation, all molecules undergo
a structure change from bent to planar shape. The energy
difference of the neutral species between the planar D,;, structure
and the bent C,, structures, corresponding to the barrier of ring
inversion, is 0.30 eV DT, 0.31 eV for TA 0.40 eV for DSe and 0.43 eV
for SeA.

For the optimized structures, CASSCF-SC-NEVPT2 calcula-
tions were performed on the neutral molecules and the radical
cations.

The calculated adiabatic and vertical ionization energies are given
in Table 2. They are in excellent agreement with the experiment.”’
The ionization potentials of the dibenzo-homologues are slightly
lower than for the model systems, due to a small stabilization effect
of the outer benzene ring.

The calculated natural orbitals with occupation numbers of
1.0 (SONO) corresponding to the singly occupied molecular

Table 2 Experimental and calculated ionization potentials (eV) of DT, TA, DSe
and SeA in the gas-phase

Compound  Property  Experiment SCS-RI-MP2  CAS-NEVPT2
DT 1P, 8.1 8.0 7.9
1P, 7.3 7.1
TA IP, 7.8 7.9 7.7
IP, 7.3 7.0
DSe 1P, 8.1 8.0 7.9
P, 7.3 7.2
SeA 1P, 7.9 8.1 7.8
1P, 7.3 7.3

Fig. 3 Calculated (CAS(5,6)-NEVPT2, def2-TZVP) natural orbital with occupation
numbers of 1.0 (SONO) corresponding to the singly occupied molecular orbital of
DT**. The calculated SONOs of DSe* are of almost identical shape.
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Fig. 4 Calculated (CAS(5,6)-NEVPT2, def2-TZVP) natural orbital with occupation
numbers of 1.0 (SONO) corresponding to the singly occupied molecular orbital of
TA**. The calculated SONOs of SeA** are of almost identical shape.

orbitals of DT"* (Fig. 3) and TA"® (Fig. 4) show that the unpaired
electron of the radical cations is mainly delocalized over the
central hetero-cycle. The congruous NOs of DSe™ and SeA'™
have almost identical shape. This supports the idea of using DT
and DSe as model systems for TA and SeA.

3.2 Radical dimers

The parallel dimers DT, ,*" and DSe, ,>" were optimized in Dy,
symmetry. TA, ,>" and SeA, ,*>" were optimized in symmetrized
D,;, and the slightly distorted C; structure, as found experimentally
in (TA)PF6 and (SeA)AICI4.>%"° If one of the molecules is rotated
by 90° around the intermolecular main axis, we refer to these
structures as crossed dimers.

In all charged dimers of the investigated radicals, inter-
molecular 2-electron-4-center (2e4c) bonds are formed between
the two natural orbitals with an occupation number of 1.0 of
two monomers as can be seen in Fig. 5-7. We will refer to
natural orbitals with occupation numbers of 1.0 as singly
occupied natural orbitals (SONOs). And we will refer to the
natural orbitals closely resembling the highest occupied (lowest
unoccupied) molecular orbitals as HONOs (LUNOs), even
though their occupation numbers differ from 2.0 and 0.0.

[DT],** LUNO

+-.:::j; “+4 SONO
-y

[DT]*

HONO

Fig. 5 NO diagram arising from coupling of the two SONOs (NO with occupa-
tion number of 1.0) on each DT** forming DT, bonding and antibonding orbitals.
Occupation numbers are 1.4 for the HONO and 0.6 for the LUNO.
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[TA]** ; LUNO

-F

[TA]*"
: ! HONO

Fig. 6 NO diagram arising from coupling of the two SONOs (NO with occupa-
tion number of 1.0) on each TA** forming TA,Z* (parallel) bonding and anti-
bonding orbitals. Occupation numbers are 1.4 for the HONO and 0.6 for the

LUNO.
[TAL2Y ’;i;‘ LUNO

_F SONO

-F

_F SONO

[TA]*
HONO

Fig. 7 NO diagram arising from coupling of the two SONOs (NO with occupa-
tion number of 1.0) on each TA** forming TA,%* (crossed) bonding and anti-
bonding orbitals. Occupation numbers are 1.4 for the HONO and 0.6 for the
LUNO.

We calculated the dissociation E4 energy for all charged
dimers according to

X, - 2X** (1)

All compounds are only meta-stable in the gas-phase as
indicated by the negative values of E4. The BSSE-corrected
dissociation energies at the SCS-MP2/TZVP level are given in
Table 3. They are lower for the model systems than for the
dibenzo-homologues, since the ring systems have a stabilization
effect via dispersion interactions.

In D,;, symmetry, the intermolecular S-S bond in DT, ,*" is
3.04 A. In TA, ,>" the bond is slightly shortened to 3.00 Adueto
dispersion interaction between the two outer benzene rings.

The optimization of TA, ,*" starting in C; structure also ends
up in the D, structure. As expected, the Se-Se bond distance of

This journal is © the Owner Societies 2013
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Table 3 Calculated X-X distances Dx_x (X =S, Se) and dissociation energies E4 of
parallel ("p"") and crossed ("’c’’) dimers DT>?*, TA,%*, DSe,2* and SeA,%* at SCS-RI-
MP2. AE is the difference in total energy of two radical cations and the charged
dimers. Eqcp is the counterpoise correction energy. Lengths are given in A and
energies are given in eV

Basis set

SVP TZVP
Compound Dy x Dy x AE Egcp Eq
DT, ;" 3.07 3.04 —2.08 —0.18 —2.25
DT, " 3.95 3.95 —2.21 —0.17 —2.39
TA, " 2.99 3.00 —0.77 —0.37 —1.14
TA, " 3.79 3.79 —0.74 —0.37 —1.12
DSez,p2+ 3.25 3.22 —1.84 —0.34 —2.19
DSe, > < 4.22 4.20 —2.08 —0.35 —2.43
SeA, .2 P 3.21 3.20 —0.70 —0.55 —1.25
SeA, > 4.05 4.04 —0.74 —0.57 —1.31

the isoelectronic DSe, ,>" (3.22) and SeA, ,>" (3.20 A) are larger
than for the sulfur compounds. The C; structure of SeA,>" is
almost isoenergetic (AEp, ¢, = 0.03 €V) with the D,y structure.

The parallel arrangement is favored for all dimers (DT: 0.14 eV,
DSe: 0.24 eV, SeA: 0.04 eV), except for TA, where the crossed
arrangement is 0.03 eV lower in energy.

For the crossed dimers, the X-X distances are longer, since
the heteroatoms are not directly stacked (see Table 3), but the
inter-layer distances are shorter, 3.10 A (DT), 2.88 A (TA), 3.22 A
(DSe) and 3.10 A (SeA). The distance between the heteroatom of
one molecule and the opposing center of the C-C bond of the
other molecule corresponds to an inter-layer distance.

The active space of the CASSCF calculations was selected to
include six electrons and six orbitals. The states were averaged
over singlet and triplet states. Also 4-4 and 8-8 active spaces
were checked and showed no significant differences, since the
most relevant orbitals for the excitation are already included in
the active space.

For all investigated dimers, the closed-shell singlet state is
the ground state. The excitation energy for DT, ,*" to the triplet
state is 1.0 eV and 3.0 eV to the next higher singlet state. For
TA,,”" the ground state excitation energy to the triplet state is
1.1 eV. Compared to DT, ", the next higher singlet state is
stabilized by the two outer benzene rings and lies only 2.0 eV
above the closed-shell singlet ground state. The singlet-triplet
splitting energies in crossed dimers DT, . (0.8 €V) and TA, .>*
(1.0 eV) are almost identical to those found in the parallel
dimers. The singlet-triplet splitting energy obtained from our
multi-reference calculations confirms our previously reported
results with periodic band structure and gas-phase hybrid DFT
calculations.**>°

Fig. 5 shows the natural orbital diagram of the charged
DTZ‘p2+ dimer. The HONO is formed from the two SONOs of the
two DT'* and shows the long range intermolecular 2e4c S-S
bonds. In analogy to the NO diagram of our model system DT,
Fig. 6 and 7 show the natural orbital diagram of the formation
of the HONO of the parallel and the crossed dimer from the two
HONOs of the two TA"® radicals.

The splitting energies for the selenium containing analogues
are similar to those found in the sulfur containing compounds.

Phys. Chem. Chem. Phys., 2013, 15, 18702-18709 | 18705
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Fig. 8 The figure shows the HONOs and S,T-splitting £st depending on the rotation angle of the charged dimer TA,%*. The rotation angle is given in degrees and
energies are given in eV. A positive number indicates that the singlet state is the ground state.

But here we find substantial differences between the parallel
and the crossed dimers. For the parallel DSe dimer DSe, ,”" we
find a singlet-triplet splitting of 1.1 eV and of 0.9 eV for the
parallel SeA dimer SeA,,*'. While in the crossed DSe dimer
DSe, .>* the splitting is lower by 0.4 eV, it is higher by 0.1 eV in
the crossed SeA dimer SeA, .>".

3.3 Rotation of charged dimers

To investigate the dependence of the singlet-triplet splitting on
the rotation from the parallel to the crossed dimer, we performed
a relaxed scan calculation at the SCS-RI-MP2/def2-TZVP level
followed by CAS-NEVPT2 calculations starting from the MP2
natural orbitals. The natural orbitals corresponding to the highest
occupied molecular orbitals at different rotation angles are shown
in Fig. 8. The singlet-triplet splitting energy Es r is lowest at 45°,
where the singlet and triplet states are almost degenerate and
the interaction of the monomers is the weakest. But there is no
crossing of the states and therefore the rotation - if it occurs as
part of the solid-state reaction - proceeds solely on the singlet
hypersurface.

3.4 Radical trimers

For the charged TA trimer (TA;>"), two different arrangements
have been reported. In the parallel trimer TA;,>" all three TA
units are stacked.”” In the “crossed” trimer TA; .**, the central
TA unit is rotated by 90°."° Both structures have been fully
optimized at the SCS-RI-MP2-level as charged clusters in the
gas-phase. The results are given in Table 4. In general, the
intermolecular X-X distance in the parallel trimers is very similar
to the interlayer distance in the corresponding crossed trimers.

18706 | Phys. Chem. Chem. Phys., 2013, 15, 18702-18709

Table 4 Calculated interlayer distances (ILD, (Xx-X-X)/2, X = S, Se) and dissocia-
tion energy of parallel and crossed trimers of DT3?*, TA3?*, DSe3?* and SeAz* at
the SCS-RI-MP2-level. Lengths are given in A and energies are given in eV

Basis set

SVP TZVP
Compound ILD ILD AE Egcp Eq
DT; " 3.25 3.26 —0.79 —0.26 —-1.05
DT, 2" 3.27 3.28 —0.88 —0.26 —1.14
TA; ;" 3.08 3.12 +0.67 —0.56 +0.11
TA; >* 3.00 3.04 +0.81 —0.56 +0.25
DSe; ,>* 3.44 3.43 —0.61 —0.51 —1.12
DSe; " 3.47 3.47 —0.87 —0.52 —1.39
SeAs " 3.32 3.31 +0.67 —0.84 —0.17
SeA; 2 3.27 3.26 +0.77 —0.88 —0.11

They are shorter for the dibenzo-homologues than for DT and
DSe due to dispersion interactions of the ring systems.

We calculated the BSSE-corrected dissociation energy Eq4 for
all charged trimers according to

X2 - X+ 2x™. (2)

The only stable compounds are TA; ,>" and TA; >". All other
compounds are meta-stable. This is supported by the fact that
for the reaction of TA and SeA with AICl; only trimers of TA and
no trimers of SeA were found.

While DT;,>" is 0.09 eV more stable than DT;.>" and
DSe; ,”" is 0.27 eV more stable than DT; .>*, this is the opposite
for TA;>" and SeA,**, where the crossed structure is favored by
0.14 eV for TA and 0.06 eV for SeA.

The calculated gas-phase structures of the parallel and
crossed TA;>" are similar to the structure found experimentally

This journal is © the Owner Societies 2013
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Fig. 9 Optimized structure of TA3,(2* at the SCS-MP2/TZVP level.
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Fig. 10 Optimized structure of SeAs °* at the SCS-MP2/TZVP level.

in the solid state. Since there are neither crossed nor parallel
charged trimers of SeA reported in the literature, we used the
optimized TA;>" structures as a starting structures to optimize
SeA;>".

While the SeA; ,*" structure is similar to the TA; ,*" with a
planar molecule in the center and the two outer molecules bent
outwards, the optimized SeA; .>* structure differs significantly
from the one found for the TA; .>*. While in crossed TA; ;> the
outer two TA units are bent outwards (Fig. 9), the opposite is the
case in crossed SeA;>", where the outer SeA units are slightly
bent inwards (Fig. 10).

Here we compare the TA;>" results to the results of the
simpler case of the charged Dithiin trimer DT;>". Due to the
(with respect to trimers of TA and SeA) missing dispersion
interactions of the two benzene rings the distances are larger
than in TA;>". The intermolecular S- - -S distance of the top and
center unit is 3.25 A in the parallel and 4.10 A in the crossed
trimer. The interlayer distance of the crossed trimer is 3.22 A.
As expected, the intermolecular Se-Se distance in the parallel
(3.31 A) and crossed (4.16 A) charged selenanthrene trimer is
larger than the S-S distances in TA;>". The Se-Se distance of the
two outer molecules is 6.51 A, corresponding to an interlayer
distance of 3.25 A.

The singlet-triplet splitting energy of DT; ,*" is much smaller
than for the dimer (0.4 eV) and in DT; »>" it is only 0.2 eV.

The second singlet state is 1.5 eV (1.4 eV) higher in energy in
DT;,”>" (DT;>") than the ground state.

The singlet-triplet splitting is 0.6 eV in TA;,*>" and only
0.4 eV in TA; .>*. The next singlet is 1.1 eV higher in energy for
the parallel and 0.4 eV higher in energy for the crossed trimer.

2
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Fig. 11 Natural orbitals corresponding to the highest occupied molecular
orbitals of TAz ,**.

Fig. 12 Natural orbitals corresponding to the highest occupied molecular
orbitals of TAz 2*.

Due to this small energy difference triplet states may be
thermally populated for the structures with crossed trimers of
Rosokha et al.™® (Fig. 11 and 12). If the central TA unit of TA; ;>
is removed, the remaining outer TA units are almost non-
interacting and singlet and triplet states become degenerate.
For the selenanthrene trimers we find a slightly larger
singlet-triplet splitting, 0.7 eV for SeA; ,”" and 0.5 SeA; >'.

3.5 Effect of the Madelung potential on the singlet-triplet
splitting

To test the effect of the Madelung potential on the singlet-
triplet splitting we embedded TA;,”" into a field of point
charges. The point charges were derived from the crystal
structure of TA3;Al,Cl, and were created from 2 x 2 X 2, 5 X
5 x 3 and 7 x 7 x 5 supercells of the conventional unit cell.
The point charge values were set up as formal atomic charges,
e.g. —1 for chlorine and +3 for aluminum. For the molecular
cation sulfur was set up as +; while carbon and hydrogen were
considered neutral. The sum over all charges is zero and no

Table 5 Dependency of the singlet-triplet-splitting of TA3,p2+ on the Madelung
potential in TAsAl,Cly. XaYbZc are point charges of a X x 3, Y x b and Z x €
conventional unit cell with a total number of point charges PCSC. Energies are
given in eV

Method PCSC Charges AE(S,T)

CAS(6,6)-NEVPT2 2a2b2c 378 0.413
5a5b3c 28794 0.628
7a7b5c 94074 0.629

Phys. Chem. Chem. Phys, 2013, 15,18702-18709 | 18707
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overall dipole momentum was introduced. Esr converges to
0.001 eV with respect to the number of point charges with the
5 x 5 x 3 supercell. The influence of the Madelung potential is
found to be negligible (see Table 5), since it does not change the
ordering of the electronic states nor give a significant difference
for Esr compared to non-embedded calculations.

4 Conclusion

We investigated the electronic structure of charged stacked
arrangements of thianthrene and selenanthrene radical cations
as experimentally found in molecular crystals. For all investigated
systems, the singlet state is the ground state. In the singlet ground
state, the bonding of the dimers is due to formation of c-bonds
between the sulfur (selenium) atoms by combination of the singly
occupied orbitals of the monomers. All dimers are found to be
metastable in the gas-phase. The ring systems stabilize the dimers
significantly.

The bonds of the trimers form essentially due to the overlap
of sulfur (selenium) orbitals of the outer rings. The thianthrene
trimers, which are experimentally found in molecular crystals,
are also stable in the gas phase, while the analogue selenan-
threne trimers are not. This is supported by the experiment,
where the reaction of SeA with AICIl; does not tend to form
selenanthrene trimers.

The higher stability of the trimers compared to the dimers
might be due to the reduced electrostatic repulsion between the
radical cations. Thus we conclude that the dimers of TA and SeA
found in the radical salts are stabilized by crystal field effects.
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