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Theoretical and Photoluminescence Studies on the d'° — s> Au'- TI' Interaction
in Extended Unsupported Chains

Eduardo J. Fernandez,™ Antonio Laguna,*®! José M. Lopez-de-Luzuriaga,®!
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Abstract: The reactions of solutions of
TIPFs and OPPh; in tetrahydrofuran or
acetone with NBu,[AuR,] (R=C(Cl;,
C¢Fs) gave the new complexes
[Au(CCl), L[ TI(OPPh,)][TI(OPPhs)(L)]
(L=THF (1), acetone (2)) and the
previously  reported  [TI(OPPhy),]-
[Au(C¢Fs),] (3). The crystal structures
of complexes 1 and 2 display extended
unsupported chains with short intermo-

trigonal-bipyramidal, due to the pres-
ence of solvent molecules that act as
ligands in the solid-state structure. Qua-
sirelativistic and nonrelativistic ab initio
calculations were performed to study
the nature of the intermetallic Au!-TI!
interactions and are consistent with the
presence of a high ionic contribution
(80%) and dispersion-type (van der -
Waals) interaction with a charge-trans-

fer contribution (20 % ) when relativistic
effects are taken into account. All com-
plexes are luminescent in the solid state
at room temperature and at 77 K. Com-
plexes 1 and 2 show site-selective ex-
citation, probably due to the different
environments around the TI' centres.
The DFT and time-dependent (TD)-
DFT calculations are in agreement with
the experimental excitation spectra for

lecular interactions between alternating
gold() and thallium()) centres. More-
over, the TI! centres show two different
types of geometrical environments, such
as pseudotetrahedral and distorted

Introduction

In the last few years bonding interactions between closed-
shell metal atoms have been widely studied from theoretical
and experimental points of view.l'l Among the heavy metals,
gold-gold interactions (aurophilicity) have received close
attention, since d'° Au' ions have a great ability to form
dimers, oligomers, and polymers based on these interactions,
which are comparable in strength to hydrogen bonds.?l In
addition, some of these complexes display very interesting
photophysical properties such as luminescence, also induced,
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all complexes and confirm the site-
selective excitation behaviour as a func-
tion of the TI! geometrical environment.

among other factors, by the presence of intermetallic inter-
actions.P!

More recent studies deal with gold(1)-containing hetero-
metallic compounds in which short closed-shell metal —metal
interactions are present (metallophilicity).[!! Thus, for exam-
ple, Aul-Pd" (d'°—d?®), Au'-Ag! (d'°-d'%)F and Au'-Cu!
(d'°—d'"*)Bl interactions have been theoretically described by
using correlated methods, and it was shown that the metal-
lophilic interactions arise from dispersion-type (van der
Waals), correlation effects and charge-transfer contribu-
tions.* ) Moreover, the generation of Au-M interactions by
acid-base reactions of, for instance, Tl* or Ag" Lewis acid
precursors with [AuR,]” (R=CFs or C,Cls) Lewis bases,
provides an additional electrostatic attraction. ]

Some of these Au'-metal complexes have proved to be a
new class of photoluminescent materials in which the
emission of radiation results mainly from the interactions
between the different metal centres.'”)’ Among this class of
materials we have focused on the study of the dl°-s?
interaction between Au' and TI' ions.® *! Previous work by
Fackler et al. showed interesting luminescence properties of
an extended Au-TI chain with bridging ligands,'!l as well as
the sandwich-type complex [T{Au(u-C?-N3-Rim)};]+ (C?-N3-
Rim = 1-benzylimidazolate, 1-methylimidazolate),? in which
the emissive properties arise from the intermetallic interac-
tions. Catalano et al. reported novel gold metallocryptates in

0947-6539/03/0902-0456 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 2



456-465

which trigonal Au! host complexes encapsulate TI! ions and
display a rich photoluminescence behaviour.['}l We recently
developed another strategy for the synthesis of Au-TI
complexes by treating [AuR,]- Lewis base precursors with
TI' salts that act as Lewis acids. Thus, we reported the
synthesis and luminescence behaviour of the first unsupported
gold —thallium chain [TI(OPPhs),][Au(C¢Fs),] (3)¥ and new
two- and three-dimensional arrays of the type [TI(4,4-
bipy),][AuR,] (bipy = bipyridine; R = CFs, C4Cl;),") in which
variation of the perhalophenyl ligands gives rise to different
structural arrangements. Recently, Gade gave an overview of
d®—s? interactions between Au!, Pd° and Pt° d'° jons and TI' s?
ion.[

Here we report the synthesis of and luminescence studies
on the new complexes [Au(CyCls),],[TI(OPPh,)][TI-
(OPPh;)(L)] (L=THF (1), acetone (2)) and compare them
with the previously reported [TI(OPPh;),][Au(C4Fs),] (3). We
also carried out ab initio calculations at HF and MP2 levels of
theory on simplified model systems with nonrelativistic and
relativistic effective core potentials to study the nature of the
d°—s? Au'-TI' interaction. Finally, we performed time-
dependent DFT (TD-DFT) calculations, which allow the
excitations that lead to the emission of radiation in the solid
state to be predicted.

Results and Discussion

Synthesis and structure: Complexes [Au(C,Cls),],[Tl-
(OPPh,)][TI(OPPhs)(L] (L=THF (1), acetone (2)) were

Abstract in Spanish: La reaccion de una disolucion de TIPF; y
OPPh; en tetrahidrofurano o acetona con NBu,/AuR,] (R=
CsCl5, C4Fs) conduce a la sintesis de los nuevos complejos
[Au(CyCls),],[TI(OPPh;) ] [TI(OPPh;)(L)] (L=THF (1), ace-
tona (2)) o el anteriormente descrito [TI(OPPh;),][Au(C4Fs),]
(3). Las estructuras cristalinas de los complejos 1 y 2 muestran
cadenas infinitas en las que se observan interacciones intermo-
leculares cortas entre centros alternos de oro(l) y talio(I).
Ademds, los centros de TI' presentan dos tipos de entorno
geometrico diferente: pseudotetraédrico y de bipirdmide trigo-
nal distorsionado, debido a la presencia de moleculas de
disolvente actuando como ligandos en la estructura en estado
solido. Se han llevado a cabo cdlculos ab initio quasirelativistas
y no-relativistas con objeto de estudiar la naturaleza de las
interacciones intermetdlicas Au'-Tl, siendo consistentes con la
presencia de una elevada contribucion ionica (80 %) y de
dispersion (van der Waals) con contribuciones de transferencia
de carga (20%) cuando se tienen en cuenta los efectos
relativistas. Todos los compuestos son luminiscentes en estado
solido, tanto a temperatura ambiente como a 77 K. Los
complejos 1 'y 2 muestran una excitacion selectiva probable-
mente debida a los diferentes entornos de los centros de TI'. Los
cdlculos DFTy TD-DFT estan de acuerdo con los espectros de
excitacion experimentales para todos los compuestos y confir-
man que la excitacion selectiva depende de la disposicion
geomeétrica de los centros de TI.
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obtained by addition of TIPF; (1 equiv) and OPPh; (1 or
2 equiv) to a solution of NBu,Au(CsCls),] (1 equiv) in
tetrahydrofuran (1) or acetone (2). The already described
unsupported chain [TI(OPPh;),][Au(C¢Fs),] (3) was synthes-
ised from precursors other than those previously reported,®
in the same way as 1 and 2. Thus, addition of TIPF, and OPPh;
to a solution of NBu,[Au(C¢Fs),] in a 1:2:1 molar ratio in
tetrahydrofuran led to the synthesis of 3 in a good yield.
Complexes 1 and 2 were collected as crystals by slow diffusion
of n-hexane into THF and acetone solutions respectively,
whereas complex 3 was isolated as a yellow-green solid. All
complexes are soluble in acetone and tetrahydrofuran and
insoluble in diethyl ether and n-hexane, and their elemental
analyses and physical and spectroscopic properties are in
agreement with the proposed formulas. As we previously
reported,®° such Au-TIl compounds, derived from acid-
base reactions of the metalloligand [AuR,]~, dissociate in
solution to give the separate ionic counterparts (1:1 electro-
lyte behaviour). This was also confirmed by the F NMR
spectrum of 3, which resembles the pattern of the precursor
NBu,[Au(C4Fs),]. The *'P{'H} NMR spectra show one singlet
for the OPPh; ligands at 6 =26.5 (1), 26.7 (2) and 30.0 ppm
(3). The 'H NMR spectra show signals for THF at 6 =3.43 and
1.86 ppm (1) or acetone at 6 =2.09 ppm (2). The IR spectra
show, among others, absorptions of the C;Cls and C4Fs ligands
bonded to gold(1) at 614 and 835 cm~' (1), 615 and 836 cm~! (2)
and 784,957 and 1503 cm~! (3) and the P=0O stretching band at
1156 (1), 1156 (2) and 1178 cm™! (3). In addition, 2 shows a
band at 1702 cm~' for the v(C=0) stretch of the acetone
molecule coordinated to TI.

The crystal structures of complexes 1 and 2 were established
by X-ray diffraction studies (Figure 1, Figure 2, Figure 3 and
Figure 4; Table 1, Table 2 and Table 3), and in both cases the
asymmetric unit contains four metal atoms (instead of two as
observed in 3)® with a TI-Au-TIl-Au arrangement. They
display short metal —metal interactions with Au--- Tl distan-
ces in the range 3.0529(3)-3.3205(3) A for 1 and 3.0937(3) -
3.2705(4) A for 2. Both compounds form one-dimensional
polymers in which the gold(l) centres are linearly coordinated

Figure 1. Asymmetric unit of the polymeric structure of 1 (30% proba-
bility level) with the labelling scheme of the atom positions. H atoms are
omitted for clarity.
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Figure 3. Asymmetric unit of polymeric structure of complex 2 (30%
probability level) with the labelling scheme of the atom positions. H atoms
are omitted for clarity.

Figure 4. Molecular structure of complex 2. H atoms are omitted for
clarity.

to two C¢Cls; groups with Au—C distances in the range
2.041(5)-2.058(4) A for 1 and 2.038(7)-2.055(6) A for 2. In
contrast, each thallium atom of the asymmetric unit (Figure 1
and Figure 3) has a different environment: while TI1 is ligated
by the oxygen atoms of a OPPh; ligand and a solvent molecule
(THF (1) or acetone (2)) and has a trigonal-bipyramidal
geometry with a vacant equatorial coordination site (presum-
ably associated with the stereochemically active lone pair),
TI2 only bears a OPPh; ligand and has a strongly distorted
tetrahedral geometry with a vacant coordination site. In both
1 and 2, the TI-O bond lengths for the OPPh; ligands are
shorter than those of THF or acetone ligands. Thus, while the
TI—OPPh; distances are 2.471(3) and 2.582(4) in 1 and
2.511(4) and 2.572(4) A in 2 (similar to those in 3: 2.483(3)
and 2.550(4) A), the solvent molecules are only weakly
coordinated, with TI-O distances clearly longer than the
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Table 1. Details of data collection and structure refinement for complexes

1and 2.
Compound 1 2
empirical formula Ce4H33Au,Cl,,O5P,Tl, Cg3H36Au,Cl,O5P,Tl,

crystal habit
crystal size [mm]

yellow plate
0.45 x 0.20 x 0.10

yellow plate
0.50 x 0.28 x 0.11

crystal system triclinic monoclinic
space group Pl P2,/c
a[A] 11.8699(1) 12.0687(1)
b [A] 14.2869(2) 13.9416(1)
c[A] 21.8171(3) 42.5190(5)
al’] 80.8126(5) 90

B I] 82.6669(6) 94.349(4)
v [°] 87.7221(8) 90

V [A3] 3621.79(8) 7133.52(11)
VA 2 4

Pearca [gem 3] 2227 2.248

M 2428.56 2414.53
F(000) 2272 4512

T [°C] —100 —100
20 [°] 56 56

uMoy,) [mm1] 9.301 9.444
transmission 0.4565, 0.1025 0.4231, 0.0882
no. of reflns measured 52126 17857

no. of unique reflns 17071 10701

Rin 0.047 0.0218

R (F>20(F)) 0.0331 0.0354

wR (F?, all reflns)®! 0.0717 0.0576

no. of reflns used 17071 10701

no. of parameters 838 831

no. of restraints 258 255

Stel 1.034 1.102

max. residual electron 1.273 0.729

density [e A3

[a] R(F)=Z|[|F, | —| F. | /2| F, |. [b] wR(F?) = [Z{w(F§ — F5 Y/ Z{w(F3)*}]%;
w=0%(F3) + (aP)* + bP, where P=[F3+2F5]/3 and a and b are constants
adjusted by the program. [c] S=[Z{w(F5 — F5)*}/(n —p)]°, where n is the

number of data and p the number of parameters.

Table 2. Selected bond lengths [A] and angles [°] for 112l

Au(1)-C(11) 2.055(5)  Au(1)-C(1) 2.058(4)
Au(2)-C(21) 2.041(5)  Au(2)~C(31) 2.051(5)
Au(1)-TI(1) 3.0529(3) Au(1)-TIQ2)#1 3.1630(3)
Au(2)-TI(2) 3.1452(3) Au(2)-TI(1) 3.3205(3)
TI(1)~O(1) 2471(3)  TI(1)-O(3) 2.766(5)
TI(2)-O(2) 2.582(4)  O(1)-P(1) 1.495(4)
0(2)-P(2) 1.498(4)  O(3)—C(104) 1.401(9)
0(3)—C(101) 1412(8)  C(101)~C(102) 1.487(9)
C(102)-C(103) 1.499(10)  C(103)~C(104) 1.473(11)
C(11)-Au(1)-C(1) 178.10(18)  C(11)-Au(1)-TI(1) 89.21(12)
C(1)-Au(1)-TI(1) 91.47(12)  C(11)-Au(1)-TIQ)#1  80.09(12)
C()-Au(1)-TI2)#1  10040(12)  TI(1)-Au(1)-TI2)#1  142.608(8)
C(21)-Au(2)-C(31)  176.69(17)  C(21)-Au(2)-TI(2) 94.54(13)
C(31)-Au(2)-TI(2) 87.34(13)  C(21)-Au(2)-TI(1) 96.74(13)
C(31)-Au(2)-TI(1) 81.50(13)  TI(2)-Au(2)-TI(1) 168.529(8)
O(1)-TI(1)-0(3) 79.65(14)  O(1)-TI(1)-Au(1) 92.33(9)
O(3)-TI(1)-Au(1) 9631(12)  O(1)-TI(1)-Au(2) 94.80(9)
O(3)-TI(1)-Au(2) 106.92(12)  Au(1)-TI(1)-Au(2) 156.560(9)
0(2)-TI(2)-Au(2) 102.56(8)  O(2)-TI2)-Au(l)#2  115.37(9)
Au(2)-TIQ2)-Au(1)#2  131.599(8)  P(1)-O(1)-TI(1) 162.6(2)
P(2)-0(2)-TI(2) 1467(2)  C(104)-0(3)-C(101)  107.9(6)
C(104)-0(3)-TI(1) 1235(4)  C(101)-O(3)-TI(1) 125.5(4)
0(3)-C(101)-C(102) ~ 106.3(6)  C(101)-C(102)-C(103) 104.5(6)
C(104)-C(103)-C(102) 105.6(6)  O(3)-C(104)-C(103)  107.9(6)

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Symmetry transformations used to generate equivalent atoms: #1:x — 1,
v,z #2:x+1,y, z.
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Table 3. Selected bond lengths [A] and angles [°] for 2.[#I

Au(1)-C(1) 2.055(6)  Au(1)-C(11) 2.055(6)
Au(2)-C(31) 2.038(7)  Au(2)-C(21) 2.041(7)
Au(1)-TI(2) 3.2438(3)  Au(1)-TI(1) 3.2705(4)
Au(2)-TI(1)#1 3.0937(3)  Au(2)-TI(2) 3.1492(3)
TI(1)-O(1) 2511(4)  TI(1)-0@3) 2.828(7)
TI(2)-O(2) 2572(4)  O(1)-P(1) 1.488(4)
P(2)-0(2) 1.495(4)  O(3)~C(100) 1.211(9)
C(100)-C(102) 1.481(10)  C(100)-C(101) 1.484(11)
C(1)-Au(1)-C(11) 1782(2) C(1)-Au(1)-TI(2) 95.50(15)
C(11)-Au(1)-TI(2) 85.46(15)  C(1)-Au(1)-TI(1) 97.53(15)
C(11)-Au(1)-TI(1) 81.59(15)  TI(2)-Au(1)-TI(1) 166.738(12)
C(31)-Au(2)-C(21) 178.6(2) C(31)-Au(2)-TI(1)#1  88.75(15)
C1)-Au2)-TI(1)#1  91.98(14)  C(31)-Au(2)-TI(2) 78.54(15)
C(21)-Au(2)-TI(2) 101.49(15)  TI(1)#1-Au(2)-TI(2)  143.881(10)
O(1)-TI(1)-0(3) 7935(17)  O(1)-TI(1)-Au(2)#2  87.31(10)
O(3)-TI(1)-Au)#2  107.42(13)  O(1)-TI(1)-Au(1) 100.96(10)
0O(3)-TI(1)-Au(1) 93.88(13)  Au(2)#2-TI(1)-Au(1) 158.308(14)
0(2)-TI(2)-Au(2) 107.23(9)  O(2)-TI(2)-Au(1) 108.88(10)
Au(2)-TI(2)-Au(1) 135.725(10)  P(1)-O(1)-TI(1) 151.7(3)
P(2)-0(2)-TI(2) 145.6(3) C(100)-0(3)-TI(1)  128.0(6)
0(3)-C(100)-C(102)  121.9(8) 0(3)-C(100)-C(101)  122.2(8)
C(102)-C(100)-C(101)  115.9(8)

[a] Symmetry transformations used to generate equivalent atoms: #1: x+ 1
)z #2ix—1,y, z.

sum of the covalent radii (2.21 A), but within the sum of
van der Waals radii of thallium and oxygen (ca. 3.35 A). The
TI-O(THF) distance in 1 is 2.766(5) A, similar to those
observed in [(thf),Tl(x-NC)Mn(CO)(dppm),|PF¢ (dppm =
bis(dimethylphosphanyl)methane); 2.74(3) and 2.75(3) A),1%
[TI(tpp)(OSO,CF5;)(thf) - (THF)] (tpp = tetraphenylporphy-
rinato;  2.778(7) A)!® and  [TI(bipy)][TI(bipy),s(thf)]-
[Au(CcCls),], (2.781(7) A),”) but shorter than the that in
{[TI(Me),(thf)(0,CsH(Me)(tBu)) 1}, (2.862(3) A),l7 and the
TI-O (acetone) distance in 2 is 2.828(7) A, like that observed
in the polymeric {trans,trans,trans-[PtTl(C4Fs),(C=CtBu),]-
(acetone),}, (2.83(2) A)!'8 and comparable to those found in
other complexes.'*2!] Finally, a series of Au---Cl and Tl--- Cl
contacts between atoms of the same linear chain (in the
range 3.2874(12)-3.6380(15) (1) or 3.289(2)-3.4449(16) A
(2)) and some TI--- Cl interactions between adjacent chains
(in the range 3.5319(14)-3.7459(14) (1) or 3.4450(21)-
3.6472(20) A (2)) may contribute to the stability of the
compounds.

Ab initio calculations: metallophilic attraction: The geome-
tries of the [TI(OPH;),]* and [Au(C¢Hs),]~ fragments were
fully optimised at the MP2 level of theory. A C,, point
symmetry was assumed for the thallium fragment, while a D,,
symmetry was used for the gold anion. The optimised
distances and angles are given in Table 4 and Table 5 with
experimental data from X-ray diffraction studies for compar-
ison.[®

We described the experimental structures by an idealized
[TI(OPH,;),][Au(C¢Hs),] model (Figure 5) with C,, symmetry.
Table 6 summarises the Au—Tl interaction energies and
equilibrium distances. The calculated distances fall in the
same range as the experimental ones. With quasi-relativistic
pseudopotentials, the Au—TI distance at the HF level is larger
than that obtained at MP2 level, the latter being very close to
the experimental values. The energies at the HF and MP2

Chem. Eur. J. 2003, 9, No. 2
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Table 4. Optimised distances [pm] and angles [°] for [TI(OPHj;),]* at the
MP2 level.

Parameter TI[3-VE] QR TI[3-VE] NR Experimental
P-H 141.5 141.0 -

P-O 154.9 155.9 149

TI-O 246.7 2243 248-255
P-O-Tl 165.5 143.9 156-174
H-P-O 115.3 113.9 -

O-TI-O 88.16 83.58 80.61

Table 5. Optimised distances [pm] for [Au(C¢Hs),]~ at the MP2 level.

Parameter Au[19-VE] QR Au[19-VE] NR Experimental
Au—C 206.96 223.76 205.8

c-C1 139.42 141.33 137.5

c-C2 136-137 138-139 135-138

a,

29 99

S

Figure 5. Theoretical model system [TI(OPH;),][Au(C¢Hs),] in C,, sym-
metry for ab initio calculations.

Table 6. Optimised Tl—Au distance R, [pm], interaction energy V(R.)
[kJmol™'] and F[N/m] for [Au(C¢Hs),][TI(OPH;),] and [Au(CFs)-
[TI(OPPh;),] at the MP2 and HF levels.

Model system Method R, V(R.) F

[Au(C4Hs),][TI(OPHs),] MP2-QR 302.8 —275.70 342
HF-QR 336.2 —227.38 19.5
MP2-NR 313.1 —216.98 30.1
HF-NR 400.3 —159.47 2.98

[Au(C,F5)[TI(OPPh,),] exptl 303-308

levels are in the range of electrostatic interactions. However,
the energy difference between HF and MP2 is 57 kJmol-1.
This is within the range of magnitude of dispersion-type
van der Waals interactions with charge transfer.

We included nonrelativistic results for comparison with the
quasirelativistic data to enable quantification of the relativ-
istic effect in the Au—TIl metallophilic attraction. The inter-
action energy decreases by 21 % on going from relativistic to
nonrelativistic pseudopotentials at the MP2 level of theory.
The result at the HF-NR level is poor, with a much too long
Au—TI distance. This reflects the importance of electronic
correlation and the relativistic effects in heavy atoms.

The MP2-QR calculation reproduces the structural trends
found in the experimental data. On the other hand, the
interaction energy at the MP2-QR level consists of 80 % of
ionic interaction and 20% of van der Waals interactions,
assuming that the electrostatic interaction is responsible for
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the attractive behaviour at the HF level and that the
additional stabilization obtained at the MP2 level is due to
the introduction of dispersion-type correlation effects and
charge-transfer contributions.

Optical properties and time-dependent (TD)-DFT calcula-
tions: Similar to the infinite gold-thallium chain [TI(OP-
Ph;),][Au(C¢Fs),] (3), whose structure and luminescence were
described earlier, 1 and 2 both luminesce at room temperature
(293 K) and at 77 K in the solid state (Figure 6 and Figure 7).
The complexes have similar spectra with a complicated
excitation profiles and maxima at 400 nm for 1 and 392 nm
for 2 at room temperature, which lead to broad emissions at
497 and 501 nm, respectively.

4504
4 -=-= Complex 1

400

— Complex 2

350

Intensity (a.u.
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300 350 400 450 500 550 600 650
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Figure 6. Luminescence spectra of complexes 1 and 2 at room temperature
in the solid state.
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Figure 7. Luminescence spectra of 1 at 77 K in the solid state showing site-
selective excitation.

The luminescence in these complexes is temperature-
dependent, and also exhibits an interesting site-selective
excitation at low temperatures, which is not observed at room
temperature. Thus, we observe low-energy bands centred at
510 nm (line 1; excitation at 412 nm (line 2)) for 1 and at
526 nm (excitation at 408 nm) for 2, and higher energy bands

460 — © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

at 461 nm (line 4; excitation at 329 nm (line 5)) for 1 and at
465 nm (excitation at 334 nm) for 2 (see Figure 7).

The observation that the excitation and emission wave-
lengths are similar for the pairs of bands in both complexes
seems to suggest the presence of similar fluorophores. There-
fore, the excited states do not seem to be significantly
influenced by the presence of different coordinating solvent
molecules in the two complexes (THF in 1 and acetone in 2);
otherwise, a larger energy difference would be expected. In
addition, since neither the gold(l) nor thallium() precursor
complexes nor the ligands are luminescent at similar energies,
and, furthermore, solutions of the complexes in acetone are
colourless and do not show luminescence, while evaporation
of the solvent regenerates the colour and the optical proper-
ties, we suggest that the extended-chain metal —metal inter-
actions are responsible for the luminescence. Thus, the
emissions are likely to result from electronic states that are
strongly influenced by the interactions between the alternat-
ing gold and thallium centres. Hence, and with reference to
previous theoretical work by Fackler et al.l'l and by usl®! on
related gold —thallium chains, the orbitals which are respon-
sible for light emission are considered to be mostly metal-
based, with a greater influence of the thallium 6p, orbital, and
whose energy is largely influenced by the metal—metal
separation, even though no formal metal-metal bond is
present in the ground or excited states. However, in the
above-mentioned cases, each alternating type of metal atom
has a invariant coordination environment, which makes the
analysis at each point of the infinite chain equivalent. By
contrast, the presence of different environments around the
thallium centres in the title complexes adds another factor
that must be considered in addition to the metal—metal
distance.

Thus, it seems likely that the emissions come from two
different electronic states that can be related to the two
coordination modes of the thallium centres, each of which in
turn has different interactions with the gold atoms. In this
regard, and as can be deduced from the theoretical study (see
below), in these electronic states the geometry around the
thallium centres is essential, rather than the gold —thallium
interactions, which are responsible for the shifts in the
emission band for each geometry. This assumption is in good
agreement with experimental results on other linear gold—
thallium chains® with distorted trigonal-bipyramidal environ-
ments and different gold — thallium interactions, because these
do not show such site-selective excitation and the emission
energies are close to the energy attributed to the thallium
centres in the title complexes, which also have this environ-
ment (see below).

Therefore, in view of the results obtained by photophysical
measurements and X-ray structural analysis, we performed
single-point DFT calculations on simplified model systems of
compounds 1 and 3. Owing to the presence of different Au—TI
distances and TI' geometries in 1 we built four different
dinuclear models 1a—1d (Figure 8) to represent the four
observed coordination environments (two distorted tetrahe-
dral and two pseudo-trigonal-bipyramidal) and to study the
influence of the intermetallic distances and the geometries
around the TI' centres on the photophysical properties. Since
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Figure 8. Theoretical model systems 1a—1d and 3a for DFT and TD-DFT
electronic-structure calculations.

3 consists of alternating Au- and Tl-centred counterions
linked by Au—TI interactions, we propose the tetranuclear
model system 3a to study the influence of the polymeric chain
on the photophysical properties.

For 1 we studied the MOs and performed a population
analysis from which we can deduce the contribution of each
part of the molecule (metal atoms and ligands) to each
occupied orbital for the four simplified models 1a—1d. The
results are given in Tables 7, 8, 9 and 10, which show that the

Table 7. Population analysis for [TI(OPH;)][Au(CsHs),] (distorted-tetra-
hedral) model system 1a. Percentage contribution from each type of atom
to occupied orbitals.

MO Au Tl C.H, OPH,
HOMO-1 (64a) 13.1 0.9 84.0 1.9
HOMO-5 (60a) 69.6 10.2 19.1 04
HOMO-7 (58a) 982 0.9 0.7 -
HOMO-8 (57a) 912 6.9 1.0 0.7

Table 8. Population analysis for [TI(OPH;)][Au(C4Hs),] (distorted-tetra-
hedral) model system 1b. Percentage contribution from each type of atom
to occupied orbitals.

MO Au Tl C.H, OPH,
HOMO-1 (64a) 17.7 0.7 815 -
HOMO-3 (62a) 484 25 488 -
HOMO-4 (61a) 36.8 8.1 544 35
HOMO-5 (60a) 37 1.0 95.1 -
HOMO-7 (58a) 945 43 0.55 0.5
HOMO-8 (57a) 95.0 28 2.0 0.1

occupied orbitals involved in the theoretical transitions (see
TD-DFT calculations below) are mainly located on the
[AuR,]™ units or at the gold centres, with no significant
contribution from either the TI' centres or the O-donor
ligands. On the other hand, the lowest unoccupied orbitals
cannot be subjected to population analysis, but we can

Chem. Eur. J. 2003, 9, No. 2
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Table 9. Population analysis for [TI(OPH;)(H,O)][Au(CsHs),] (pseudo-
trigonal-bipyramidal) model system 1¢. Percentage contribution from each
type of atom to occupied orbitals.

MO Au Tl C.H, OPH,, H,0
HOMO (70a) 49 0.6 89.9 45
HOMO-1 (69a) 19.1 03 80.6 -
HOMO-2 (68a) 70.8 12.6 153 12
HOMO-3 (67a) 3.9 0.7 95.3 -
HOMO-4 (66a) 3.0 1.1 95.9 -

HOMO-5 (65a) 6.6 0.6 25 02
HOMO-6 (64a) 792 02 204 -
HOMO-7 (63a) 88.7 8.6 15 12
HOMO-8 (62a) 97.9 0.8 12 -

Table 10. Population analysis for [TI(OPH;)(H,O)][Au(C¢Hs),] (pseudo-
trigonal-bipyramidal) model system 1d. Percentage contribution from each
type of atom to occupied orbitals.

MO Au Tl CH; OPH,, H,0
HOMO (70a) 6.7 02 88.9 41
HOMO-1 (69a) 211 25 78.6 -
HOMO-2 (68a) 793 25 137 -
HOMO-4 (66a) 78 1.9 90.3 -

HOMO-5 (65a) 25 0.4 97.0 -

perform a visual analysis of their shape. Figure 9 shows the
lowest unoccupied orbitals (involved in the theoretical
transitions; see below) for models 1a (distorted tetrahedral)
and 1c¢ (pseudo-trigonal-bipyramidal) as representative ex-
amples of the different geometries around thallium centres,
and it can be clearly seen that these orbitals are mainly
thallium-based, with small contributions from gold centres in
some cases. Thus, from this analysis it can be deduced that the
highest occupied orbitals are mainly localised in the [AuR,]~
units or at the gold atoms, while the locations of the lowest

1%

»
[®

&7a (LUMO+1}) 68 (LUMO+2)

T2a (LUMO+1)

T3 (LUMO+2)

Figure 9. Lower energy virtual molecular orbitals for theoretical models
1a (distorted tetrahedral) and 1¢ (pseudo-trigonal-bipyramidal).
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unoccupied orbitals shows that the potential fluorophores are
the thallium centres, since they are the main contributors to
the orbitals from which the emission is produced, although the
contribution of the gold centres cannot be neglected.

The same type of analysis was carried out for model system
3a (Figure 8). Both the molecular orbitals and the population
analysis show the same trend as the dinuclear models for 1.
Thus, the occupied molecular orbitals are mainly [AuR,] -
based (Table 11) and the most important unoccupied orbital is
159a (LUMO +2), a metal-based orbital (Figure 10) mainly
localised on TI. Therefore, the electronic structure of 3 is
similar that of 1: excitations come from [AuR,] -based
orbitals and enter a Tl'-based orbital that acts as fluorophore
for the emission of light.

The above conclusions were confirmed by TD-DFT calcu-
lations. Thus, the first few singlet excitation energies of 1a—

Table 11. Population analysis for [TI(OPHs),][Au(CsHs),][TI(OPH,),]-
[Au(C¢Hs),] model system 3a. Percentage contribution from each type of
atom to occupied orbitals.

MO Au Tl CH; OPH,
HOMO (156a) 47 02 95.1 -
HOMO-1 (155a) 63.9 22 117 2.1
HOMO-2 (154a) 282 02 715 -
HOMO-5 (151a) 77 1.1 91.1 -
HOMO-6 (150a) 20.6 04 78.6 03
HOMO-7 (149a) 404 35 55.4 0.7
HOMO-8 (148a) 453 0.1 534 1.1

155 (HOMO-1)

Figure 10. HOMO-1 (155a) and LUMO +2 (159a) molecular orbitals for
model 3a.

158 (LUMO+2)

1d and 3a were calculated at the TD-DFT level (see
Methods of Calculation). Since we currently cannot estimate
the contribution of spin —orbit effects to the triplet transitions,
only singlet—singlet transitions were considered in these
quasirelativistic calculations.

As mentioned above, 1 and 2 show site-selective excitation
at low temperature, with two independent pairs of excitation
and emission bands at different energies. Hence, TD-DFT
analysis was carried out for 1a and 1b, which have TI' centres
in a pseudotetrahedral environment and two similar groups of
excitations in the ranges 423 -442 nm and 289-342 nm. The
analysis of the theoretical transitions (Table 12 and Figure 11)
shows for both ranges that the excitations originate from
[AuR,]™- or Aul-based orbitals and enter antibonding pseu-
dotetrahedral TI'-based orbitals, that is, the antibonding TI-

Table 12. TD-DFT RPA singlet-excitation calculations for simplified model systems 1a—1d and 3a.

Model 1a

Model 1b

Model 1¢

Model 1d

Model 3a

4377 (0.034)L!
64a — 67a (67)
64a — 68a (20)

4234 (0.034)
64a — 68a (64)
64a — 67a (24)

339.4 (0.014)
60a — 68a (78)
60a — 67a (13)

326.8 (0.058)
58a — 66a (45)
60a — 67a (32)

310.6 (0.075)
58a — 66a (48)
60a — 67a (27)

442.0 (0.010)
64a — 67a (83)
64a — 68a (8)

428.6 (0.033)
64a — 68a (57)
62a— 66a (27)

424.7 (0.019)
62a — 66a (69)
64a — 68a (26)

342.5 (0.020)
64a — 69a (73)
60a — 68a (17)

339.4 (0.024)
60a — 68a (58)
64a — 69a (18)

327.0 (0.093)
6la— 68a (43)
57a — 66a (23)

321.5 (0.011)
58a — 66a (95)

312.4 (0.042)
57a — 66a (67)
6la— 68a (11)

289.7 (0.010)
64a — 70a (54)
65a — 71a (35)

289.1 (0.011)
65a — 71a (60)
64a — 70a (29)

374.3 (0.050)
69a — 72a (54)
70a — 73a (32)

371.8 (0.047)
70a — 73a (55)
69a — 72a (31)

316.5 (0.011)
65a — 72a (37)
67a— 72a (31)

312.5 (0.022)
68a — 73a (68)
65a — 72a (14)

306.4 (0.018)
66a — 73a (57)
67a — 73a (26)

301.9 (0.077)
68a — 72a (23)
64a —71a (17)

301.4 (0.017)
64a — 71a (80)

290.9 (0.018)
68a — 74a (38)
62a — 71a (30)

404.0 (0.018)
69a — 72a (62)
70a — 73a (35)

398.5 (0.034)
70a — 73a (59)
69a — 72a (26)

390.3 (0.010)
69a — 73a (100)

327.1 (0.013)
66a — 72a (46)
68a— 73a (17)

319.3 (0.023)
66a — 73a (67)
66a— 72a (11)

316.8 (0.072)
66a — 72a (23)
68a — 72a (21)

309.0 (0.027)
65a — 73a (84)

280.9 (0.056)
69a — 75a (58)
66a — 74a (14)

445.3 (0.013)
154a — 159a (100)

425.8 (0.428)
155a — 159a (100)

371.6 (0.010)
151a — 159 (100)

353.6 (0.051)
150a — 159a (57)
149a — 159a (31)
352.1 (0.077)
149a — 159a (56)
1502 — 159a (30)

[a] Energy of theoretical transitions in nanometres and oscillator strengths (in parentheses) that shows the mixed representation of both velocity and length.
[b] Contributions to each transition. The value in parentheses is | coeff. | 2 x 100.
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Figure 11. Theoretical excitation spectra for models 1a and 1b (distorted
tetrahedral).

based molecular orbitals are responsible for the emission of
light.

The TD-DFT analysis of 1¢ and 1d, which have TI! centres
in a distorted trigonal-bipyramidal environment again gave
two groups of excitations for each model (Figure 12). The low-
energy range is 372—-404 nm, and the high-energy range 281 -
327 nm. As in the pseudotetrahedral models, the the starting
orbitals of the excitations are mainly centred on the [AuR,]"
units or at the Au' centres, while the target orbitals are mainly
antibonding TI-based molecular orbitals (Table 12).

X —— Au-TI3.32A
amee Au-TI3.05A

0.08 1
0.07 1

0.06

0.05 4

0.04 4

Intensity (a.u.)

0.03 4

x

0.02 1 X

X
| X
T M L v L ¥ M ) M ) v 1

280 300 320 340 360 380 400 420
wavelength (nm)

0.01 1 l

Figure 12. Theoretical excitation spectra for models 1¢ and 1d (pseudo-
trigonal-bipyramidal).

Therefore, the theoretical excitations are in very good
agreement with the two site-selective experimental excitation
spectra of 1 (Figure 13). Careful inspection of the theoretical
excitation spectra indicates that the lower energy excitations
(420-450 nm) can be assigned to the Au'-TI' pseudotetra-
hedral interactions, while those at higher energy (around
280 nm) can be assigned to the Au'-TI' distorted trigonal-
bipyramidal interactions. In fact, experimental excitation of 1
and 2 at low energy (412 and 408 nm, respectively) gives rise
to single low-energy emissions (510 and 526 nm, respectively)

Chem. Eur. J. 2003, 9, No. 2
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Figure 13. Comparison between theoretical (models 1a—-1d) and exper-
imental excitation spectra for complex 1.

that could be produced by emission of light from antibonding,
pseudotetrahedral TI(I) molecular orbitals. Excitation of 1
and 2 at high energy (329 and 334 nm, respectively) leads to
single high-energy emissions (461 and 465 nm, respectively),
perhaps from antibonding, distorted trigonal-bipyramidal TI!
molecular orbitals. Finally, excitation in the range 340-
405 nm gives rise to both emissions, in accordance with the
theoretially determined availability of both types of Tl-based
molecular orbitals as target orbitals in this energy range.

We also carried out a TD-DFT calculation on 3a, a
simplified model system of 3. We used this tetranuclear
model, in which the TI! geometry is always distorted trigonal-
bipyramidal, to analyze the influence of the polymeric Au—TI
chain on the photophysical behaviour. Table 12 lists the most
important theoretical excitations for model 3a. As shown in
Figure 14, the theoretical spectrum clearly matches the

0.45-.
0.40-.
0.35-
0.30:
0.25—.

0.204

Intensity (a.u.)

0.154
0.104

L

0.054 l

0.00 r . . 1 T 41,

250 300 350 400 450
wavelength (nm)

Figure 14. Comparison of theoretical and experimental excitation spectra
for complex 3.

experimental one, and theoretical excitation B at 425.8 nm is
the most important. The analysis of this excitation shows that
both the starting and the target orbitals are metal-based,
whereby virtual orbital 159a, mainly localised on TI, is the
orbital from which the emission is produced in all cases,
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although the contribution from gold atoms is also important
for this orbital (Figure 10).

In short, the TD-DFT calculations confirm the qualitative
explanation for the photophysical behavior of the Au-TI
complexes 1-3. First, they explain the site-selective excitation
of 1 and 2 due to the presence of different environments of TI!
centers. In addition, we observed increasing metal-based
character of the orbitals responsible for luminescence when
we increased the nuclearity of the model system (i.e., 3a),
which matches the experimental spectra.

The basic conclusion is that the excitation has AuR, — TI!
charge-transfer character, whereby the thallium centres act as
fluorophores which are influenced by the presence of differ-
ent environments of the TI' centres. This suggests that Tl-
ligand interactions have a greater influence on the photo-
luminescence than TI'- Au! interactions. Similar conclusions
were recently drawn by Che et al. for d'°-d!° metal com-
plexes.?224

Experimental Section

Instrumentation: Infrared spectra were recorded in the range 4000-
200 cm™! on a Perkin-Elmer FT-IR Spectrum 1000 spectrophotometer
with Nujol mulls between polyethylene sheets. C, H, N analyses were
carried out with a C.E. Instrument EA-1110 CHNS-O microanalyzer. Mass
spectra were recorded on a HP-5989B Mass Spectrometer API-Electro-
spray with interface 59987A. 'H, "F and 3'P{'H} NMR spectra were
recorded on a Bruker ARX 300 in (CD3),CO or CDCl;. Chemical shifts are
quoted relative to SiMe, ('H, external), CFCl; (“F, external) and 85%
H;PO, (*'P, external). Excitation and emission spectra were recorded on a
Perkin-Elmer LS-50B luminescence spectrometer. Acetone for photo-
physics was distilled over potassium permanganate and degassed before
use. NBuyAuR,] (R=C4Fs, CiCls) starting materials were prepared
according to ref. [25].

Preparation of [TI(OPPh;)(THF)][Au(CCl;s),][TI(OPPh;)][Au(C,Cl;),]
(1) and [TI(OPPh;)(acetone)][Au(C:Cls),][TI(OPPh;) [[Au(C:Cls),] (2):
OPPh; (0.07 g, 0.26 mmol) was added to a solution of TIPF, (0.09 g,
0.26 mmol) and NBu,[Au(C,Cls),] (0.24 g, 0.26 mmol) in THF (1; 35 mL)
or acetone (2; 35 mL). The solutions were stirred for 30 min followed by
evaporation of the solvents under vacuum. The resulting solids were
washed with dichloromethane (20 mL) and collected by filtration to give 1
and 2 as green solids. Yield: 72% (1) and 65 % (2). Crystals suitable for
X-ray diffraction studies on 1 and 2 were obtained by slow diffusion of n-
hexane into a concentrated solution of the complex in THF (1) or acetone
(2). Elemental analysis (%) calcd for 1 (Cy4Hs3Au,T1LP,Cl,,05): C 31.65, H
1.6; found: C 31.8, H 1.7; elemental analysis (%) caled for 2
(CesH36Au, TLP,Cl,05): C 31.35, H 1.50; found: C 31.0, H 1.45; 3'P{'H}
NMR (298 K, (CDs),CO)), 6 =26.5 (s) (1); 26.7 ppm (s) (2); 'H NMR
(298 K, (CD;),CO)): 6 =7.56-7.73 (m, 30H, Ph) (1); 7.54-770 (m, 30H,
Ph) (2); 3.43, (m, 4H, THF), 1.86 (m, 4H, THF) (1); 2.09 ppm (s, 6H,
acetone) (2); MS for 1 and 2: m/z (% ): 695 (100) [Au(C,Cls),]~ (ES —), 204
(100), TI* (ES +).

Crystallography: The crystals were mounted in inert oil on glass fibres and
transferred to the cold gas stream of a Nonius Kappa CCD diffractometer
equipped with an Oxford Instruments low-temperature attachment. Data
were collected with monochromatized Moy, radiation (A =0.71073 A) by w
and ¢ type scans. Absorption corrections: numerical (based on multiple
scans). The structures were solved by direct methods and refined on F? by
using the program SHELXL-97.2%1 All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included with a riding model.
Further details of the data collection and refinement are given in Table 1.
CCDC-187673 and CCDC-187674 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
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tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK fax:
(+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

Methods of calculation: HF and MP2 calculations: The Gaussian98
packagel’”! was used. The basis sets and pseudopotentials (PP) used in
the production run are given in Table 4. The 19-valence electron (VE)
quasirelativistic (QR) and nonrelativistic (NR) PPs of Schwerdtfeger
et al.l®®! were employed for gold. For the thallium atom 3-VE QR and NR
PPs were used.””) We employed one f-type polarization function for Au and
Tl centres. The f orbital is necessary for the weak intermolecular
interactions, as was demonstrated previously for various metals.!" % % The
diffuse f orbital exponent for the Tl atom was obtained by maximizing the
electric dipole polarizability of the TI' cation («;=0.34). The atoms C, P
and O were also treated by Stuttgart pseudopotentials,*'l including only the
valence electrons for each atom. For these atoms, double-zeta basis sets
were used, augmented by d-type polarization functions. For the H atom, a
double-zeta and one p-type polarization function were used (see Ta-
ble 13).0321

Table 13. Basis sets and pseudopotentials (PPs) used in the present work.

Atom PP Basis Remarks
H - (4slp)/[2slp] a,=0.80
C Bergner 4-VE (4s4pld)/[2s2pld] ay=0.80
P Bergner 5-VE (4s4pld)/[2s2pld] ay=0.34
(0] Bergner 6-VE (4s4p1d)/[2s2p1d] ay,=1.154
Au Schwerdtfeger QR 19-VE  (8s6p5d1f)/[7s3p4d1f]  a;=0.20
Au Schwerdtfeger NR 19-VE  (8s6p5d1f)/[8s3p4dlf] «a;=0.20
Tl QR 3-VE (4s4pldlf)/[2s2pldlf] o;=0.34
Tl NR 3-VE (4s4pldlf)/[2s2p1dlf] o;=0.34

First, we studied the experimental compounds using the model [TI(O-
PH,),][Au(C¢Hs),]. We replaced the groups OPPh; by OPH; and C¢Fs by
C¢Hs. We optimised the structures [TI(OPH;),]* and [Au(CHs),]~
separately at the second-order Mgller — Plesset (MP2) level of perturbation
theory (see Figure 5).%3l We studied the intermolecular interactions by
comparing the Au-TI distances obtained at the Hartree-Fock (HF) and
MP2 levels of theory with both QR and NR pseudopotentials. The
interaction energies were calculated by using the method of counterpoise
correction. Therefore, the basis sets superposition error (BSSE) is
corrected in these analyses.

TD-DFT calculations: The molecular structures used in the theoretical
studies on [TI(OPHj;),][Au(CsHs),][TI(OPH;)(H,O)][Au(C¢Hs),]| (1a) and
[TI(OPH;),][Au(C4Hs),][TI(OPH;),][Au(C¢Hs),] (3a) were taken from the
X-ray diffraction data for [Au(C,Cls),],[TI(OPPh;)][TI(OPPh;)(THF)] (1)
and [T1(OPPh;),][Au(C4Fs),] (3), respectively. Keeping all distances, angles
and dihedral angles frozen, single-point DFT calculations were performed
on the models. In both the single-point ground-state calculations and the
subsequent calculations of the electronic excitation spectra, the default
Beck —Perdew (BP) functional®-¢! as implemented in TURBOMOLEF"!
was used. The excitation energies were obtained at the density functional
level by using the time-dependent perturbation theory approach (TD-
DFT),?# which is a DFT generalization of the Hartree —Fock linear
response (HF-LR) or random-phase approximation (RPA) method.[*]

In all calculations, the Karlsruhe split-valence quality basis setsl*!
augmented with polarization functions!®! were used (SVP). The Stuttgart
effective core potentials in TURBOMOLE were used for Au and TL]
Calculations were performed without any assumption of symmetry for 1a—
1d and 3a.
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