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Abstract

Following three different strategies gold—thallium complexes are prepared. One of them consists of the use of bidentate bridging ligands, the
second one uses the acid—base process, and the third uses a gold metallocryptand, which is able to encapsulate a thallium atom. The structures:
these complexes show discrete molecules, extended linear chains or two- or three-dimensional networks, all of them displaying luminescence.
The emission is strongly dependent on the structures and, thus, extended linear chains are luminescent in solid state, while discrete molecules
are also luminescent in solution. Ab initio calculations allow us to establish the energy of the Au—TlI interaction. density functional theory
(DFT) and time dependent-density functional theory (TD—-DFT) calculations allow us to predict the excitations that lead to emission of
radiation for the different type of complexes. From these it is concluded that metal-metal interactions, as well as atom environments, are the
main aspects that affect the energy of the emissions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (van der Waals radii of gold(l) = 1.66 [1]) of a strength
comparable to hydrogen bondig]. This structural situa-
As has beenwell established, relativistic heavy atoms havetion was initially pointed out by Schmidbaur in the 1980s
amarked tendency to form aggregates with metal-metal dis-[3] and encouraged experimental chemists to carry out an
tances shorter than the sum of their van der Waals radii. Par-exhaustive search of structural information and the theo-
ticularly abundantis the case of gold(l) containing complexes rists to construct theoretical models to compare with the
which tend to form dimers, oligomers or even uni- or multi- - experimental data. Thanks to these efforts, it is nowadays
dimensional polymers based on gold(l)—gold(l) interactions generally accepted that these interactions arise from cor-
relation and relativistic effects that are of particular im-
* Corresponding author. Tel.: +34 976 1185; fax: +34 976 1187. portance in the case of gold, although relativistic effects
E-mail addressalaguna@unizar.es (A. Laguna). are a minor component of the interaction energy stabiliza-
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tion. Nevertheless, the great availability and development of visible spectrum. All these characteristics render this class
X-ray diffraction analyses has allowed us to show that gold(l) of complexes perfect candidates for the fabrication of LEDs
is not an exception in the periodic table and that other or different luminescent sensors. In short, understanding the
metal atoms with closed-shell configurations can display the photophysics and photochemistry of these materials could
same phenomenon. Thus, examples of interactions betweemermit the judicious design of complexes chosen for individ-

centres with &—d'° (Ag(1)-Ag(l) [4], Cu(l)-Cu(l) [5], ual applications whose demand in the microelectronic indus-
Hg(I)—Hg(l1) [6], Pt(0)—Pt(0)[7], Pd(0)-Pd(0)8]), d®—cf try or medicine is increasing every day.
(Pt(I)-Pt(11) [9]), and $—< (TI(1)=TI(I) [10], Pb(I)—Pb(II) The objective of this paper is not only to review the

[11]) configurations, or even between centres of different gold—thallium luminescent complexes, but also to show a
configurations such ag-si® (TI(I)-Pt(I1) [12], TI(I)-Pd(l) very promising area of research that, in spite of the rela-
[13], TI()-Ir(1) [14]), S—dO (TI()-Au(l) [15], Pb(I)-Au(l) tively small number of complexes prepared to date, have led
[16]) and &-d° (Pt(I)-Au(l) [17], Pt(I)-Hg(ll) [18], to the first steps of a new class of luminescent materials with
Pt(IN-Ag(l) [19], Pd(ID-Au(l) [20]) have been reported and  promising uses for practical applications.

theoretical studies of selected examples have been carried

out[21]. From these studies it has been shown that Au(l) and

TI(l) represent the two extremes of theetallophilicityand, 2. Different approaches in the design of luminescent

thus, while aurophilic attractions can be considered the up- Au(l)-TI(I) complexes displaying metal-metal

per extreme of the metallophilic attractions with values up to interactions

46 kJ mot L, interactions involving TI(l) centres appear as the

weakest ones, even below 20 kJ mb[22]. The theoretical Complexes displaying gold—thallium interactions can be
explanation of these values is that while aurophilic attractions prepared following three basic strategies:

are enhanced by the relativistic effects, these weaken the van

der Waals attractions between tReretal atom$§23]. Taking (a) .The first consists of the use of bridging ligands cqntain-
into account these comments, it seems that the study of the g different donor centres, which permits a selective co-
interaction between Au(l) and TI(I) centres is of particular in- ordination of these atoms to both metals, placing them

terest since this appears between centres in oxidation state +1 ~ at distances shorter than the sum of their van der Waals

and these centres would normally be expected to repel each ~ radii. This strategy produces supported gold—thallium in-

other. In contrast, some products containing both metal cen-  teractions.

tres at distances shorter than the sum of their van der Waaldb) The second one produces unsupported gold—thallium

radii (3.62A) [1] are surprisingly stable, with an additional interactions  through reactions between basic gold(l)

electrostatic force in some or possible packing forces orthe ~ complexes and acid thallium(l) salts giving rise to

ligand architecture in others as responsible for this fact (see  SUpramolecular networks via acid—base stacking.

below). For instance, as noted in this review, metallophilic- () Finally, the third strategy also leads to unsupported

ity between gold(l) and thallium(l) centres in extended linear ~ gold—thallium interactions by encapsulation of a thallium

chain compounds with an average metal-metal separation ~ ¢entre in a dinuclear gold(l) cryptand.

of 3.03A is estimated at about 276 kJ md| of which 80%

consists of an ionic interactid@4]. Consequently, the ratio-  2.1. Bridged gold—thallium interaction

nalization of the bonding in these species still remains as a

challenge for synthetic and theoretical chemists. In 1988 Fackler et al. reported the first extended hetero-
In addition to the curious nature of this interaction from bimetallic linear chain that exhibits luminescerd®,16]

a theoretical viewpoint, it can be considered responsible for The [AuTI(MTP)] complex (MTP = w-CHyP(S)Ph) is

very important physical properties of the materials that con- formed by reacting BISO; with PPN[Au(MTP}], which

tain it, for example the luminescence. The special nature of contains a linear two-coordinate Au(l) centre. In this het-

the emissive properties makes the complexes suitable for useeronuclear complex the gold(l) atom is coordinated to two

as sensors for volatile organic or inorganic compoJaés. ylide carbon atoms and the thallium centre to two sulfur atoms

Of course, the thorough study on such aspects as metal-metadf the ligands, forming a double bridge between the metal

distances, environments around the metal centres and donocentres. The gold—thallium distance in this unitis 2.958(2)

characteristics of the ligands attached to them may lead toThis molecule forms a one-dimensional polymer along one

knowledge of the conditions needed for tuneability of the crystallographic axis of the lattice with nearly equal TI-Au

emissive properties in these derivatives. Thus, for instance,spacings (intermolecular 3.003@)(Fig. 1.

thallium(l) displays in these complexes an astonishing com-  The luminescence of this complex in solid state shows

plexity in coordination number and geomef{6], which both the emission and the bandwidth temperature depen-

may also imply that vacant coordination sites are available dence. Thus, the emission at 565 nm (halfwidth = 2140%m

for interacting with a wide variety of substrates. In addition, at 298 K is shifted to red (602 nm (HW = 1550 th)) when

many of them possess a very intense and long-lived lumines-the temperature is decreased to 77 K. In contrast, the com-

cence with emission energies spanning a wide range in theplex is not luminescent in solution at 298 K recovering this
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property on freezing at 77 K (536 nm). This last result is in- 1990
terpreted in terms of a bigger aggregation of [AuTI(M3JP)
units in solid state. The lifetime of 0.9& after laser exci-
tation at 355 nm and the large separation between excitation 1500
and emission peaks indicate that the emission process in this

complex is phosphorescence. 1000
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2.2. Unsupported gold—thallium interactions built by the
acid—base process
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In the early 1990 a thorough study of the luminescence 0L =" ™~ __
properties of a gold—thallium network was done by Patterson 370400 00 600 700
and co-worker§27]. The complex studied was TI[Au(CH)

[28], prepared by reaction of TINgand K[AU(CN)]-2H20. Fig. 2. Luminescence of [AuTI(§Fs)2(OPPh);]n: (a) in solid state; (b) in

In this case the structural data show two thallium—gold inter- dichloromethane; (c) after evaporation of dichloromethafaxis: fluores-
actions of 3.474 and 3.49Y, with the rest of Au-Tl distances ~ cence in arbitrary units¢-axis: wavelength in nm.

being longer than 3.68, corresponding to the sum of their

van der Waals radii. thallium centre is distorted trigonal-bipyramidal, taking into

The complex shows a very important dependence of both account the stereochemically active inert pair of this atom.
the emission and the lifetime on temperature. Thus, while This complex is luminescent in the solid state at room tem-
two bands of different intensity (at 575 and 518 nm) appear Perature (494 nm) and at 77K (494 and 530 nm) but it is not
at 5K, at 300K, the former, assigned to luminescent traps, luminescent in acetone solution, recovering the optical prop-
disappears and the most energetic one shifts to the blue whergrties when the solvent is evaporated. Interestingly, when the
increasing the temperature. Thus, shifts to 509 at 40 K and toProcess of dissolution is carried out in a halogenated sol-
483 nm at 360K are observed. The dependence of the life-vent and it is irradiated with UV ||ght the luminescence is
time on the temperature is even more pronounced, changingduenched and the evaporation of the solvent gives rise to a
from 176ps at 1.7 K to about 50 ns at 400 K. The lowering luminescent uncharacterised grey solid. Nevertheless, if it is
of the absorption and luminescence energies compared to thé0t irradiated, the original complex is recovered without any
related and previously reported Cs[Au(GN)28b] permit- change. These facts allowed us to conclude, first, that the
ted Patterson to conclude that the gold—thallium interactions €mission arises from interactions between the metals, sec-
present in this Compound are the factor that affects the ener-Ond, that the gold—thallium interactions are broken in dilute
gies, intensities and rates of deactivation of the various statessolutions and, finally, third, that the excited state reached by
involved in the absorption and luminescence processes. UV-radiation is able to react with halocarbons in an electron

On the other hand, the reaction between the basic transfer reaction, making, perhaps, this product appropriate
[Au(CsFs)2]~ anionand the acid Ticationinthe presenceof ~ as an irreversible sensor for halocarbofig (2.

two equivalents of triphenylphosphine oxidey, (1) leads to When the starting gold precursor is [AuCls);] ~ the
a complex of stoichiometry [AuTI(§Fs)2(OPPh),], which same reaction with the thallium salt and triphenylphos-
is the first extended unsupported gold—thallium linear chain Phine oxide in tetrahydrofuran or acetone leads to products
29]. of stoichiometry [TI(OPPR][TI(OPPhs)LI[AU(C 6Cls)a]2
[24], whose structures display also extended linear chains
20PPR + TINO3 + Li[Au(CgFs),] with alternating metal centers in a zig-zag disposition with
— [AUTI(CFs),(OPPh),] Q) Au-TI distances of 3.0529(3), 3.14528(3), 3.1630(3) and

3.3205(3)5\ (L: tetrahydr;ofuran) or 3.2438(3), 3.0937(3),
This chain displays gold-thallium interactions of 3.2705(4) and 3.1492(3) (L: acetone). Interestingly, in

3.0358(8) and 3.0862(#) and the environment around the these cases the environments around the thallium atoms
are alternatively pseudotetrahedral and distorted trigonal-

bipyramidal Fig. 3).

Ph Ph Ph\P/Ph The luminescence in these complexes is also temperature
me TS HCTS dependent and shows a site-selective excitation in the solid
"-Au—---T\l ______ Jw _____ \Tl _______ state at low temperature. In contrast, in solution both com-

| | I / pIexes_ lose their optical propertlgs.lln the case of the com-
HzC\P/S HzC\p/s plex with tetrahydrofuran two emissions appear at 510 (exc.

i’ Ph P Ph 412) and 461 nm (exc. 329 nm) and, in the acetone deriva-

tive, at 526 (exc. 408) and 465 nm (exc. 334 nm). The fact
Fig. 1. The repeat structure of [AuTI(MTH)showing inter- and intra- that in both complexes the pairs of excitation and emissions
molecular gold—thallium interactions. appear at similar energies allows one to conclude that the
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Fig. 3. Linear chains showing different environments at the thallium centres. (a) L:4DRPGsFs; (b) L: OPPR, L': acetone or tetrahydrofuran, RgCls.

coordinating solvents do not influence significantly the ex- N
cited states from which the emissions are produced. It seems |
likely that both bands are related to the different environments \
at the thallium centres as confirmed by a theoretical analysis
of selected models (see point 3): the gold—thallium interac- PN
tions with the thallium centre in a tetrahedral environment U |
are responsible for the low energy bands, while the higher
energy bands have their origin mainly in the gold—thallium @ 2N
interactions in which the thallium atom possesses a distorted

Z

[

trigonal-bipyramidal disposition. 7\ \
In the same manner, the only difference in the aryl =~
groups bonded to gold produces important changes in the «Cls

Cl
solid state structures formed in similar acid—base reactions ST(, /111 / 131 %
in the presence of 4 bipyridine [30]. Thus, the reaction Au----- TI------ Au----Tl/
of the basic [AuR]~ (R = CsFs, CsCls) with the salt ‘ \ \ N2
TIPFs in the presence of 4bipyridine in tetrahydrofu- ClsCs THF  C(Cls Q\C
ran leads to highly luminescent materials of stoichiome- N
try [TI(bipy)]2[Au(CeFs)2]2 or [TI(bipy)I[TI(bipy)o.s(thf)] ® =N
[Au(CgCls)2] (bipy: 4,4-bipyridine), respectively. The X-ray
diffraction analyses shows, as before, metal-metal distance
shorter than the sum of their van der Waals radii as well as
complexes consisting of planar polymers formed by repe-
tition of TI=Au—-Au-TI (a) or TI-Au-TI-Au (b) moieties,
respectively (se€ig. 4), linked through bidentate bridging —dependent-density functional theory (TD-DFT) calculations
bipy ligands. While in the former the layers are associated (se€ below).
via TI-- - F contacts between different planes, in the latter ~ An extension of this work was the attempt to prepare ex-
two polymeric layers are linked through additional bridging tended linear chains using the perhalophenyl strategy but in
bipy molecules. the absence of ligands that could affect the atom environ-
Very interestingly and different to that occurring in ments, which, as we have seen, greatly affects the lumines-
other gold thallium chains, in the complex [Tl(bipy)] cence. This led to recognition of the other essential factor in
[Au(CeFs)2]2 (Fig. 4a), the tetramer unit found presents a the synthesis of unsupported gold-thallium complexes: the
nonalternating sequence of ions{+— +], which is clearly solvent used in the process, which affects the final structure
at variance with the simple rules of Coulomb forces. and, hence, the optical properties of the derivatives. Thus,
As before, both materials display a strong fluorescence in for instance, the reaction between NfAu(CeCls)2] and
solid state at room temperature and at 77 K but not in solu- TIPFs in acetone leads to the synthesis of a product of sto-
tion, indicating that the interactions among the metal centres ichiometry [AlTI2(CsCls)a]-acetong31]; while if the sol-
are responsible for the emissions. Nevertheless, the depenvent is tetrahydrofuran the stoichiometry of the product is
dence of the temperature in both species is different and, thus[AUTI(CsCls)2]n [25a]
while the pentachloropheny! derivativEig. 4b) shows the The crystal structure of the complex [Ali2
usual shift to the red (from 620 to 642 nm) when decreasing (CsCls)4]-acetone consists of a tetranuclear unit where
the temperature, in the case of the pentafluorophenyl com-the metals are held together through four unsupported Au-TI
plex the shift is to higher energies (from 525 to 507 nm). interactions within the range 3.0331(6)—-3.188'A@nd an
This fact is likely to be related to the different metal ar- additional TI-TI interaction of 3.6027(@), resulting in a
rangements in both complexes and analysed through timeloosely bound butterfly clusteF{g. 5.

Fig. 4. TI-Au—Au-TI (a) and Au-TI-Au-Tb) disposition of metal atoms
TI(bipy)]2[Au(CeFs)z]2 and [Ti(bipy)][TI(bipy)o s(thA][AU(CeCls)z.
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solvent-stabilized luminescent properties in solution being
this behaviour specific to A1, butterfly compound.

[AuzTI2(CsCls)4] - (CH3),C=0

solvent

—="[Tl2(solvent)]?" + 2[Au(CeCls),]~ 2)

On the other hand, as we commented previously, the same
reaction carried out in tetrahydrofuran leads to a product
of stoichiometry [AuTI(GCls)2]n. In this case the product
consists of a 1-D linear polymer chain parallel to the crys-
tallographicz-axis with unsupported Au—T]I interactions of
3.0044(5) and 2.9726(§) and a Au—TI-Au angle of 180°0
(Fig. 6a). Each Tl atom has eight long contacts with the chlo-
rine atoms of its own chain and from adjacent ones. This
situation may contribute to the stability of the system and,
Fig. 5. Crystal structure of [AdlTl»(CsCls)a]-acetone showing the butterfly N addi'gion, makes holes parallels to th@xis as large as
disposition of the metals. 10.471A to appear Fig. €b).

The solid shows a strong luminescence in the solid state

This complexis luminescent in the solid state atroom tem- at room temperature and at 77 K, but not in solution, where
perature (exc. at 400 nm, em. at 556 nm) and at 77 K (exc. atthe interactions between the metal centres no longer exist, a
420, em. at 556 nm) showing an interesting independence offact, as we previously commented, common to the rest of the
the temperature which is likely to be due to the environmental extended systems. Interestingly, the emission at room tem-
rigidity (luminescence rigidochromignThis not fully under- perature has a dependence on the particle size, which is in-
stood phenomenon, is assigned to a substantial dependencrpreted in terms of a certain degree of semiconductivity in
of the emission maxima on the environmental rigidity and has the complex. In fact, SEM images taken of the solid without
been described in other luminescent gold-heteropolynuclearcoating with a conductor appear clear, suggesting that the
systemg16,30,32] In addition and very interestingly, this material is not an insulator.
complex is also luminescent in solution showing a solvent ~ On the other hand, perhaps the most striking charac-
dependence. For instance, acetone, tetrahydrofuran and aceeristic of this material is the ability to change its colour
tonitrile solutions of this complex show emission bands at 566 and luminescence properties when the solid is exposed to
(exc. at 356), 528 (exc. at 358) and 539 nm (exc. at 346 nm), a variety of organic vapours, for instance, acetone, acetoni-
respectively, values that are close in energy to the emissiontrile, triethylamine, acetylacetone, tetrahydrothiophene, 2-
observed in the solid state, which could be indicative of the fluoropyridine, tetrahydrofuran or pyridine. In addition, the
same excited state in both states, solution and solid statecolour changes back to that of the starting material upon heat-
Conductivity measurements of this complex in solution are ing to 100°C over a period that requires from a few seconds,
characteristic of a 2:1 electrolyte. Therefore, both this result for acetone, to 10 min, for pyridine, which adds another im-
and the unusual luminescent properties in solution can be inportant characteristic to this system, the reversibility, which
agreement with the existence of a TI(I)-TI(l) interaction in can make it appropriate for practical applications.
solution which is stabilized by solvent molecules with donor Exposure of this material at room temperature and pres-
capabilities Eq. (2)). Simple TIPF salt does not show these  sure of the vapours mentioned also produces a shift in the

(a) (b)

Fig. 6. Crystal structure of [AuTI(6Cls)2], () and packing viewed down the crystallographixis (b). The tunnels have diameters between 3.23 and £0.42
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emission reported for these systems. In addition, its long
CICy ; lifetime (double exponential decay of 1844 and 752 ns) is in-

T dicative of a phosphorescent process, similar to that noted for
-~ \0 al [Au2Tl2(CgCls)4]-acetone, also a discrete molecule, but dif-
\ \\/_'/\\ N ferentto what occursin extended linear chains, which showed
Au shorter lifetimes indicating, perhaps, fluorescence.

On the other hand, in addition to the surprising vapoc-
Q/) CCls hromic characteristics of the complex [AuTKCls)2]n, and
/\\.}\ thanks to the coordinative unsaturation of the thallium atoms,
this complex and the homologous [AuTHE:)2]n can be-
Fig. 7. Drawing of the structure of AuTI(CeCls)2(toluene}»(dioxane)]. have as starting materials in reactions, not only with neutral
ligands, but also with metal complexes. As before, variation
emission maximum of the starting material. Thus, the emis- of the aryl groups bonded to gold lead to different struc-
sion band changes from 531 to 507 (THF), 511 (NF513 tures that have a strong influence in their optical proper-
(NCMe), 532 (MeCO), 567 (THT), 627 (2-Fpy), 646 (py) ties. As a first entry in reactions with metal complexes we
or 650 nm (acetylacetone), in addition, all of them shift to chose Tl(acac) as starting product. The reactions between
the red when the measurements are carried out at 77 K. Ofthe heteronuclear gold—thallium complex and Tl(acac) in a
course, the interaction between the organic molecules andl:1 or 1:2 molar ratio leads to complexes of stoichiome-
the unsaturated thallium atoms affects the gold—thallium dis- try [AuTl,(acac)(GCls)2] and [AuTls(acac)(CsFs)2], re-
tances, which are responsible for the emission. These resultspectively[34]. Both structures display gold—thallium and
together with the recent analysis of the UV-vis absorption thallium—thallium interactions (sefeig. 8), which are con-
and infrared spectra, crystal and powder X-ray diffraction sidered to be responsible for their optical behaviour.
analysis, thermogravimetric methods etc. of this material,  Thus, for instance, in the solid state both complexes
which are compared to the products obtained in the reactionsshow a single emission at room temperature at 531 and
of [AuTI(CsCls)2]n and the ligands in solution, has allowed 429 nm, respectively, which is indicative of a different ori-
us to obtain a close approximation to the molecules that aregin, while at 77K they display two independent emis-
formed in the process of absorption of vapours by this com- sions with two different excitation profiles at 463 and
plex[25b]. 588 nm for [AuTh(acac)(GCls)2] and at 427 and 507 nm for

A very striking complex can be obtained from [AuTls(acac)(CgFs)2]. The behaviour of these complexes
[AuTI(CeCls)2]n in its reaction with dioxane in a 2:1 mo- in solution is different to that of other chains and both com-
lar ratio, in toluene[33]. The product has a stoichiome- plexes are luminescent in acetonitrile showing a single emis-
try [{AuTI(CeCls)2(toluene},(dioxane)] and the structure  sion in the blue region at 380 and 390 nm, respectively. The
consists of a tetranuclear unit containing two [AGIs)2] ~ analyses of these data and comparison of those with the lu-
units, two TI" centres and a dioxane molecule linked via minescence properties of the starting material Tl(acac) in so-
unsupported Au-TI and TI-O interactions with a toluene lution or in solid state allow us to assign the less energetic
molecule interacting with each thallium centre in%mode bands as arising from electronic excited states coming from
(Fig. 7). the diO(Au)—<2(T) interactions, while the bands appearing at

This complex shows an unprecedented Au—TI distance of higher energies are likely due to the presence gfatac)
only 2.8935(3)&, shorter than the sum of their covalent radii  units that remain even in solution. As in the case of the but-
(2.92,& [1]), and amB-like m-arene contact with the thal-  terfly complex [AwTl>(CsCls)4]-acetone, it seems that the
lium centres resulting in a nearly trigonal planar environment presence or absence of thallium—thallium interactions is es-
(355.2) for these atoms. Significantly, the stereoactivity of sential in the luminescence of these materials in solution.
the inert pair, which is stereochemically active in the rest of  Also following the acid-base strategy Fackler and
the complexes, is not apparent in this case. This fact pointsBurini and co-workers have recently reported a series
out doubts regarding the nature of the Au—Tl interaction. of sandwich derivatives by interaction af-base trinu-

The luminescence in this complex seems to be related toclear gold(l) complexes of the type [Au{C?N3-bzim)lz
such a special interaction and structure and, thus, the usualbzim: 1-benzylimidazolate) and [AuC(OMe)=NCH)]3
characteristics observed for other Au-TI systems do not ap-with the acid cation Tt, to give [TH[Au(p-N3C?-
pear in this complex. Thus, for instance, in spite of exhibit- bzim)ls}2]™ or [TI{[Au(un-C(OEt)=NGH4CHs)]3}2]PFs,
ing the shortest Au-TI distance ever reported, the product containing [AyTIAus] units (Fig. 9), whose polymerisation
emits in the blue region at room temperature (442 nm) and through gold—gold interactions leads to infinite chdBts].
at 77K (468 nm), and is not luminescent in solution. In ac-  The thallium ion centre is bonded to six gold atoms
cord with the previous comments for the other systems, ato form a distorted trigonal prism, with gold—thallium
reduction in the metal-metal distance should lead to a reduc-distances from 2.9711(7) to 3.0448&)in [TIH{[Au(-
tion in the band gap energy and a red shift of the emission. N3,C?-bzim)]s}2]* and from 3.0673(4) to 3.1075(2’\) in
Consequently, this product should show the least energetic[TI{[Au(w.-C(OEt)=NGH4CH3)]3}2]PFs. In addition, there
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Fig. 8. Drawings of the structures of [Awlhcac)(GCls)2] (a) and [AuTk(acac)(CsFs)2] (b).

are gold—gold interactions between two close sandwich units2.3. Unsupported gold—thallium interactions built by
in arange from 3.0525(4) to 3.1089(32)n both complexes. encapsulation in a gold(l) cryptand

The emission spectra of these compounds display low en-
ergy phosphorescence; they also exhibit luminescence ther- Catalano and co-workers have recently shown an interest-
mochromism with red shifts in the emission maxima when ing alternative to the commented strategies. It consists of the
cooling the crystals to 77 K. These luminescence bands areuse of a new class of metallocryptands with a cavity created
associated with excited states delocalised along the crystal-by linking two three-coordinate Au(l) fragments with three
lographic axis of the chain. Thermal contraction lead to a diphosphanylphenanthrolines molecules acting as bridges
reduction in the intermolecular metal-metal distances along between them. The thallium centre is encapsulated between
the chain and reduce the band gap energy. Interestingly, lu-both gold atoms appearing to be unsupported metal-metal
minescence of the complex [JAu(-N3,C?-bzim)ls} 2]t is closed-shell interactions. Thus, employing the ligand 2,9-
also dependent on the excitation wavelength: at 77 K a strongbis-(diphenylphosphino)-1,10-phenanthrolinegfen) they
green emission is observed upon excitation with 420 nm, have synthesised a dinuclear gold(l) cryptand, which is able
whereas a yellow emission is seen upon excitation with to selectively host a TI(l) ionKig. 10 [36].
475 nm. This behaviour indicates the presence of two elec- The gold—thallium interactions are very short (2.9171(5)
tronically uncoupled luminescent sites. and 2.9109(55\) displaying an almost linear arrangement

Fig. 9. Drawing of the structure of [{TJAu(p-N3,C?-bzim)]s}2]*.
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process that is associated with relativistic effects on the elec-
trons in these heavy metal atoms, while, the excitation from
the HOMO to the LUMO orbitals would produce a formal
metal-metal bond in the excited state. The big structural dif-
ference between both states should give rise to a big Stokes
shift, as observed in this complex, but, as we commented, it
is not a general rule and several other factors must be consid-
ered.

Another contribution to this study, using extendeicidel
type calculations, came from Patterson’s laboratory and deals
with the electronic structure and the nature of the Au—TI in-
teraction in the complex TI[Au(CN] [27].

Thus, afirst result is that relativistic effects play an impor-
tant role in the TI-Au interactions by influencing the relative
o , o 6s and 6p orbital energies of Tland Au. The second important
(Au-Tl-Au angle of 174.47(2)). This derivative isstrongly  conclusion obtained in this study is that at a Au-TI separa-
luminescent at 600 nm, in solution and the solid state show- 4o, of 3.0A, the HOMO—LUMO gap is smaller than that for
ing_an_additional Iess_ intense band at 390 nm. The low energyine isolated [Au(CNy|~ ion. The Au=Tl interaction is con-
emission can be assigned to metal-centred (Au—Tl) phospho-gjgered to be responsible for the lowering of the absorption
rescence based on its large Stoke’s shift, long lifetimeid0 54 juminescence energies in this complex if compared to
in solution increasing in solid state up to 226) and solvent e jsostructural Cs[Au(CN) and also influences the rates
independence. By contrast, the high energy band has a muchy geactivation. In fact, the interaction of the thallium atom
shorter lifetime (10 ns) and is assigned to a fluorescence pro-ith the gold centre is considered to be responsible for the

cess. lack of the fluorescence process observed in the cesium com-
plex thanks to a more rapid singlet—triplet interconversion
[27].
The next contribution to these studies came from our
. o ] laboratory using ab initio calculations at HF and MP2 lev-
The first contribution to the explanation of the nature ofthe g5 of theory. As a first step, we studied the nature of
bonding in gold—thallium complexes and, hence, to the ori- the Ay(1)-TI(l) interaction on the simplified model system

gin of thg optical properties observeq came a_Iso with the first [TI(OPHs)2][AU(CeHs)2] [24]. Density functional theory
synthesis from Fackler’s laboratory in 1989 in the complex (DFT) and TD-DFT calculations allowed us to predict the

[AUTI(MTP)2] [15,16} The molecular orbital calculations  eycitations that lead to emission of radiation for the different
were made by the Fenske—Hall method and they indicatedyne of complexes.
that although the interactions between both metallic frag- ~ 1hg, regarding the ab initio calculations on the AuTI

ments cannot be considered as a formal-metal bond, therénieractions, these were done with non relativistic and rela-
is significant overlap of the 6s orbital of gold with the.6p  jyistic effective core potentials. The comparison of both lev-
orbital of thallium and between the gprbital of gold with els allowed us to evaluate the relativistic effects in the Au—TI
the 6s of thalliumEig. 11). _ . _ ~ metallophilic attraction, this being ca. 21%. In addition, the
In accord with view, the HOMO is an antibonding orbital comparison between QR-HF and MP2-QR levels gave rise
mainly of thallium, while the LUMO is a bonding orbitalwith 4 51 interaction energy of 275 kJ md| consisting of 80%

contributions from both metal centres. Thus, the HOMO (  jonic interaction and 20% of van der Waals interaction at
orbital) is formed by mixing filled and empty atomic levels,a 4 equilibrium distance of 3.0R

Onthe other hand, the interesting luminescence behaviour

Fig. 10. Drawing of the structure of [ATl(P.pheny]3+.

3. Theoretical analyses of the optical properties

6p, 6 of the perhalophenyl-gold—-thallium complexes was studied
— e 7 — by DFT and TD-DFT calculations. The former allows us

G- to study the electronic structure of those compounds and a

) population analyses to check the contribution of each atom

Au Tl

Fig. 11. Qualitative molecular orbital diagram for the Au—T] interaction.

to each occupied orbital. The TD-DFT calculations allow
us to predict theoretical excitations that can be compared in
energy and intensity with the experimental ones, as well as
the transitions between orbitals involved in each excitation.
Thus, for instance, in the case of the extended linear
chain complex [AuTI(GCls)2]n [25a], whose structure dis-
plays a perfect linear environment for the metal centres, the
model ((GCls),Au - - - Tl - - - (CeCls),Au - - - Tl) for the DFT
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plexes strongly affects their luminescence characteristics, but
in both cases the origin of the transitions seems to be located
in the anionic [AuX]~ parts of the molecule and the ar-
rival on the thallium centres. In addition, the shape of the or-

7 . X
bitals have a gfa* character on gold and a 6y on thallium,
therefore, the transitions between these antibonding orbitals
would not produce a bond order enhancement and only a
small structural distortion in the excited state is expected, in
132 135a ; .
H0§10-4 LUMO+1 accordance with the fluorescence processes experimentally
observed.
Fig. 12. Orbitals involved in the main contribution to the excitation maxi- The d|ﬁeren_t environments of these a_toms also. affect the
mum (calc.499 nm, exp. 490 nm). luminescence in these complexes. For instance, in the case

of [TI(OPPH)][TI(OPPhs)L][Au(C¢Cls)2]2 (L: acetone or
calculations was obtained for X-ray diffraction results and tetrahydrofuran24], as we commented previously, the emis-
the analyses of the highest occupied orbitals shows that theysions are likely to come from two different electronic states
are mainly centred in the [Au@Cls)2]~ units. In contrast, that can be related to the two coordination environments of
the shape of the unoccupied ones shows that they are lo-the thallium centres, tetrahedral and trigonal-bipyramidal. In
cated mainly on the metal atoms with a high participation of this case the DFT and TD-DFT calculations also offer a rea-
thallium. The TD-DFT calculations lead to the singlet ex- sonable explanation of the optical properties observed. The
citation energies of the model and the analyses of the moreanalyses were carried out by means of four models obtained
intense theoretical excitations indicates electron transfer be-from the X-ray crystal structure determination, in accordance
tween different parts and atoms of the metallic chain, which with the four different Au—TI distances found; two of them
is in accordance with a excited state delocalised along thecontaining the thallium in a tetrahedral environment and the
chain fig. 12, as we commented previously. other two in a trigonal-bipyramidal on€&ig. 13.

The supramolecular structures found in the solid state  As can be seen in both models, two groups of excitations
as well as the metal environments also influence the ex-appear, even though the Au-TI distances in the second are
cited states responsible for the light emission. For instance,quite different. As before, the origin of most of the tran-
in the case of the previously noted complexes [TI(bipy)] sitions is located in the [Au(§Hs)2]~ part of the model
[Au(CgFs)2]2 and [TI(bipy)][TI(bipy)o.s(thf)][Au(CsCls)2] and the arrival orbitals are mostly thallium based, which
(bipy: 4,4-bipyridine)[30], the DFT analyses match the ex- leads to transitions with a Au-TI charge transfer character.
perimental result and shows that in both models the highestNevertheless, a careful inspection of the excitation energies
occupied orbitals are mainly centred on carbon atoms with reveals that in the case of the tetrahedral thallium the less
important contribution of gold and thallium in selected exci- energetic excitations (420—440 nm) appear at lower energies
tations, this contribution increasing when the energy of the if compared with the corresponding zone for the trigonal-
excitations increases. The calculations also indicate that onlybipyramidal (370—410 nm). In contrast, the high energy zone
afew orbitals are of appropriate symmetry and energy for in- is more populated with excitations due to the trigonal-
tense transitions, being the theoretical excitations with higher bipyramidal thallium atoms. Therefore, these calculations
oscillator strengths those involving mostly metal-based or- offer an explanation for the experimental site-selective exci-
bitals. Therefore, as is experimentally proposed, the lumi- tation, which is considered to be due to the presence of differ-
nescence of these complexes involves mainly orbitals of the ent environments around the thallium(l) centres. These facts
metals. The different distribution of the metals in the com- have shown that the thallium environments are even more

0,10

0.09 0,08 L - J(AuTI(CH)(OPH,)(OH,) 3.32) A
] L - 1(AuTI(CH,),(OPH,) 3.15) A N (AuTI(CH,)(OPH,)(OH,) 3.05) A
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Fig. 13. Theoretical electronic spectra for the tetrahedral (a) and distorted trigonal-bipyramidal (b) models.
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important than the metal-metal distances in determining the structure and luminescence, the DFT and TD-DFT calcu-
optical properties. Finally, the comparison of these results lations do not permit us to unequivocally assign the short
with that obtained for the model [TI(OPRI}][Au(CgHs)2] gold—thallium distance (2.8935(@) as the origin of the lu-
[TI(OPPHs)2][Au(CesHs)2][24] allows us to observe an in-  minescence. In fact, as noted above, previous Fenske—Hall
creasing metal-based character of the orbitals responsible fomolecular orbital calculations indicated that a reduced Au—TI
the luminescence when the nuclearity of the model systemdistance would produce a better overlap of the?5ahd 6s

increases. orbitals, reducing the energy of the emission. The TD-DFT
In accordance with the unconventional luminescent be- calculations show the [Au(Cls)2]~ units as the origin of
haviour of the complex [AgiTl>(CsCls)a]-acetone[31], the electronic transitions and the thallium centres as the emit-

which shows a butterfly disposition of the metal centres, ter atoms, similarly to other systems previously described. In
the TD-DFT calculations offer a surprising result. Thus, contrast, in this case, the energy of the emission is the high-
while the origin of the luminescent transitions is in both est one reported in these Au-TI systems. This result which
[Au(CgHs)2]~ fragments, the orbital from which the emis- is probably related to the special nature of the gold—thallium
sion is produced is completely based on both thallium atoms, interaction probably needs higher levels of calculation.
which retrain an interaction in the solid state and is proposed A conclusion of this short review is that acid—base reac-
to remain in solution. In this case, the excited state shows antions open a new promising and exciting area that permits
orbital formed by both thallium atoms with a similar con- the synthesis of complexes with unsupported metal-metal
tribution (seeFig. 14 instead of contributing in different  interactions, interesting from both a synthetic and theoretical
proportion to the emissive state as seen in previous models point of view. In addition, the interesting optical properties
This fact could be in accordance with the different energy of some of the complexes could make them promising candi-
found in the experimental emission as well as with the lu- dates for practical applications. Future variations of ligands
minescence observed in solution, where the break-up of theand metals and theoretical studies could be useful to assign
thallium—thallium interaction is, apparently, not produced. the excited states that are responsible for the light emissions

Finally, in the case of the complex{AuTI(CsCls)2 as well as to know the nature of the metal-metal interactions.
(toluene}z(dioxane)][33], which shows an unprecedented
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