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The reactions of thianthrene (TA) and selenanthrene (SeA)
with AICl; were studied in the melt phase and with liquid
SO, as solvent. From neat AICl; and TA, the colorless com-
plex [AICI3(TA)] was isolated as the main product and the
dark red salt (TA)3[Al,Cl;], as the byproduct. The analogous
solvent-free reaction of selenanthrene and AICl; takes a dif-
ferent course as colorless [Al(SeA);3][Al,Cl;]; is formed in
quantitative yield. With SO, as solvent, both TA and SeA
give the black radical salts (TA),[AICl4], and (SeA),[AlCly],,
respectively. In the structure of [AICI;3(TA)], thianthrene acts
as a monodentate ligand and coordinates with one S atom to
the pyramidal AICl; unit. The structure of the (TA);2* ion is
a stack of three almost planar TA molecules in parallel ar-

rangement. [Al(SeA);]** represents a tris-chelate complex
ion with SeA acting as a bidentate ligand and both Se atoms
binding to the octahedrally coordinated AI** ion. (SeA),-
[AICl,], consists of dimers of SeA* radical ions, which are
bound by weak intermolecular Se---Se bonds. Tentative reac-
tion equations are given to explain the unexpected oxidation
processes that lead to the radical ions. Quantum chemical
calculations were performed on the molecular fragments and
on the periodical structures. The trimeric (TA)3%* ion is in the
singlet state in accordance with the magnetic properties of
(TA)3[Al,Cl;],, which show a weak temperature-indepen-
dent paramagnetism. The ion is bound by long-range four-
center bonds between the outer two radicals.

Introduction

The development of conductive molecular materials has
been the focus of research for several decades. The assembly
of radical molecules in the crystal is one of the main syn-
thetic approaches.!! Organic radicals are in most cases
highly reactive and short-lived intermediates. Electron delo-
calization over a nt-electron system within the molecule and
the presence of heavier atoms enhance the stability and can
lead to stable, persistent radicals. Sulfur atoms play a pre-
dominant role in the stabilization. In sulfur-bearing aro-
matic compounds, the sulfur lone pairs are close in energy
to the carbon 7 orbitals and contribute to the presence of
an electron-rich system.

Materials with the desired properties can be obtained in
different ways. Numerous charge-transfer salts based on
charged, planar-shaped organic radicals have been synthe-
sized. Tetrathiafulvalenium (TTF) radical cations and tetra-
cyanoquinodimethanide (TCNQ) radical anions are the
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most widely used. The use of neutral radical molecules is a
newer and promising approach because electrostatic repul-
sions, always present between cationic or between anionic
radical ions, do not need to be overcome for an effective
intermolecular orbital overlap. Dithiazolyl radicals turned
out to be suitable building units, since a low dimerization
enthalpy is present.[?l Recently it was shown that the appli-
cation of moderate pressure is able to transform bisthia-
selenazolyl radicals from a semiconducting to a metallic
material.’]

Thianthrene (TA), a sulfur-bearing heterocyclic mole-
cule, allows for reversible electron-transfer reactions. Since
the very beginning of its chemistry in the nineteenth cen-
tury, thianthrene has been known to form a persistent radi-
cal cation. Originally observed by the intensive purple color
of the solution in concentrated sulfuric acid, the (TA) ™ rad-
ical cation is today a well-known species. Due to the sta-
bility of the respective solid salts, (TA)™ has gained a rele-
vance in radical-ion chemistry and is used as a specific one-
electron oxidant.M Several ways for the one-step oxidation
of TA to the radical cation have been reported, among them
the reaction of TA with NO[BF4]P! or the reaction of TA
with AICI; in dichloromethane.[®! Structural determinations
of the thianthrene radical-ion tetrachloridoaluminate!® and
hexafluoridophosphatel” revealed the significant structural
change caused by the oxidation. In contrast to the neutral
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molecule, which in the crystal is bent along the intramolecu-
lar S---S axis with an interplanar angle between the two
CeHuS, groups of 128°[8 the radical ions in (TA ™)X~
(X = [AICl], [PF¢]) are almost planar and form pairs
(TA),>* with weak intermolecular S-S bonds and ecliptic
configuration in the solid state {S+-S 3.08A for
(TA),[AICl,],, 3.06 A for (TA),[PF¢l,} (Scheme 1).
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Scheme 1. The one-electron oxidation of thianthrene (TA) and
selenthrene (SeA) to the respective radical cations is accompanied
by a conformational change. The bent neutral molecules with di-
hedral angles along the Ch-+Ch axis (128° for TA, 127° for SeA)
are flattened upon formation of the respective radical cations.

A surprising result was recently reported by the one-elec-
tron oxidation of TA with the dodecamethylcarbaboranyl
radical in hexane/CH,Cl, to yield (TA);[B;C(CH3);5],.!
In the crystal structure, the (TA);>* ion is present, which
consists of a stack of three TA moieties in parallel arrange-
ment of the molecular planes. The central, planar molecule
is twisted by 90° against the two outer slightly bent mole-
cules, thus giving the trimer approximately D,;, symmetry.
Since the intramolecular S-S axes of the three individual
TA units are perpendicular to each other, there is no direct
intermolecular S-S interaction between the molecules,
which stands in sharp contrast to the cofacial radical-ion
dimers (TA),2*. A theoretical consideration showed, how-
ever, that the interactions of the partially occupied HOMOs
allow for a bonding combination even for molecules in per-
pendicular arrangement.[®]

The free electron pairs on the sulfur atoms allow TA to
act as a complex ligand and several metal complexes with
the butterfly-shaped molecule are known. TA can act as a
monodentate ligand by coordination through one of the
sulfur atoms, as found for [AuCl5(TA)]!'% or [AuCly(TA),]-
[AuCl,].["" The bidentate coordination mode is observed in
positively charged silver complexes with weakly coordinat-
ing anions, as present in the structures of [Ag(ClOy)-
(TA)L,["? [Agy(TA)3][SbFg]»'5SO,, and [Agy(TA),][BF.]:
3S0,.["31 When TA acts as ligand, no large changes in the
molecular structure are observed, in considerable contrast
to the flattening of the molecule on oxidation.

Selenanthrene (SeA) is generally less explored than thi-
anthrene. Analogous to TA, the molecule is bent in the
crystal by 127°'" and is known to undergo a one-electron
oxidation to the radical cation and a second oxidation step
to the dication.!'>1%1 The electron-donor properties of SeA
have been proven by the formation of a charge-transfer
complex with TCNQ.!'7]

The formation of radicals, detectable by EPR spec-
troscopy, upon mixing various heteroaromatic compounds
with aluminum chloride is a known effect, in particular for
3626
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thianthrene. Heating TA with anhydrous aluminum chlor-
ide without solvent to temperatures between 60 and 180 °C
and cooling to room temperature was reported to give a
deeply colored solid that has no paramagnetism.!'8] The col-
oration, however, implies the formation of oxidized forms
of thianthrene. The mechanism and the emerging chemical
species remained unclear.

Despite the fact that these observations were made dec-
ades ago, no thorough chemical study on the remarkable
solvent-free reaction between TA and aluminum chloride
has been performed to the best of our knowledge. The in-
tention of the present work is to give a deeper insight to
this reaction, which we expanded to include selenanthrene
and the weakly coordinating solvent liquid sulfur dioxide.

Results and Discussion

The Reactions of Thianthrene and Selenanthrene with AICl;

Mixing TA with AICl; at ambient temperature under
strictly dry and anaerobic conditions immediately effects a
bluish-violet coloration of both colorless starting materials.
Heating to 150 °C for 12 h converts the mixture to a dark
blue, viscous melt. Annealing at 50 °C in a slight tempera-
ture gradient causes the sublimation of large, transparent,
strongly light-refracting crystals of [AICI3(TA)], which is
the main product. During prolonged annealing, and com-
mencing after some days, the formation of additional
phases was observed. In small amounts, dark red, trans-
parent crystals with the shape of flat needles deposited
mainly in the zone at around 40 °C, which were analyzed
as (TA);[Al,Cl,], that contained the oxidized thianthrene
species (TA);>*. It could be observed that these crystals
grew in the blue melt drops until the blue color faded away,
thus leaving the dark crystals embedded in colorless drops.
The yield was very small in all runs and did not exceed
10%. An even smaller amount of yellow, transparent, plate-
like crystals was observed in all runs. Unfortunately, we did
not succeed in their characterization. The yellow crystals
grew as thin plates and strongly adhered to the glass walls;
they were very soft and mechanically sensitive and could
not be separated without being destroyed. The gas phase
plays an important role in the reaction. If the amount of
reactants was too small for a given reaction vessel volume,
the yields of the colored products diminished strongly.

With selenanthrene (SeA), the reaction with neat AlCl;
takes a completely different course. Blue colorations, typical
for the reaction with TA, were not observed. Instead, in
closed ampoules at 90 °C colorless crystals of [Al(SeA);]-
[A1,Cl;]; were obtained. Using SeA and AICl; in 3:7 stoi-
chiometric ratio gave [Al(SeA);][Al,Cl;]; in quantitative
yield. The reaction follows the straightforward Equa-
tion (1).

3SeA + TAICL; — [Al(SeA)sJJALCL ] (1)

The reaction is unique and remarkable. Formally, one
AICl; molecule releases all three CI™ ions and acts as a
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Lewis base. Six AICl; molecules act as Lewis acids and take
up the chloride ions, thereby forming three dinuclear
[ALLCl;] ions. AI** is coordinated by three SeA molecules
as bidentate ligands to form the complex cation [Al-
(SeA);]**. Oxidation of SeA does not occur under these
conditions. After prolonged heating for several weeks, the
crystals turned grayish, which on microscopic inspection
turned out to be a covering of the transparent crystals by a
thin layer of violet oil. This shows that not only the Lewis
acid-base reaction takes place, but to a lower extent and at
much slower reaction rate the formation of oxidized species
as observed for thianthrene occurs, for which this is the pre-
dominant reaction. The different behavior of TA and SeA
is surprising, since the oxidation potentials of the first two
oxidation steps are similar (SeA: E; = +0.85, E, = +1.44 'V,
TA: E, = +0.91, E, = +1.26 V, both in acetonitrile against
Ag/AgNOs;).113]

The course of the reactions of TA and SeA with AlICl;
changes completely if carried out in liquid SO, as solvent.
At ambient temperature, AlCl;, thianthrene, and selen-
anthrene are all thoroughly soluble, with the latter two giv-
ing yellow solutions, whereas the solution of AICl; is color-
less. After combining solutions of TA and AICl; or SeA
and AICl;, dark blue colorations emerged instantaneously
and black crystals with metallic luster started to precipitate
within minutes. These were identified as the respective radi-
cal cation chloridoaluminates (TA),[AICl;], and (SeA),-
[AICl,])5. Crystals of (TA),[AICl,], were identified by their
lattice constantsl® and a crystal structure determination of
the yet unknown (SeA),[AlCly], was carried out (vide in-
fra).

The reaction between TA and aluminum chloride is only
partly understood. AlCl; in CH,Cl, is known to be a strong
oxidizing agent for which an oxidation potential of 1.6 V
has been assigned.'”) To understand the high oxidizing
power of this reaction system, it may be assumed that
(CH,CD'[AICL,] is formed as an intermediate with the
carbenium ion as the oxidizing species, which itself is finally
reduced to CIH,CCH,Cl. However, the presence of such
oxidizing intermediates cannot be assumed with neat AICl3
nor with AlCI5/SO,, and the question of the nature of the
oxidizing species remains open.

We examined both kinds of reactions, the first one with-
out solvent and the second one by using liquid SO,, to gain
insight to the mechanisms. When the reaction ampoules
that contained TA and neat AlCl;—which contained the
blue solidified melt and dark red crystals of (TA);[Al,Cl],,
thereby indicating that the redox process had oc-
curred —were broken and wrapped with wet lead acetate pa-
per, a black coloration effected by the precipitation of PbS
was observed within a few minutes. The slow process indi-
cates that a hydrolyzable sulfide compound had formed,
which forms H,S upon contact with moist air. As a conse-
quence, one can assume that the oxidation process proceeds
through desulfuration of thianthrene to dibenzothiophene
(DBTh, C;,HgS) accompanied by the formation of alumi-
num sulfide chloride AISCI according to the tentative reac-
tion Equation (2).
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STA + 6AICL; — (TA);[ALCL], + [AICI(TA)] + AISCI + C,,H,S
2

Attempts to detect DBTh by means of mass spectrome-
try were inconclusive. The analysis of the dark blue mass
revealed a signal at m/z 184. This signal is also predomi-
nantly present in the mass spectrum of pure TA, which rep-
resents the most common fragmentation process. In the
blue TA/AICI; reaction mass, however, this signal appeared
with 10% higher relative intensity than in the spectrum of
neat thianthrene.

When the reaction between TA and AICI; is performed
in liquid SO, as solvent, the radical salt (TA),[AICl], is the
major product and is formed even at low temperatures and
in a very short time. To rule out the possibility that impuri-
ties of SO5 in commercial SO, were responsible for the oxi-
dation, we synthesized SO, from H;PO, and NaHSO; to
exclude the presence of any SOj; (see the Experimental Sec-
tion). In the solvent prepared in this way, the reaction be-
tween TA and AICl; gave the same result as in commercial
SO.,. It is clear that SO, takes part in the reaction. One can
assume that it acts as an oxidant and is reduced to the radi-
cal ion (SO,)~, which dimerizes to dithionite S,0,>~. The
overall reaction can be formulated according to the tenta-
tive reaction Equation (3).

6TA + SAICL; + 6S0, — 3(TA)[AICL], + AL(S,04); Q)

According to this equation, one expects a specific weight
increase in the reaction products due to the uptake of sol-
vent. That SO, is actually involved in the reaction was
shown by gravimetric analyses of different runs. If TA was
used in an excess amount and the amount of AlICl; was
made the limiting factor, a constant increase in the weight
of the reaction products was found after exhaustive pump-
ing off of all volatiles. The increase amounted to 0.74(2)
molar equivalents SO, for each mole of AlCl; according to
a ratio of 3 mol SO, to 4 mol AICl;, which is in line with
Equation (3). The Raman spectra of the aqueous extract
showed mainly broad signals (400, 1100, 1600 cm™"), which
coincide but could not be unequivocally assigned to the typ-
ical bands for dithionite.?”) The qualitative test for dithio-
nite through the decomposition of hydroxymethylsulfinate
(Rongalite) to H,S,[>'1 however, gave no positive result.

Crystal Structures

Trichlorido(thianthrene ) aluminum(1IIl) [AICI;(TA)]

The asymmetric unit consists of two independent molec-
ular complexes (Figure 1; in the following discussion named
complex 1 and complex 2 for the complexes that contain
All and Al2, respectively). The thianthrene molecule in
each complex is coordinated to the Al atom through one
of the S atoms, thus acting as a monodentate ligand. The
aluminum atoms gain a distorted tetrahedral coordination.
As expected, the AI-S bonds (average 2.40 A) are substan-
tially longer than the Al-Cl bonds (average 2.10 A), and the
S—-Al-Cl angles (average 103.5°) are smaller than the Cl-
3627
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Al-CI angles (average 114.6°). This mode of coordination
is similar to that of [AuCl;(TA)],l'% in which, however, the
metal ion is in square-planar coordination, typical for tri-
valent gold.
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Figure 1. The two crystallographically independent molecules in
the structure of [AICI3(TA)]. Thermal ellipsoids are scaled to in-
clude a probability density of 50%. Selected bond lengths [A] and
angles [°]: Al1-S1 2.3804(9), Al11-Cl1 2.1031(9), A11-CI2 2.1058(9),
All-CI3 2.1011(9), S1-C1 1.781(2), S1-C12 1.781(2), S2-C6
1.763(2), S2-C7 1.756(2), Al2-S3 2.4219(9), Al2-Cl4 2.1115(9),
Al12-CI5 2.1015(9), A12-Cl6 2.1048(9), S3-C13 1.781(2), S3-C24
1.785(2), S4-C18 1.769(2), S4-C19 1.765(2), C-C within phenyl
rings 1.378(4) to 1.398(3); S1-All-Cll 106.99(4), S1-Al1-CI2
101.61(4), S1-A11-Cl13 101.70(4), C11-Al1-CI2 112.43(4), CI11-All-
CI3 115.07(5), CI2-Al1-CI3 116.86(4), S3—Al12-Cl4 100.73(3), S3-
Al12-CI5 110.09(4), S3—-A12-C16 100.19(4), Cl4-A12-CI5 118.76(4),
Cl4-A12-Cl6 111.71(4), CI5-A12-Cl16 112.94(4).

The key differences between the two independent com-
plexes lie in the dihedral angles of the attached TA mole-
cules and in the rotational conformation of the AICl;
groups with respect to the TA ligand. In complex 1, the
dihedral angle between the two CsH,4S, moieties of the TA
molecule amounts to 156.0°, whereas the respective angle
in complex 2 is 130.2°, which corresponds to the value
found for neat TA in the crystal. Different conformations
are present for the two complexes with respect to the rota-
tion of the AICl; group around the Al-S axis. In complex
1, the AICI; group is oriented in such a way that atom ClI
is located over the centroid of the central ring S1-C1-C6—
S2-C7-C12 of the TA ligand. The S2---S1-All angle
amounts to 95.1°, thus bringing the AICl; group in an exo
position with respect to the TA ligand. In complex 2, the
AICl; group is oriented differently. The bonds AI2-Cl4 and
AlI2-CI5 are coincident with the bonds S3—C13 and S3-C24
in the view along the AI2-S3 axis. A short Cl4---C24 contact
of 3.38 A is present, which is slightly shorter than the sum
of the van der Waals radii (3.45 A). The stronger bending
of the TA ligand in complex 2 may thus be attributed to
steric repulsion. The S4----S3-Al2 angle amounts only to
83.2°, thereby indicating the endo position for the AICI;
group.

Tris(thianthrene )—Bis( heptachloridodialuminate)
(TA);[ALCL; ],

The crystal structure consists of stacks composed of
three flattened TA molecules in an ecliptic arrangement and
heptachloridodialuminate ions (Figure 2). For each of the
(TA); stacks there are two [Al,Cl,;] ions present, which al-
lows the unambiguous assignment of the ionic charge
(TA5)**. An inversion center is located in the center of grav-
ity of the TA molecule in the middle of the stack. The cen-
3628
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tral molecule is essentially planar. The largest deviation of
all 22 atoms from the least-squares plane amounts to
0.02 A. The peripheral TA molecules are symmetry related
by the inversion center and slightly bent along the S-S axis
with a dihedral angle of 164.1°. The average lengths of the
four S-S contacts between the three TA molecules
amounts to 3.167 A, which is 0.1 A longer than that found
in the (TA),>* dimers of two radical cations. The (TA;)**
trimer possesses only C; symmetry in the crystal, but the
higher point symmetry D, is almost fulfilled.

X S3'
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ST ci o8 c1e'
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Figure 2. The molecules (TA);>* and [AL,Cl;]” in the structure of
(TA);[ALLCl,],. Thermal ellipsoids are scaled to include a prob-
ability density of 50%. Symmetry operation: 1 —x, 1 —y, 1 -z
Selected bond lengths [A] and angles [°]: SI-C13 1.729(2), S1-C14
1.732(2), S2-C1 1.746(2), S2-C8 1.747(2), S3-C2 1.745(2), S3-C7
1.742(2), S1-+S3 3.1587(9), S1---S27 3.1747(9), Al1-CI1 2.1030(8),
Al1-CI2 2.1083(8), Al1-CI3 2.1023(9), A12-Cl4 2.0990(9), AI2-C15
2.1089(9), AI2-Cl6 2.1088(9), All-Cl7 2.2836(9), Al2-Cl7
2.2872(9), C-C within phenyl rings 1.372(3) to 1.411(3); S3-S1-S2/
179.74(3), C13-S1-Cl14 107.5(1), C1-S2-C8 106.4(1), C2-S3-C7
106.3(1), Al1-CI17-Al12 114.75(3).

The S—C bond lengths in thianthrene molecules depend
characteristically on the oxidation state. In the neutral form
the S—C bond lengths are on average 1.77 A. In the oxidized
form, these bonds are shortened to 1.73 A as found in the
crystal structures of (TA),[AIC1,],% and (TA),[PFg],.l"! The
TA molecule in the middle of the (TA;)?>* stack has average
S—C bond lengths of 1.730 A, coincident with the radical
form. The two peripheral molecules exhibit S—-C bonds of
1.745 A, longer than in the radical cation but shorter than
in the neutral form. These bond lengths indicate the disper-
sion of the positive charges over the entire trimer with a
maximum of the charge on the central molecule.

The dinuclear anion [Al,Cl;]" is a well-known species
and is generally formed from [AICl;] and AICI; in the pres-
ence of large cations. In the crystal structure of (TA)s-
[Al,Cl;], the anion has no crystallographic symmetry but
the configuration is only slightly distorted from C,,. All ter-
minal Cl atoms have short bonds to the Al atoms (average
2.105 A) relative to the bridging Cl atom (average 2.285 A).
The overall shape is a corner-sharing pair of two distorted
tetrahedra [Cl3Al-CI-AICl;] .

In the crystal, the (TA3)** cations are isolated from each
other and no extended stacking is observed. There are six
[ALLCl;] anions that surround each cation in one plane

Eur. J. Inorg. Chem. 2012, 3625-3635
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with their Al---Al axes parallel to the (TA); stacking direc-
tion (Figure 3). On account of the large monoclinic angle

Figure 3. The unit cell of the crystal structure of (TA);[Al,Cl;], in
a perspective view along the (TA); stacks. All atoms are drawn
with spheres of arbitrary radii. The [Al,Cl;] ions are represented
as connected tetrahedra.
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of close to 120°, these (TA);[Al,Cl;]¢ groups are shifted
against each other parallel to the crystallographic b—c plane,
which completes the coordination sphere of each (TA);
group to eight coordinating anions in the form of a bi-
capped hexagonal prism.

Tris(selenanthrene ) aluminum—Tris (heptachloridodi-
aluminate) [Al(SeA);][ALCL,];

The asymmetric unit of the monoclinic cell contains one
cationic complex [Al(SeA);]** and three independent
[AL,Cl;] anions (Figure 4, Table 3). In the cationic com-
plexes, three SeA molecules coordinate the Al central atom
each as a bidentate ligand. The coordination environment
of the Al atom is a slightly distorted octahedron. The six
Al-Se bond lengths are almost equal with an average of
2.593 A; they differ only by 0.01 A. The deviation from
ideal octahedral symmetry arises from the ligand bite of the
SeA molecules. The Se—Al-Se angles of the coordinating Se
atoms that belong to the same SeA molecule amount to
78.5° on average. The coordinated SeA molecules show a

Cl4 ci5

cm‘

Ci8

Cl10

A3

ci3
ci18 cl120
, AlB
ci12
Al cl19
cl14 ¢zl
ci7
Al5 cl15
cl9 L
cl16

Figure 4. The complex cation [Al(SeA);]** and the three independent [Al,Cl;] anions in the structure of [Al(SeA);][AL,Cl;];. Thermal
ellipsoids are scaled to include a probability density of 50%. Selected bond lengths [A] and angles [°]: Al7-Se 2.588(2) to 2.598(2), Se-C
1.909(5) to 1.931(5), C—C within phenyl rings 1.364(8) to 1.402(7), Al-Clierminar 2.088(2) to 2.127(2), Al-Clyigging 2.257(2) to 2.291(2); Sel—
Al7-Se2 78.39(4), Se3-Al7-Se4 78.91(4), Se5-Al7-Se6 78.40(4), all other cis Se-Al7-Se 90.71(5) to 98.66(5), trans Se~Al7-Se 168.01(6) to
172.48(6), C-Se—C 90.6(2) to 96.8(2), Al1-Cl17-Al2 116.37(9), Al3-Cl14-Al4 114.18(8), Al5-CI21-Al6 118.10(8).
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folding along the Se---Se axis of 117.0, 118.5, and 120.0°,
slightly lower than observed in the uncomplexated state.
The [Al(SeA);]** molecules have no crystallographic sym-
metry but are close to the symmetry of point group Ds,
which is the typical molecular symmetry for tris(chelate)
complexes. The individual complexes are chiral, but the
centrosymmetry of the crystal lattice causes both enantio-
morphs to be present, thus making the crystals racemic.
The structural parameters of the heptachloridodialuminate
ions are analogous to the respective anions in the structure
of (TA);[Al,Cl;], and show no peculiarities.

In the crystal, the cationic complexes gain a high coordi-
nation number by surrounding [Al,Cl;]" anions. Each
[Al(SeA);]** complex is surrounded by 14 anions in a
strongly distorted hexacapped cubic arrangement. This co-
ordination provides an effective way to shield the high
charge of the cations by the weakly coordinating and low-
charged anions.

Selenanthrene—Tetrachloridoaluminate (SeA),[ AICl,],

(SeA),[AICly], crystallizes isotypic to the sulfur-bearing
analogue (TA),[AIC1,],"*! in the orthorhombic space group
P2,2,2,. With respect to (TA),[AICl,],, the unit-cell volume
of (SeA),[AICl,], is enlarged by 110 A* or by 3.5%. The
structure contains pairs of selenanthrene radical cations
(SeA™), and tetrahedral [AICl,]" ions (Figure5). The
(SeA™), dimers do not possess crystallographic symmetry,
but are close to C,, point symmetry. Each two selen-
anthrene radical ions are arranged in parallel fashion and
held together by Se--Se bonds with average lengths of
3.15 A. The two individual SeA radicals are almost but not
completely flat. The dihedral angles of the C4H4Se, moie-

Se1 cz Cn
c4 C3 C7 x
C Ar —_
i : C10
L @
G5 s ! Wseo
H ]
Se3, : C24 (23
c15 cu /°~i C19—Lf~k’;\
c16 '
“er ce Se4
Cl4 CI7
ClI3
CI8 CI5
Cl2 ‘«
Al1 Al2
ch’ Cle

Figure 5. The molecules in the structure of (SeA),[AlCly],. Thermal
ellipsoids are scaled to include a probability density of 50%. Se-
lected bond lengths [A] and angles [°]: Sel-C2 1.866(9), Sel-C7
1.88(1), Se2-C1 1.87(1), Se2-C8 1.865(9), Se3-C14 1.86(1), Se3—
C19 1.87(1), Se4-C13 1.89(1), Se—C20 1.88(1), Sel--Se3 3.132(1),
Se2---Se4 3.182(1), AI-C1 2.110(4) to 2.134(4), C-C within phenyl
rings 1.35(2) to 1.43(2); C-Se-C 104.8(5) to 106.0(4), CI-Al-Cl
107.4(2) to 110.9(2).
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ties amount to 172.3° for molecule 1 and 173.6° for mole-
cule 2. The two ions are slightly shifted with respect to each
other with the consequence that the four Se atoms of each
dimer do not form a rectangular, but a rhomboidal arrange-
ment. The confacial arrangement of the two almost planar
radical ions leads to the interpretation of the (SeA™), ion
as a T dimer in analogy to (TA™),.[??]

Magnetic Properties of (TA);[Al,Cl,],

The magnetic properties of (TA)s;[Al,Cl;], have been in-
vestigated in the temperature range of 20-300 K. In the in-
terval 50-250 K, a small paramagnetic moment between
5X10% and 1x 103 cm®mol! was observed. In this re-
gion, the susceptibility is almost unaffected by the tempera-
ture but dependent on the applied field. Below 50 K the
moment decreases and reaches 3 X 10# cm?mol ™! at 20 K.
The magnetic properties of (TA);[Al,Cl,], are thus best
described as a temperature-independent paramagnetism
(TIP).

Quantum Chemical Calculations

To analyze the electronic structure and bonding situation
of the thianthrenes and selenanthrenes, quantum chemical
calculations of the corresponding bulk structures and of
representative molecular fragments were performed.

Firstly, the geometries and electronic structures of the
thianthrene radical cation (TA)™ and the selenanthrene
radical cation (SeA)™ were calculated in the gas phase at
the DFT level. The singly occupied molecular orbital
(SOMO, B,, symmetry) of (TA)™* is shown in Figure 6 (a).
The SOMO of the isoelectronic (SeA) ™ has a very similar
shape. In both radicals, the unpaired electron is mainly de-
localized over the central heterocyclic ring. In the radical

a)

Figure 6. (a) The SOMO of the thianthrene radical cation (TA)™*
calculated (PBEO/def2-TZVPP) in the gas phase. The spin density
is primarily delocalized in the central heterocyclic ring. The SOMO
of the valence isoelectronic selenanthrene radical cation (SeA)™ is
of almost identical shape. (b) The bonding MO (4, symmetry) of
the (TA,)*" dimer formed out of the two SOMOs of thianthrene
radical cations (TA)™* calculated at the PBE0-D3/def2-TZVPP
level in the gas phase.
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dimer (TA),>* a four-center, two-electron bond is formed
between the sulfur atoms. The bonding MO (4, symmetry)
is formed out of the two SOMOs of the radical monomers
(Figure 6, b).

Periodic quantum chemical calculations were performed
to study the electronic structure of [AICI3(TA)], (TA)s-
[ALLCl,],, [Al(SeA)s][Al,Cl,]5, and (SeA),[AlCl,],. The PBE
exchange-correlation functional of Perdew, Burke, and
Ernzerhoft?3-24] that represents one of the de facto standard
methods in solid-state quantum chemistry was employed.
We used our recently developed pob-TZVP solid-state basis
sets.] As a first step, full structure optimizations of all
atom positions were performed in different electronic states.
The lattice parameters were kept fixed at their experimental
values. As it is well known that standard density functional
theory does not account for dispersion effects that might be
expected to have an effect on the intermolecular interaction
between the TA or SeA molecules, we employed an empiri-
cal correction scheme,?® as implemented in CRYS-
TALO09,7 indicated by PBE-D2. In gas-phase calculations
of cluster models the more recent D3 version of the disper-
sion correction® as implemented in the ORCA program
system®’! was employed. Here we employed standard def2-
TZVPP basis sets.?%311 It is well known that the Hartree—
Fock method overly stabilizes high-spin states, whereas
GGA DFT methods tend towards spin pairing due to the
self-interaction error.[3? It was previously?®*3# shown that
for the study of electronic and thermodynamic properties
of oxides and other compounds, hybrid Hartree—Fock
methods give better results than standard DFT methods.
We therefore chose the hybrid method PBE0I! as a more
reliable approach for single-point and band structure calcu-
lations. The exchange functional is a mixture of 25% HF
and 75% PBE.

Trichloridothianthrene Aluminum(IIl) [AICI;(TA)]

The primitive unit cell contains four formula units. Struc-
ture optimizations were performed for singlet and triplet
states to account for possible spin-unpaired situations. PBE
predicts the singlet state to be more stable by 2.9 ¢V than
the triplet state. With PBEO (single-point energies at the op-
timized PBE structure) the singlet state is even 3.9 eV more
stable than the triplet state. Selected structural parameters
of the singlet state are given in Table 1; for atom numbering,
see Figure 1. In general, the calculated interatomic dis-
tances are in reasonable agreement with the experiment
with deviations smaller than 0.04 A for bond lengths and
2.7° for angles. The bending angle of the TA ligand (calcu-
lated as the dihedral angle C2-S1-S2-C8) is very close to
the experimental value. The valence and conduction bands
of singlet [AICI3(TA)] are rather flat. The fundamental
band gap is 5 eV, thereby classifying [AICI;(TA)] as an insu-
lator. To analyze the effect of the rotational conformation
of the AICI; groups with respect to the TA ligand (vide
supra), optimizations of complex 1 and complex 2 were per-
formed in the gas phase as free clusters. The difference of
the total energy between the two complexes is small (AE, ,
= 0.4 kJmol!) and lies within the error range of the
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method. We therefore conclude that packing effects are re-
sponsible for the observed conformations in the solid state.

Table 1. Selected experimental and calculated structure parameters
(lengths in A, angles in °) for [AICI3(TA)]. For atom numbering,
see Figure 1.

Singlet electronic state

Method Exp. PBE PBE-D2
[AICI3(TA)] (complex 1)
S1-All 2.380(1) 2.414 2.405
S1---S2 3.420(1) 3.464 3.476
S2---S1-All 95.12(4) 93.4 93.2
S2-S1-All-Cll 12.56(5) 11.6 10.2
a (C2-S1-S2-C8) 156.94(8) 158.9 157.8
[AICI3(TA)] (complex 2)
S3-Al2 2.422(1) 2.459 2.445
S3---S4 3.221(1) 3.216 3.238
S4---S3-Al2 83.21(4) 78.3 78.5
S4-S3-Al2-CI5 51.18(6) 53.7 50.2
a (C14-S3-S4-C20) 128.97(7) 130.1 129.0

Tris(thianthrene )—Bis(heptachloridodialuminate)
(TA);[ALCL; ],

The primitive unit cell contains two formula units. Struc-
ture optimizations were performed for the unit cell in the
closed-shell singlet and open-shell quintet state, the latter
assuming both (TA);>* units in triplet states. PBE and
PBEO both favor the singlet state, by 1.0 and 0.6 eV, respec-
tively, per cell. From these results, we conclude that the
ground state is a singlet state. This is in agreement with the
magnetic measurements that showed a TIP, which is due to
spin—orbit coupling and not to the presence of unpaired
electrons. The calculated structural properties of the singlet
state are given in Table 2, in which they are compared to the
measured values reported earlier in this study. The values of
a; and a, correspond to the average bending angles of the
outer TA molecules (see Figure 2). The experimental struc-
ture is thoroughly reproduced in the singlet state, thus indi-
cating that this is indeed the ground state. The effect of
dispersion on the (TA); substructure is small. Whereas the
average S-S distances between the two neighboring TA
molecules are slightly improved by the D2 correction, the
average dihedral angle a is, however, overestimated.

Table 2. Selected calculated structure parameters (lengths in A,
angles in °) of (TA);[AL,Cl;], and comparison with experimental
values. For atom numbering, see Figure 2.

Method Singlet electronic state
Exp. PBE PBE-D2

S2'-S1 3.175(2) 3.195 3.181
S1---S3 3.159(2) 3.247 3.233
S+--S avg. 3.167 3.221 3.207
a; (C6-S2-S3-C12) 160.98(7) 168.5 169.4
a, (C3-S3-S2-C9) 165.08(7) 163.9 166.3
CI1-C2-C7-C8 2.6(2) 29 1.9

In the following we discuss the band structure only for
the singlet state. At the PBEO level the maximum of the
valence band (VB) and the minimum of the conduction
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band (CB) coincide at the B point (<0.5,0,0> in the con-
ventional setting) of the irreducible Brillouin zone. The di-
rect transition energy is 0.9eV, thus classifying
(TA5)[ALLCl;], as a small-band-gap semiconductor. The
small band gap is also in qualitative agreement with the
observed dark red color. Kochi et al.®! presented the first
compound that featured (TA);>* units. In this so-called
“crossed trimer,” the central molecule is rotated by 90°
around the z axis, so that the intramolecular S---S axes of
neighboring TA ions are orthogonal. In the same study it
was postulated that “the intermolecular interactions can be
easily modulated by electrostatics, crystal packing solvation
etc. to produce a variety of polymolecular associates of the
same ion radical with parallel or perpendicular, overlapped
or laterally shifted monomer orientations.” (TA);[Al,Cl;],
is now the second compound to feature TA trimers and
exhibits the proposed parallel arrangement. The intermo-
lecular S---S distance of neighboring TA molecules of this
parallel trimer is much shorter (3.14 A) than the S-S dis-
tance of the crossed trimer (3.98 A). But due to the shorter
interlayer distance, the S-S distance of the two outer TA
molecules is smaller in the crossed trimer (6.20 A) than in
the parallel trimer (6.28 A).

To analyze the differences in the bonding between the
parallel and the crossed trimer, we optimized both arrange-
ments in the gas phase as charged, free clusters in the sing-
let state. The structure optimizations were performed with
PBEO-D3 by using the def2-TZVPP basis sets. The parallel
trimer, which has C; symmetry in the bulk, was forced into
D,;, symmetry, whereas the solid-state structure of the
crossed trimer, which already had D-, symmetry, was taken.
The calculated total height in the gas phase of the crossed
trimer is 6.29 and 6.46 A for the parallel trimer. For the
parallel trimer, the deviation from the experimental value
found in the solid is larger than for the crossed trimer,
which indicates larger packing effects. Whereas the gas-
phase parallel trimer was 14 kJmol™! lower in energy than
the crossed trimer without dispersion interaction, the situa-
tion was reversed when the D3 correction was taken into
account. At the PBEO0-D3 level, the crossed trimer is
2 kJmol™' more stable than the parallel trimer. Our gas-
phase calculations indicate that the dispersion interaction is
more attractive (11 kJmol ') in the distorted bulk structure
in C; symmetry than in the D, symmetry. This is appar-
ently the driving force of the observed shifting of the TA
molecules in the bulk structure.

In Figure 7 the HOMOs of the charged trimers are
shown. In both the crossed and the parallel trimer there is
a weak bonding interaction between the orbitals of the
outer TA units. The orientation of the central TA molecule
does not have a significant effect on the nodal structure of
the HOMO, which closely resembles its counterpart in the
monomer. The different effect of dispersion in the crossed
triple-decker and the parallel trimer must therefore have
other reasons and can be tentatively attributed to the dif-
ferent interatomic distances. In a forthcoming paperl3? we
will investigate the bonding situation in more detail at a
more sophisticated level of theory.
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Figure 7. (a) The calculated (PBE0-D3/def2-TZVPP) HOMO of
the crossed triple-decker molecule (TAs)>*. (b) The calculated
(PBE0-D3/def2-TZVPP) HOMO of the parallel arranged (TA3)**
trimer in D,;, symmetry.

Tris(selenanthrene ) aluminum-—Tris(heptachloridodia-
luminate) [Al(SeA);][ALCL];

Structure optimizations at PBE and PBE-D?2 level were
performed for the unit cell in the closed-shell singlet state.
The average calculated Se—Al bond length of the cationic
complex [Al(SeA);]** is 2.602 A for PBE and 2.601 A for
PBE-D2, which is in excellent agreement with the experi-
mental value of 2.593 A. The calculated bending angles aj,
a», and a3 of the coordinating SeA ligands (a; is the average
of C5-Se2-Sel-Cl11 and C2-Sel-Se2-C8; for a, and as
analogously, see Figure 4 and Table 3) are in good agree-
ment with the experiment with maximum deviations of 1.6°
for PBE and 1.5° for PBE-D2. The influence of the disper-
sion correction is low. The band structure was calculated at
PBEO level in the optimized structure (PBE). The calculated
band gap at the I' point is 5.3 ¢V, thereby classifying
[Al(SeA);][Al,Cl;]; as a large-band-gap semiconductor,
which is in agreement with the observed colorless crystals.

Table 3. Selected calculated structure parameters (lengths in A,
angles in °) of [Al(SeA);][ALL,Cl;]; and comparison with experimen-
tal values. For atom numbering, see Figure 4.

Method Singlet electronic state

Exp. PBE PBE-D2
Se-Al7 avg. 2.593(1) 2.602 2.601
a; (C-Se-Se-C) 116.8 115.2 115.3
a; (C-Se-Se-C) 117.8 117.2 118.4
a3 (C-Se-Se-C) 119.2 119.0 118.6

Selenanthrene—Tetrachlovidoaluminate (SeA),[ AICl,],

The primitive unit cell contains four formula units. Struc-
ture optimizations at the PBE and PBE-D2 level were per-
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formed for the unit cell in the closed-shell singlet and the
open-shell nonet state assuming doublet states for all SeA
molecules. The singlet state was more stable than the nonet
state by 2.9 eV (PBEO result at the optimized PBE struc-
ture). Selected structural parameters of the singlet ground
state at PBE and PBE-D2 level are given in Table 4. The
results of the structure optimization are in very good agree-
ment with the experiment. The average Se::Se bonds are
3.147 A for PBE and 3.155 A for PBE-D. The values of «,
and a, are the dihedral angles C3-Sel-Se2-C9 and C6-
Se2-Sel1-C12, respectively, which represent the bending of
the molecule (see Figure 5). The effect of dispersion on the
structure is mainly on the Se radical cation intramolecular
bending angles, which is slightly improved by the D2 correc-
tion. With each selenanthrene dimer in the triplet state, the
average Se'Se and the dihedral angles are larger. The
average Se--Se distance is 3.202 A for PBE and 3.226 A for
PBE-D. The dihedral angles C3-Sel-Se2-C9 are 171.2
(PBE) and 173.8° (PBE-D). The bands of the singlet ground
state are rather flat. The calculated band gap at the I' point
is 1.8 eV, thereby classifying (SeA),[AlCl,], as a small-band-
gap semiconductor.

Table 4. Selected calculated structure parameters (lengths in A,
angles in °) of (SeA),[AICly], and comparison with experimental
values. For atom numbering, see Figure 5.

Method Singlet electronic state

Exp. PBE PBE-D2
Sel--Se3 3.1324(2) 3.125 3.113
Se2-+-Sed 3.1883(2) 3.170 3.197
a; (C3-Sel-Se2-C9) 170.34(5) 169.5 171.8
a, (C6-Se2-Sel-C12) 172.28(4) 170.8 172.8

Conclusion

The blue to violet colorations that appear over the course
of the reaction of thianthrene and neat aluminum chloride
are associated with the oxidation of thianthrene to its radi-
cal ion. In the solid state, the radicals form trimers (TA);>*
by association with a neutral molecule and [Al,Cl,]” coun-
terions. TA apparently undergoes an AlCls-catalyzed redox
disproportionation. Under the same conditions, SeA reacts
differently and forms the tris-chelate complex [Al(SeA);]-
[ALLCly]; in a Lewis acid-base reaction. In liquid SO, as
solvent, TA and SeA show identical reactivity. Both are oxi-
dized to the radical cations, which precipitate out of the
solution as dimers (TA),>* and (SeA),>* with [AICL]
counterions.

Quantum chemical calculations at the DFT level indicate
that the bonding mechanisms in the (TA),2* and (SeA),>*
dimers and in the (TA);>" trimers are different. Whereas
there is a four-center, two-electron bond between the sulfur
and selenium atoms of the dimers, the bonding situation in
the trimers is more complex. The crossed trimers are
bonded by dispersion forces and the parallel TA trimer fea-
tures a long-range four-center bond between the outer radi-
cals. In all cases, singlet ground states were found, thus indi-
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cating strong coupling between the spin centers. This was
confirmed for (TA);[Al,Cl;], by magnetic measurements,
which showed a temperature-independent paramagnetism
but no signs of free electron spins.

Experimental Section

General Methods: Thianthrene was purchased from Aldrich and
first recrystallized from ethanol/toluene and then sublimated under
continuous vacuum pumping to remove all traces of water and sol-
vents. Selenanthrene was synthesized from thianthrene S,S’-dioxide
and selenium according to the procedure described.?”! Aluminum
chloride was sublimated three times until a pure white material free
of traces of FeCls;, which causes a yellowish coloration, was ob-
tained. Commercial SO, (product grade 3.8, Praxair) was stored as
liquid over P,Os5 and freshly distilled directly into the reaction ves-
sel prior to use. Additionally, SO, was prepared in the following
way: P,Os was placed in a round-bottomed flask, and by slow ad-
dition of demineralized and degassed water H;PO,4 was generated.
Dry, powdered NaHSO; was slowly released into the acid with an
addition funnel. The released gas was trapped by using an ethanol/
dry ice mixture. All operations were performed in a closed, argon-
flushed system. The liquefied SO, was then treated as described
above for the commercial product. Raman spectra were recorded
with a Bruker RFS100 FT spectrometer. Magnetic measurements
were performed with a Faraday balance on a sample of 1.25 mg
included in a quartz capsule by applying five different magnetic
fields between approximately 0.1 and 1T at each temperature
point. The data points were corrected for the diamagnetic contri-
bution of the sample container.

Trichloridothianthrene Aluminum(III) and Tris(thianthrenium)-Bis-
(heptachloridodialuminate): In an argon-filled glovebox, thianthrene
(160 mg, 0.74 mmol) and aluminum chloride (100 mg, 0.75 mmol)
were placed in a glass ampoule 12 cm in length and 1.2 cm in dia-
meter. The ampoule was evacuated to a final pressure of 1 Pa and
flame-sealed. The closed ampoule was first heated at 100 °C for
12 h and then annealed at 50 °C for 3 weeks. The ampoule was
opened under a stream of argon and the colorless {[AICI;(TA)]},
dark red {(TA);[AL,Cl;],}, and yellow crystals that emerged were
handled under an inert argon atmosphere.

Tris(selenanthrene)aluminum—Tris(heptachloridodialuminate)  [Al-
(SeA)sl[AL,Cl;]5: In an argon-filled glovebox, selenanthrene
(100 mg, 0.32 mmol) and AICl; (43 mg, 0.32 mmol) were placed in
a glass ampoule 14 cm in length and 1.4 cm in diameter. The am-
poule was evacuated to a final pressure of 1 Pa and flame-sealed.
The closed ampoule was heated at 90 °C for two weeks. The am-
poule was opened under a stream of argon and the colorless crys-
tals of [Al(SeA);][Al,Cl;]; were isolated in almost quantitative yield
and handled under an inert argon atmosphere.

Selenanthrene—Tetrachloridoaluminate: In an argon-filled glovebox,
selenanthrene (31 mg, 0.1 mmol) and AlICl; (27 mg, 0.2 mmol) were
placed in an H-shaped vessel. Liquid SO, (5 mL) was condensed
into each side of the vessel, which resulted in yellow and colorless
solutions for selenanthrene and AICl;, respectively. The solution of
AICl; was then poured into the solution of selenanthrene. The
color of the combined solutions immediately turned dark violet
and black crystals with metallic shine started to form after one day.
The dark solution was slowly concentrated by distillation of the
solvent into the empty branch of the vessel. When the precipitation
of white material started, the solution was filtered, thereby leaving
behind the black crystals of (SeA),[AICly], in about 30% yield.
C,,HgAICI,Se,: caled. C 30.1, H 1.7; found C 29.0, H 2.1.
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X-ray Structure Determinations: Crystals were selected in the
glovebox and fixed in glass capillaries, which were sealed by melt-
ing. Data collection was performed at low temperature with a
Bruker Nonius KappaCCD diffractometer equipped with graphite-
monochromated Mo-K,, radiation (4 = 0.71073 A) and an Oxford
Cryostream cooling device. The crystal structures were solved by
direct methods and refined using SHELX97.381 A semiempirical
absorption correction by the multiscan method was applied to the
data sets.*”) Hydrogen atoms were refined in idealized positions as
riding on their attached carbon atoms with isotropic displacement
factors fixed to the value 1.2 of the respective C atoms.

CCDC-861629 (for AICI3(TA)), -861628 (for (TA);[ALCl]),
-861626 (for [Al(SeA)3][Al,Cl,]3), and -861627 (for (SeA),[AICL],)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Trichloridothianthrenealuminum(III) [AICI;(TA)]: C,;,HgAICL;S,;
triclinic; space group PI; lattice constants a = 8.1043(2) A, b =
12.8221(2) A, ¢ = 14.6312(3) A, a = 107.234(1)°, f = 93.378(1)°, y
=91.431(1)°; unit-cell volume 1448.17(5) A3; T'= 110(2) K; number
of formula units Z = 4, Deq = 1.604 gem™3; crystal dimensions
0.10X0.10 X 0.08 mm; range of data collection 5.8=20=55.1°
range of indices 1 £ 10, k=16, /= 18; 44591 measured reflections;
6647 unique reflections, Ryerpe = 0.082, absorption coefficient u =
0.96 mm~'; 325 refined parameters, ratio reflections/parameters:
20.4; reliability factors of refinement R(JF]) for all data: 0.062,
R(F) for 5000 (F,) > 4a(F,) = 0.036, wR(F?) = 0.077; max./min.
residual density +0.30/-0.39 e A3,

Tris(thianthrene)-Bis(heptachloridodialuminate) (TA);[ALCl],:
C;36H24A14Cl114S6; monoclinic; space group P2,/c; lattice constants
a = 11.3266(3) A, b = 11215420 A, ¢ = 22.6814(5) A, p =
119.896(1)°; unit-cell volume 2497.9(1) A3; T = 123(2) K; number
of formula units Z = 2, Deyeq = 1.666 gem™3; crystal dimensions
0.130.11 X 0.03 mm; range of data collection 6.8 = 20 = 55.1°
range of indices & * 14, k= 14, [ £29; 21345 measured reflections;
5726 unique reflections, Ryeree = 0.051, absorption coefficient u =
1.12mm'; 272 refined parameters, ratio reflections/parameters:
21.0; reliability factors of refinement R(JF]) for all data: 0.063,
R(|F) for 4190 (F,) > 4a(F,) = 0.035, wR(F?) = 0.075; max./min.
residual density +0.41/-0.34 e A 3.

Tris(selenanthrene)aluminum-Tris(heptachloridodialuminate)  [Al-
(SeA);|[ALCl]3: C36H,4AL,Cly;Seg; monoclinic; space group P2,/c;
lattice constants ¢ = 13.441003)A, b = 26.9550(4)A, ¢ =
21.1259(5) A, p = 122.7232(6)°; unit-cell volume 6439.2(2) A3; T =
223(2) K; number of formula units Z = 4, Dgeq. = 1.922 gem 3;
crystal dimensions 0.10 X 0.05 X 0.04 mm; range of data collection
3.0=20=50.8°; range of indices 1 = 16, k -25 to +32, [+ 25; 68672
measured reflections; 11764 unique reflections, Ryeree = 0.095, ab-
sorption coefficient £ = 4.41 mm™'; 631 refined parameters, ratio
reflections/parameters: 18.6; reliability factors of refinement R(|F])
for all data: 0.081, R(|F]) for 8160 (F,) > 4c(F,) = 0.042, wR(F?)
= 0.089; max./min. residual density +0.73/-0.71 e A3,

Selenanthrene-Tetrachloridoaluminate (SeA),|AIClLy),: C,>HgAICl,Se,;
orthorhombic; space group P2,2,2,; lattice constants a =
12.8314(7) A, b = 13.5237(9) A, ¢ = 18.3434(11) A; unit-cell volume
3183.1(3) A3; 7= 203(2) K; number of formula units Z = 8, Dgyeq.
=1.999 gcm 3; crystal dimensions 0.27 X 0.09 X 0.04 mm; range of
data collection 6.0 =20=54.9°; range of indices h*16, k* 16,
[+ 23; 18320 measured reflections; 6414 unique reflections Ryerge
= 0.111, absorption coefficient ¢ = 5.35 mm'; 343 refined param-
eters, ratio reflections/parameters: 18.7; reliability factors of refine-
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ment R(|F]) for all data: 0.112, R(|F]) for 3988 (F,) > 4a(F,) =
0.056, wR(F?) = 0.124; Flack x parameter 0.001(14), max./min. re-
sidual density +0.65/-0.75 e A 3.

Computational Details: All periodic quantum chemical calculations
were performed with the crystalline-orbital program package
CRYSTALO09.271 In CRYSTALO09 the Bloch functions were ex-
panded in atom-centered basis functions. Modified versions®! of
the all-electron basis sets of triple-{ valence plus polarization
(TZVP) quality by Ahlrichs et al.’%3! were used. For structure
optimizations the standard GGA (generalized gradient approxi-
mation) functional PBEP*24 was employed. To study the effect of
dispersion interactions on the structures, an empirical correction
term proposed by Grimme was applied (PBE-D2).1¢]

The hybrid functional PBE0?**! was used for single-point and band-
structure calculations. The standard values of CRYSTAL for inte-
gral accuracy were increased by a factor of 10 for structure optimi-
zations and by a factor of 100 for single-point calculations. Integra-
tion in reciprocal space was performed using a 8 X8 X4 Monk-
horst-Pack k-point net, which resulted in 90 points in the irreduc-
ible Brillouin Zone (IBZ) for (TA);[Al,Cl,],, and a 8 X 6 X 4 Monk-
horst-Pack k-point net, which resulted in 100 points in the IBZ for
AICI3(TA). For SeA-AICI4, a 4 X 4 X 4 k-point net with 27 k-points
in the IBZ was used.

All gas-phase calculations were carried out with the ORCA pro-
gram system.?”! The hybrid functional PBEO with the RIJCOSX
approximation® in the def2-TPVP basis*%-3!l was employed. Fig-
ures were generated using Gabedit.*!]
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