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The organodiselone ligands 1,1-bis(3-methyl-4-imidazolin-2-
selone)methane (L1) and 1,2-bis(3-methyl-4-imidazolin-2-se-
lone)ethane (L2) have been used for the synthesis of homo-
polynuclear TlI [{Tl(L)}PF6]n·(mMeCN)n [L = L1, m = 1 (1); L
= L2, m = 0 (2)] and discrete heteropolynuclear [Tl{Au-
(C6Cl5)2}(L)] [L = L1 (3), L2 (4)] complexes. The crystal struc-
tures of complexes 1 and 3 have been determined through
X-ray diffraction studies. Complex 1 consists of alternating
thallium(I) centres and bidentate Se-donor ligands that result
in polymeric chains. The crystal structure of 3 is formed by
[Tl(L1)]+ cations and [Au(C6Cl5)2]– anions joined together by
an unsupported Au···Tl interaction. Compounds 3 and 4 are

Introduction
As is well known, heavy atoms have a marked tendency

to form polynuclear aggregates that feature metal···metal
interactions with distances shorter than the sum of their
van der Waals radii. This effect has been related, in the case
of closed-shell metals, to correlation and relativistic effects,
the latter being a minor component of interaction-energy
stabilization. In the case of transition metals like Rh, Ir, Cr
and so on, London dispersion forces have been invoked to
explain such phenomena.[1] Particularly abundant is the
case of gold(I)-containing multidimensional complexes, in
which AuI···AuI (aurophilic) interactions are of a strength
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luminescent in the solid state at room temperature and at
77 K with lifetimes in the nanosecond range. DFT and time-
dependent (TD)-DFT calculations have been carried out on
different model systems including the free ligand L1, a repre-
sentative model of complex 1 and a model system of complex
3. The character of the frontier molecular orbitals and the
TD-DFT prediction of the absorption spectra are used to ex-
plain the origin of the luminescence of complexes 3 and 4 as
an admixture of metal–metal (Au–Tl)-to-ligand charge trans-
fer (MMLCT) and intraligand (IL) transitions as observed ex-
perimentally.

comparable to that of hydrogen bonds.[2] Nevertheless, the
availability and development of X-ray diffraction analyses
has allowed us to show that gold(I) is not an exception in
the periodic table and that other metal atoms with closed-
shell configurations can display the same behaviour. Thus,
examples of interactions between metal centres with d10–
d10,[3–7] d8–d8 [8] and s2–s2 [9,10] configurations, or even be-
tween centres of different configurations such as s2–d8,[11–13]

s2–d10 [14,15] and d8–d10 [16–19] have been reported and theo-
retical studies of selected examples have been carried
out.[1,20] From these studies it has been concluded that AuI

and TlI represent the two extremes of metallophilicity and,
thus, whereas aurophilic attractions can be considered the
upper extreme of the metallophilic attractions with values
up to 46 kJmol–1, interactions that involve TlI centres ap-
pear to be the weakest ones, even below 20 kJmol–1.[21] The
theoretical explanation of these values is that whereas auro-
philic AuI···AuI attractions are enhanced by relativistic ef-
fects, these effects weaken the van der Waals attractions be-
tween the s2 metal atoms.[22] Nevertheless, we have reported
some products that contain both AuI and TlI metal centres
at distances shorter than the sum of their van der Waals
radii (3.62 Å)[23] that are surprisingly stable. For instance,
we have described metallophilicity between gold(I) and
thallium(I) centres that make use of a acid–base synthetic
strategy that involves bis(perhalophenyl)aurate(I) precur-
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sors and acid TlI salts, thereby finding interaction energies
as high as 276 kJmol–1, of which 80 % is determined by an
ionic interaction.[24]

In addition to the intriguing nature of this interaction
from a theoretical viewpoint, it can be considered to be re-
sponsible for very important physical properties of the ma-
terials that contain it, for example, luminescence.[25] In
those systems, this property is strongly dependent on the
environment around the metal centres, the metal–metal dis-
tances and the nature of ligands bonded to them. In this
regard, thallium(I) displays an astonishing complexity in
coordination numbers and geometries,[26] which may also
imply that different vacant coordination sites are available
for interaction with a wide variety of substrates. In this way,
we have prepared heteronuclear gold–thallium systems with
different dimensionality (from single molecules to 1D, 2D
and 3D polymers), and donor ligands bonded to thallium,
for instance, O-donor (OPPh3, ketones, DMSO, DMF,
THF, β-diketonates), N-donor (aliphatic and aromatic
amines) or C-donor (toluene).[27] From all these examples
it can be deduced that thallium(I) shows a preference for
ligands that bear hard donor atoms, but reactivity with li-
gands with donor centres of lower periods is an unexplored
area. Therefore, continuing with these studies we wondered
whether this metal atom is suitable for coordination to
other ligands with softer donor characteristics�for in-
stance, selenium-donor ligands�to increase knowledge
about the influence of the ligands on the structure and the
luminescence of systems that feature AuI···TlI metallophilic
interactions.

In this paper we describe the synthesis, characterization
and study of the photophysical properties of thallium(I)
and heteronuclear gold(I)–thallium(I) complexes with the
bidentate selenium ligands 1,1-bis(3-methyl-4-imidazolin-

Scheme 1. Synthesis of complexes 1–4.
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2-selone)methane (L1) and 1,2-bis(3-methyl-4-imidazolin-2-
selone)ethane (L2). It is also important to add that very
few metal complexes of these types of Se-donor ligands are
reported in the literature.[28]

Results and Discussion

Synthesis and Characterization

Compounds [{Tl(L)}PF6]n·(mMeCN)n [L = L1, m = 1
(1), L = L2, m = 0 (2)] and [Tl{Au(C6Cl5)2}(L)] [L = L1
(3), L2 (4)] were obtained by reaction of TlPF6 or
[Tl{Au(C6Cl5)2}]n and equimolecular amounts of the or-
ganodiselone ligands by using MeCN or tetrahydrofuran as
solvent (see Scheme 1).

Complexes 1 and 2 were obtained as white crystalline
solids by evaporation of acetonitrile and further washing
with diethyl ether. Complexes 3 and 4 were isolated as
orange solids and were insoluble in solvents with low coor-
dinating ability, such as dichloromethane, toluene, acetoni-
trile or diethyl ether, and soluble in tetrahydrofuran or ace-
tone. All complexes were stable to air and moisture for long
periods of time. Analytical and spectroscopic data of all
complexes agree with the proposed stoichiometries (see the
Exp. Section).

The 1H NMR spectra of complexes 1 and 2 in [D6]-
DMSO and 3 and 4 in [D6]acetone display the correspond-
ing ligand signals (see the Experimental Section).

Mass spectra show signals that correspond to [Au
(C6Cl5)2]– at m/z = 695 (MALDI–) and [Tl(L)]+ at m/z =
534 (L = L1) and m/z = 553 (L = L2) (MALDI+) with the
expected isotopic distributions, but other peaks of higher
nuclearity were not detected.
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X-ray Structural Determination of Derivatives 1 and 3

Single crystals of complex 1 suitable for X-ray diffraction
studies were obtained by slow diffusion of hexane into a
solution of the complex in acetonitrile. It crystallizes in the
space group Pbca of the orthorhombic system with one mo-
lecule of acetonitrile per thallium atom. Its crystal structure
is formed by alternating thallium(I) centres and bidentate
Se-donor ligands that result in polymeric chains that run
parallel to the crystallographic y axis, which are further
connected by weaker Tl–Se bonds, thereby resulting in the
formation of sheets perpendicular to the z axis (Figure 1).
The Tl–Se bond lengths (Table 1) within the one-dimen-
sional polymers [3.0929(6) and 3.2127(6) Å] are similar to
those previously reported for complexes [(C4H9)4N]2-
[Tl2{Se2C=C(CN)2}2]·2(CH3)2CO (3.132–3.207 Å)[29] and
[AsPh4]2[Tl2{Se2C=C(CN)2}2] (3.108–3.162 Å),[30] which
are shorter than those found between thallium and sele-
nium atoms of adjacent chains in 1 [3.335(1) and
3.404(1) Å] [ΣvdW(Tl–Se) = 3.86 Å].[23] The Tl–Tl distance
of 5.504(1) Å is much longer than those observed in the
crystal structures that feature the anionic species
[Tl2{Se2C=C(CN)2}2]2– [3.570(1)[29] and 3.547 Å[30]] and
also longer than the double of the van der Waals radius of
thallium (3.92 Å),[23] which indicates the absence of any
type of interaction between the metal atoms in 1.

Figure 1. View of the two-dimensional structure of complex 1. Hy-
drogen atoms, counteranions and co-crystallized MeCN molecules
have been omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for the complex
cation [Tl(L1)]+ in the crystal structure of complex 1.[a]

Tl(1)–Se(1) 3.2127(6) Tl(1)–Se(2)#1 3.335(1)
Tl(1)–Se(2) 3.0929(6) Se(1)–C(1) 1.854(4)
Tl(1)–Se(1)#1 3.404(1) Se(2)–C(5) 1.861(4)
Se1–Tl1–Se2 60.13(1) Tl1–Se1–Tl1#2 112.54(1)
Se1–Tl1–Se2#1 64.724(17) Tl1–Se2–Tl1#2 117.75(1)
Se1–Tl1–Se1#1 81.02(1) C1–Se1–Tl1 108.51(13)
Se2–Tl1–Se2#1 89.20(1) C5–Se2–Tl1 102.69(14)

[a] Symmetry transformations used to generate equivalent atoms:
#1: x + ½, y, –z + ½; #2: x – ½, y, –z + ½.

The additional presence of secondary interactions of dif-
ferent nature between these cationic sheets, PF6

– anions and
solvent MeCN molecules gives rise to a 3D arrangement,
as shown in Figure 2. In particular, each thallium maintains
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two Tl···F contacts of 3.336 and 2.897 Å with fluorine
atoms of the same PF6

– anion [ΣvdW(Tl–F) = 3.43 Å][23] and
one Tl···N contact of 3.154 Å with the nitrogen centre of an
acetonitrile molecule [ΣvdW(Tl–N) = 3.51 Å],[23] as shown in
Figure 3. Additionally, C–H···F hydrogen bonds between
the solvent or the Se-donor ligand and PF6

– anions, which
are the responsible for the further dimensionality of the net-
work, are observed (Figure 2).

Figure 2. 3D network in the crystal structure of complex 1 built
through Tl···F, Tl···N and C–H···F contacts.

Figure 3. Environment of the thallium(I) atom in the crystal struc-
ture of complex 1 with the labelling scheme for the atom positions.

The crystal structure of complex 3 was determined from
single crystals obtained by slow diffusion of hexane into a
solution of the complex in tetrahydrofuran. The most inter-
esting feature in this structure is the modification of the
coordination mode of the bidentate Se-donor ligand, which
now acts as chelating instead of bridging ligand, as in 1,
presumably as a consequence of the incorporation of the
gold(I) atom of the bis(aryl)aurate(I) anion into the coordi-
nation sphere of thallium. Thus, the crystal structure of 3 is
formed by [Tl(L1)]+ cations and [Au(C6Cl5)2]– anions joined
together by an unsupported Au···Tl interaction, as shown in
Figure 4. The Au–Tl distance of 2.9619(8) Å compares well
with the shortest one found in [Tl{Au(C6Cl5)2}(tmda)]n
(tmda = tetramethylenediamine) [2.9782(4) Å][31] and lies
within the range of Au–Tl distances observed in other re-
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lated polynuclear Au/Tl systems with unsupported metal–
metal interactions [2.9078(3)–3.3205(3) Å].[24,25a,25b,32–39]

The Tl···Se bond lengths (Table 2) have values of 3.0471(16)
and 3.1936(17) Å. The former is shorter than those found
in 1 [3.0929(6) and 3.2127(6) Å] or in the related com-
pounds [(C4H9)4N]2[Tl2{Se2C=C(CN)2}2]·2(CH3)2CO
(3.132–3.207 Å)[29] and [AsPh4]2[Tl2{Se2C=C(CN)2}2]
(3.108–3.162 Å),[30] whereas the second one compares well
with most of the Tl–Se bond lengths noted. The environ-
ment at thallium is trigonal pyramidal with two positions
occupied by the selenium donors from the ligand L1, and
the third coordination site occupied by the anion
[Au(C6Cl5)2]– in which the gold centre shows its characteris-
tic linear environment by the coordination of the pentachlo-
rophenyl groups with typical Au–C distances of 2.051(15)
and 2.062(16) Å.

Figure 4. Asymmetric unit of the crystal structure of complex 3
with the labelling scheme for the atom positions.

These heterodinuclear AuI/TlI complexes are further con-
nected into pairs thanks to the presence of two Tl···Se inter-
actions of 3.433(2) Å, and one Se···Se contact of 3.674(3) Å.
Additionally, each selenium atom acts as acceptor of a
highly directional C–H···Se hydrogen bond [C9···Se 3.83(2),
H···Se 2.86(1) Å, C9–H···Se 171.3(9)°], which is the respon-
sible for the expansion of the structure into a polymeric

Figure 5. View of the polymeric chain structure of complex 3 built through C–H···Se hydrogen bonds.
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Table 2. Selected bond lengths [Å] and angles [°] for complex 3.

Au–C11 2.051(15) Tl–Se1 3.1936(17)
Au–C21 2.062(16) Se1–C1 1.811(16)
Au-Tl 2.9619(8) Se2–C5 1.845(15)
Tl–Se2 3.0471(16)
C11–Au–C21 175.9(6) Au–Tl–Se1 107.90(4)
C11–Au–Tl 88.2(4) Se2–Tl–Se1 97.12(4)
C21–Au–Tl 88.5(4) C1–Se1–Tl 128.2(5)
Au–Tl–Se2 79.05(4) C5–Se2–Tl 94.9(4)

chain, as is shown in Figure 5 (the structural features of the
C–H···Se hydrogen bond in 3 fall in the range found for
similar contacts that involve aliphatic methylene hydrogen
atoms and selenium atoms[40]). The free coordination hemi-
sphere around the TlI centre might be indicative of the pres-
ence of a stereochemically active 6s2 lone pair.

Photophysical Studies and DFT and Time-Dependent (TD)-
DFT Calculations

The absorption spectra of the organodiselone ligands L1
and L2, at 2 �10–5 m concentration in chloroform, show an
intense featureless band at 287 nm (ε = 23670 m–1 cm–1) and
281 nm (ε = 27260 m–1 cm–1), respectively (Figure 6). Com-
plexes 1 and 2 show an absorption band in acetone at
2�10–5 m concentration at 209 and 214 nm (ε =
60000 m–1 cm–1), respectively. These energies are similar to
those of the ligands L1 and L2, thus suggesting a similar
origin. In contrast, the heteropolynuclear complexes 3 and
4, which are insoluble in chloroform, display an intense ab-
sorption band in 1� 10–3 m acetone solution at 330 nm (ε
= 1594 m–1 cm–1) (3) and 330 nm (ε = 1543 m–1 cm–1) (4),
and an additional shoulder (Figure 6) at around 430 nm (ε
= 200 m–1 cm–1) for both complexes. The similarity between
the high-energy bands of these complexes with the absorp-
tion band of the free ligands suggests a similar origin.

From all the noted compounds and ligands, the only
ones that show an emissive behaviour are the heteronuclear
gold(I)–thallium(I) complexes 3 and 4. Thus, complexes 3
and 4 emit at 603 nm (exc. 488 nm) (3) and at 660 nm (exc.
556 nm) (4) in the solid state at room temperature and at
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Figure 6. UV/Vis absorption spectra for solutions of L1 and L2 in 2 �10–5 m CHCl3 and for solutions of complexes 3 and 4 in 1�10–3 m
acetone.

617 nm (exc. 456 nm) (3) and at 667 nm (exc. 487 nm) (4)
in the solid state at 77 K (Figure 7). The lifetime of the
emission in the solid state at room temperature displays two
components within the nanosecond timescale for both com-
plexes: τ1 = 119 ns, τ2 = 514 ns (3) and τ1 = 50 ns, τ2 =
435 ns (4), thereby indicating that the emissions probably
originate from excited states of singlet parentage and conse-
quently are both tentatively assigned as fluorescence. The
behaviour of these complexes in solution is different and
does not show luminescence; it is recovered when the sol-
vent is evaporated without apparent degradation of the
sample. This fact suggests that the gold(I)–thallium(I) inter-
action influences the optical properties of this material and
probably the rupture of the interaction by the solvent
quenches the emission. In this regard, related complexes
that show gold–thallium interactions usually show lumines-
cence assigned to transitions that originate in these interac-
tions, the rupture of which provokes its quenching.[27]

Moreover, it is worth mentioning that upon increasing the
concentration in solution, both complexes 3 and 4 display
emissions that can be assigned to the formation of metallo-
philic interactions in solution. Despite the fact we have
detected luminescence in polymeric complexes that bear
only thallium (I) centres such us [Tl(acac)] (acac = acetyl-

Figure 7. Excitation and emission spectra for complexes 3 (left) and 4 (right) in the solid state at room temp. (black) and at 77 K (grey).
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acetonate),[32] in the case of complexes 1 and 2 we do not
observe emissive properties under the same conditions. This
fact would be related to the absence of TlI–TlI interactions
in the latter complexes, which were assigned as the origin
of the luminescence in the former or even in heteronuclear
gold(I)–thallium(I) compounds that show both types of in-
teractions (AuI–TlI and TlI–TlI.[41]

DFT and TD-DFT calculations on model systems of the
previously noted compounds have been carried out. We first
studied the electronic structure of models L1a, 1a and 3a
obtained through DFT optimization in the case of L1a and
single-point DFT calculations in the case of models 1a and
3a. These three models represent the experimental struc-
tures of the free ligands L1 and L2, the polymeric thallium
complexes 1 and 2 and the heteropolynuclear AuI–TlI com-
pounds 3 and 4, respectively. With these results, we could
check the shape of the frontier molecular orbitals and hence
the contribution of each part of the molecules to these mo-
lecular orbitals (Figure 8). These calculations were carried
out using both the B3-LYP and BH-LYP functionals.

The analysis of the frontier orbitals of model system L1a
shows that the highest occupied molecular orbitals are
mostly located at the selenium atoms with some contri-
bution in HOMO and HOMO–1 from the imidazoline
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Figure 8. Theoretical model systems.

rings. On the other hand, the lowest unoccupied molecular
orbitals are mostly placed at the imidazoline rings with
some contribution in LUMO and LUMO+1 of the sele-
nium atoms. The TD-DFT (B3-LYP) calculations of the
first twenty singlet transitions show a very good agreement
between the theoretical excitations and the experimental
ones. The theoretical excitations (Table 3) display the con-
tribution of the frontier orbitals to each excitation and the
corresponding intensity (oscillator strength) (Figure 9),
which shows that mainly n(Se)�π*(ring) transitions are re-
sponsible for the absorption observed experimentally.

Table 3. TD-DFT singlet excitation calculations for model system
L1a.

Excitation λcalcd. [nm] Osc. str.[a] Contributions[b]

A 289.1 0.0743 HOMO�LUMO (84.8)
B 273.5 0.0111 HOMO�LUMO+1 (45.2)

HOMO–2�LUMO+1 (23.7)
C 268.3 0.0433 HOMO–3�LUMO+1 (44.3)

HOMO–2�LUMO (28.9)
D 261.5 0.1822 HOMO–1�LUMO+1 (54.3)

HOMO–3�LUMO+1 (25.3)
E 258.4 0.0125 HOMO�LUMO+2 (78.4)
F 251.8 0.0942 HOMO�LUMO+3 (68.1)

HOMO–1�LUMO+2 (22.2)
G 247.1 0.0115 HOMO–2�LUMO+3 (88.4)

[a] The oscillator strength shows the mixed representation of both
velocity and length representations. [b] The value is |coeff.|2 �100.

The DFT and TD-DFT analyses of a model system (1a)
(Figure 10), which represents the polymeric arrangement
found for complexes 1 and 2 in the solid state, show dif-
ferent features. In this case, the shape of the highest-occu-
pied molecular orbitals is similar to that of the free ligand,
and therefore they are mostly located at the selenium atoms
with some contribution of the ligand rings. However, the
analysis of the lowest unoccupied molecular orbitals dis-
plays a main contribution of the thallium atoms, which
would suggest a ligand-to-metal charge-transfer transition
for the absorption of these complexes. Nevertheless, the
similarity of the absorption spectra of the complexes 1 and
2 and those of the free ligands would suggest a breaking of
the thallium–ligand bonds in acetone, thus leading to the
above-mentioned intraligand transitions. The TD-DFT
analysis of model system 1a shows low-intensity theoretical
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Figure 9. Frontier molecular orbitals for the free ligand model sys-
tem L1a and experimental (black) versus theoretical absorption
spectra (grey).

excitations (see the Supporting Information), which are
likely to preclude an emissive behaviour of this complex in
the solid state as it is observed experimentally (see above).
In any case, the difference between the theoretical model
system and the 3D experimental structure does not allow
us to reproduce all the interactions experimentally found in
the theoretical analysis. Therefore the discrepancy between
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Figure 10. Frontier molecular orbitals for model system 1a.

theoretical and experimental values could be due to this
fact.

By contrast, the DFT electronic structure of the frontier
orbitals for the model system 3a displays interesting differ-
ences. Thus, the highest occupied molecular orbital HOMO
and HOMO–1 are both located at the interacting gold–thal-
lium atoms and at the ligands, thus showing the importance
of the gold–thallium interaction in the photophysics of
these systems. The population analysis of these highest oc-
cupied molecular orbitals shows that the Au–Tl interacting
metals contribute to the molecular orbitals in a 36% in the
case of HOMO and 29% in the case of HOMO–1, which is
a contribution larger than that of lower energy occupied
orbitals. With regards to the empty orbitals LUMO to
LUMO+3, we observe a main contribution of the selenium-
donor ligands (LUMO) with some contribution from the
thallium centres and the C6Cl5 rings (LUMO+1 to
LUMO+3). The TD-DFT calculations of the first ten sing-
let excitations show interesting trends (see Table 4). The en-
ergy and intensity of these theoretical transitions resemble
the low-energy shoulder observed experimentally in the ab-
sorption spectrum (Figure 11). Moreover, the excitation-en-
ergy profile for this complex matches the low-energy part
of the absorption spectrum. Therefore, we could tentatively
assign these theoretical transitions to the origin of the emis-
sion in this complex. A deeper investigation of the theoreti-
cal transitions shows the orbital contribution to the theoret-
ical excitations. The most intense theoretical excitations (A
to E) arise from HOMO and HOMO–1 orbitals to LUMO
to LUMO+3.

In view of these results, an admixture of metal–metal
(Au–Tl)-to-ligand charge transfer (MMLCT) and intrali-
gand (IL) transitions would be the origin of the luminescent
behaviour of complexes 3 and 4.

To test the validity of our results, we repeated the TD-
DFT calculations using a different functional as BH-LYP.
We found in all cases quite similar excitation profiles for
the model systems L1a and 3a but blueshifted in energy (see
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Table 4. TD-DFT singlet excitation calculations for model system
3a.

Excitation λcalcd. [nm] Osc. strength[a] Contributions[b]

A 428 0.0063 HOMO�LUMO+1 (48.3)
HOMO�LUMO (32.1)

B 424.7 0.022 HOMO�LUMO (31.0)
HOMO–1�LUMO+1 (25.2)
HOMO–1�LUMO+2 (15.0)

C 420.7 0.016 HOMO–1�LUMO+2 (33.5)
HOMO–1�LUMO+3 (21.3)
HOMO�LUMO+2 (21.3)

D 414.8 0.027 HOMO�LUMO+2 (55.3)
HOMO–1�LUMO+2 (26.9)

E 412.8 0.029 HOMO–1�LUMO+3 (63.8)
HOMO�LUMO+3 (18.3)

F 398 0.0028 HOMO–2�LUMO (93.2)

[a] The oscillator strength shows the mixed representation of both
velocity and length representations. [b] The value is |coeff.|2 �100.

the Supporting Information). For thallium complex 1, we
observed a clear difference in the shape and energy of the
theoretical absorption spectra, the one obtained through
the BH-LYP functional being closer to the experimental
values (see the Supporting Information).

Conclusion

The use of organodiselone ligands L1 and L2 has permit-
ted the synthesis of homopolynuclear polymeric TlI com-
plexes and heterodinuclear AuI–TlI compounds. In the lat-
ter, the solid-state structure consists of discrete
[Tl{Au(C6Cl5)2}(L)] (L = L1 or L2) molecules. Only in the
case of the gold–thallium complexes is the luminescence ac-
tivated, thereby displaying an admixture of metal–metal
(Au–Tl)-to-ligand charge transfer (MMLCT) and intrali-
gand (IL) transitions. Therefore, it could be said that the
presence of gold(I) in these complexes switches on the
“emissive properties” of the TlI complexes of the organodi-
selone ligands.
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Figure 11. Frontier molecular orbitals for model system 3a and ex-
perimental versus theoretical excitation spectra in the low-energy
region.

Experimental Section
General: Solvents were freshly distilled under argon prior to use
and all the reactions were carried out under argon. Organic rea-
gents and metal salts were purchased from Sigma Aldrich and used
as received. [Tl{Au(C6Cl5)2}]n was prepared according to the litera-
ture.[25a]

Instrumentation: C and H analyses were carried out with a Perkin–
Elmer 240C microanalyzer. Mass spectra were recorded with a
Bruker Microflex MALDI-TOF using dithranol (DIT) or 1,1-dicy-
ano-4-tert-butylphenyl-3-methylbutadiene (DCTB) as matrix. 1H
NMR spectra were recorded with a Bruker Avance 400 or a Bruker
ARX 300 in [D6]DMSO or [D6]acetone solutions. Chemical shifts
are quoted relative to SiMe4 (1H, external), CFCl3 (19F, external)
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and H3PO4 (85 %) (31P, external). Excitation and emission spectra
in the solid state were recorded with a Jobin–Yvon Horiba Fluo-
rolog 3-22 Tau-3 spectrofluorimeter. Lifetime measurements were
recorded with a Datastation HUB-B with a nanoLED controller
and DAS6 software. The nanoLEDs employed for lifetime mea-
surements were 370 nm with pulse lengths of 0.8–1.4 ns. The life-
time data were fitted with the Jobin–Yvon software package. Mea-
surements at 77 K were done with an Oxford Cryostat Optistat DN
with an accessory for solid samples.

L1 and L2: The synthesis of the organodiselone ligands, 1,1-bis(3-
methyl-4-imidazolin-2-selone)methane (L1) and 1,2-bis(3-methyl-4-
imidazolin-2-selone)ethane (L2) were performed according to the
literature.[42a] The process consists of two steps: synthesis of the
appropriate 3-methylimidazolium bis-cation salt, and its reaction
with elemental selenium in methanol in the presence of slight excess
amount of K2CO3. We have improved the overall yield of this syn-
thetic procedure by preparing quantitatively the required 3-methyl-
imidazolium bis-cation salts from the reaction of 1-methyl imid-
azole and an excess amount of the appropriate terminal dihalide
under solvent-free and refluxing conditions.[42b] The use of solvent
(AcOEt, THF) and of stoichiometric quantities of the reactants in
this step generally causes a significant lowering of the yield in the
3-methylimidazolium bis-cation salt intermediate.

{[{Tl(L1)}PF6]·MeCN}n (1) and [{Tl(L2)}PF6]n (2): TlPF6 (0.042 g,
0.12 mmol) was added to a solution of L1 (0.04 g, 0.12 mmol) or
L2 (0.04 g, 0.12 mmol) in MeCN (20 mL) and the reaction mixture
was stirred for 24 h at room temperature. The solvent was removed
under vacuum and the remaining white solid was washed with Et2O
and filtered off. Product 1 was recrystallized from CH3CN/n-hex-
ane (1:5 v/v). Compound 2 was obtained using the same workup.

Compound 1: Yield 0.069 g (85%). C9H12TlF6N4PSe2·(MeCN):
calcd. C 18.23, H 2.09, N 9.67; found C 18.29, H 1.81, N 9.75. 1H
NMR (DMSO, 400 MHz): δ = 3.56 (s, 6 H, –CH3), 6.33 (s, 2 H,
–CH2–), 7.34 (d, 2 H, –CH=CH–, 3J(H,H) = 2.3 Hz), 7.76 (d, 2
H, –CH=CH–, 3J(H,H) = 2.3 Hz) ppm. 31P{1H} NMR (DMSO,
161.9 MHz): δ = –144.1 (q, 1 P) ppm. 19F NMR (DMSO,
376.48 MHz): δ = –70.1 (d, 6 F, 1J(P,F) = 711.3 Hz) ppm.

Compound 2: Yield 0.062 g (78%). C10H14F6N4PSe2Tl (697.50):
calcd. C 17.22, H 2.02, N 8.03; found C 17.22, H 1.86, N 8.59. 1H
NMR (DMSO, 400 MHz): δ = 3.54 (s, 6 H, –CH3), 4.40 (s, 4 H,
–CH2–CH2–), 7.02 (d, 2 H, –CH=CH–, 3J(H,H) = 2.1 Hz), 7.29 (d,
2 H, –CH=CH–, 3J(H,H) = 2.1 Hz) ppm. 31P{1H} NMR (DMSO,
161.9 MHz): δ = –144.1 (q, 1 P) ppm. 19F NMR (DMSO,
376.48 MHz): δ = –70.1 (d, 6 F, 1J(P,F) = 711.3 Hz) ppm.

[Tl{Au(C6Cl5)2}(L1)] (3) and [Tl{Au(C6Cl5)2}(L2)] (4):
[Tl{Au(C6Cl5)2}]n (0.167 mmol, 150.0 mg) was added to a suspen-
sion of L1 (0.167 mmol, 55.7 mg) or L2 (0.167 mmol, 58.0 mg) in
tetrahydrofuran. After 1 h of stirring, the solution was concen-
trated under vacuum. Finally, the addition of dichloromethane
(5 mL) led to the precipitation of products 3 or 4 as orange solids.

Compound 3: Yield 84%. C21H12AuCl10N4Se2Tl (1234.14): calcd. C
20.44, H 0.98, N 4.54; found C 20.80, H 1.05, N 4.77. ΛM (acetone)
= 99.0 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone): δ = 7.89
(2 H), 7.24 (2 H), 6.51 (s, 2 H, CH2), 3.65 (s, 6 H, CH3) ppm.
MALDI-TOF(–): m/z (%) = 695 [Au(C6Cl5)2]– (100). MALDI-
TOF(+): m/z (%) = 534 [Tl(L1)]+ (100). FTIR (Nujol): ν̃ = 835 and
613 cm–1 ([Au(C6Cl5)2]).

Compound 4: Yield 70%. C22H14AuCl10N4Se2Tl (1248.17): calcd. C
21.17, H 1.13, N 4.49; found C 20.90, H 1.14, N 4.20. ΛM (acetone)
= 109.5 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone): δ = 7.26
(2 H), 7.08 (2 H), 4.63 (s, 4 H, CH2), 3.65 (s, 6 H, CH3) ppm.
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MALDI-TOF(–): m/z (%) = 695 [Au(C6Cl5)2]– (100). MALDI-
TOF(+): m/z (%) = 553 [Tl(L2)]+ (100). FTIR (Nujol): ν̃ = 836 and
614 cm–1 ([Au(C6Cl5)2]).

Computational Details: For DFT and time-dependent DFT calcula-
tions, the model system of the ligand L1a was optimized at the
DFT level of theory using the TURBOMOLE program package.
For this optimization we used the B3-LYP and BH-LYP function-
als[43] as implemented in TURBOMOLE.[44] The electronic struc-
tures for complexes 1 and 3 were calculated by single-point DFT
calculations on model systems 1a and 3a built up from the X-ray
diffraction results. Calculations were performed without any as-
sumption of symmetry.

The excitation energies were obtained at the density functional level
by using the time-dependent approach,[45–49] which is a DFT gener-
alization of the Hartree–Fock linear response (HFLR) or random-
phase approximation (RPA) method.[50]

In all calculations, the Karlsruhe split-valence quality basis sets[51]

augmented with polarization functions[52] were used (SVP). The
Stuttgart effective core potentials in TURBOMOLE were used for
Au and Tl.[53]

Crystallography: The crystals were mounted in inert oil on glass
fibres and transferred to the cold gas stream of an Oxford Diffrac-
tion Xcalibur (for the crystals of complex 1) or a Nonius Kappa
CCD diffractometer (3) equipped with an Oxford Instruments low-
temperature attachment. Data were collected by monochromated
Mo-Kα radiation (λ = 0.71073 Å). Scan type ω and φ. Absorption
corrections based on multiple scans were applied with the program
SADABS (for the crystal structure of complex 1) or SORTAV (3).
The structures were solved by direct methods and refined on F2

using the program SHELXL-97.[54] All non-hydrogen atoms were
anisotropically refined. Hydrogen atoms were included using a ri-
ding model.

CCDC-805083 (for 1) and -805084 (for 3) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystal Data for the Crystal Structure of Complex 1:
C9H12F6N4Se2Tl·CH3CN, Mr = 724.54; orthorhombic, Pbca, a =
8.5981(17) Å, b = 18.510(4) Å, c = 24.425(5) Å, V = 3883.3(13) Å3,
Z = 8, ρcalcd. = 2.479 gcm–3, μ(Mo-Kα) = 12.211 mm–1, R1 =
0.0255, wR2 = 0.0567 for 53764 observed reflections [I�2σ(I)].

Crystal Data for 3: C21H12AuCl10N4Se2Tl, Mr = 1234.10, triclinic,
P1̄, a = 11.0840(11) Å, b = 11.5294(9) Å, c = 13.6587(14) Å, α =
109.604(6)°, β = 94.018(3)°, γ = 103.448(5)°, V = 1578.2(3) Å3, Z

= 2, ρcalcd. = 2.597 gcm–3, μ(Mo-Kα) = 12.917 mm–1, R1 = 0.0691,
wR2 = 0.1852 for 17919 observed reflections [I �2σ(I)].

Supporting Information (see footnote on the first page of this arti-
cle): DFT and TD-DFT results for all model systems using BH-
LYP functional and TZVP basis sets for the case of the free ligand.
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