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Mono- and multi-nuclear phosphinegold(I) compounds, incorporating halide and thiolate ligands, have
attracted considerable interest owing to their unique luminescence properties. Assignments for the
observed luminescence are summarized in terms of metal-centered transitions, intra-ligand transi-
tions, and ligand-to-gold charge transfer transitions. Furthermore, Au. . .Au (i.e. aurophilic) interactions,
sometimes observed in their solid-state structures, can also influence the observed luminescence charac-
teristics. The aim of this review is to delineate the luminescent properties of the phosphinegold(I) halides
and phosphinegold(I) thiolates, in particular where there is some debate as to the underlining optical
processes responsible for this phenomenon and to relate these assignments to different structural motifs,

in particular to the presence of aurophilic (Au. . .Au) interactions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

One of the main motivating factors behind continuing stud-
ies of gold(I) compounds, often containing phosphine and thiolate
or halide ligands, relates to their demonstrated and characteris-
tic luminescence. Luminescence properties of these compounds
are correlated with their unique photophysical and photochem-
ical properties [1-7]. Accordingly, the luminescence properties
of phosphinegold(I) compounds have been extensively investi-
gated and a wide variety transitions, e.g. intra-ligand transitions,
metal-centered transitions and ligand-to-metal charge transfer,
are thought responsible for these properties. Additional interest
in these systems arises as a result of the presence of aurophilic
(i.e. Au...Au) interactions. Aurophilic interactions are known to
be very important in the structural chemistry of gold, including
phosphinegold(I) compounds [8,9]. Relativistic effects are respon-
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sible for aurophilic interactions [10,11] and it is well documented
that these can provide a similar energy of stabilization to crystal
packing as do hydrogen bonding interactions [12]. In terms of the
overall theme of this review, aurophilic interactions, when present,
are known to influence the luminescence properties exhibited in
certain phosphinegold(I) compounds [13] as these enhance the
transition probability and lower the energy gap between the emit-
ting and receiving energy levels. In most phosphinegold(I) thiolates,
the luminescence properties are determined mainly by the nature
of the thiolate ligand. Although the phosphine ligand often con-
tains a chromophore, the optical processes predominantly occur
via the excitation of sulfur with subsequent charge transfer to gold.
Another important tool utilized to understand the nature of the
absorbing and emitting states are quantum mechanical calculations
on the electronic structures and transitions. Herein, a full range of
phosphinegold(I) halide and phosphinegold(I) thiolate compounds
are discussed so as to provide an assessment of their luminescence
properties. In latter sections, the assignments of luminescence are
described for several series of phosphinegold(I) thiolates. In order
to ascertain the influence of transitions due to the phosphinegold(I)
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moieties upon luminescence in these compounds, the lumines-
cence characteristics of phosphinegold(I) halides are reviewed first.

2. Phosphinegold(I) halides

Mononuclear triorganophosphinegold(I) halides provide rel-
atively simple molecular structures for understanding how the
gold(I) ion and the phosphine ligand are involved in optical
processes, an important prelude before ascribing, with confi-
dence, the source of the luminescence in the phosphinegold(I)
thiolates described below. While the structural characteristics
of the phosphinegold(l) halides are relatively homogeneous in
terms of molecular geometry, their supramolecular aggregation via
aurophilic (Au. . .Au) interactions is variable. While most structures
adopt one of two motifs, a total of four supramolecular aggregation
patterns are discerned in their crystal structures.

The structure of one of these prototype structures, CysPAuCl, is
illustrated in Fig. 1a; this is termed motif I for the R3PAuX struc-
tures. Here, it is evident that the gold(I) center exists in a linear
geometry defined by the phosphorus [Au-P 2.242(3)A] and chlo-
ride [2.279(4) A] atoms [14]; the angle subtended at the gold atom
is 177.0(1)°. The second prototypical structure (motif II) is exhibited
by Et3PAuCl which features Au-P [2.232(11) and 2.231(9)A; there
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Fig. 1. (a) Molecular structure of Cy;PAuCl [14], representing motif [ for R3PAuX
structures, highlighting the linear coordination geometry for the gold atom; and
(b) molecular structure of EtsPAuCl [15], representing motif II, showing an inter-
molecular aurophilic (Au. . .Au) interaction as a dashed bond so that the molecule is
formulated as {Et3PAuCl},.

are two independent molecules], Au—Cl [2.306(8) and 2.306(8)A]
distances, and linear P-Au-Cl angles [178.5(3)° and 178.9(3)°] but
with the additional feature of an Au. . .Au interaction as highlighted
inFig. 1b[15]. The Au. . .Au distance of 3.568(2) A is at the upper end
of the generally excepted range of intermolecular Au...Au inter-
actions, but is certainly indicative of supramolecular association
between the molecules. The differences between motifs I and II are
ascribed to the steric effects associated with the phosphine ligands
[16].

The isomorphous series of Ph3AuX structures, for X=Cl [17],
Br [18], and I [18a,19], adopt the motif [ structure. In this series,
there is little variation in the Au-P distances [2.233(1), 2.250(5)
and 2.254(4) A, respectively] and the expected monotonic increase
in Au-X [2.278(1), 2.406(3) and 2.5555(16)A] is observed; the
P-Au-X angles lie in the narrow range 179.71(9) [X=Cl] to 178.4(1)°
[X=1]. For the o-tolyl derivative (o-tolyl)3 PAuCl, monoclinic (C2/c)
and orthorhombic (Pbca; two independent molecules) polymorphs
are known [20]. Despite the possibilities of variations in geomet-
ric parameters for (o-tolyl)3PAuCl, the Au-P, Au-Cl and P-Au-Cl
parameters are experimentally equivalent [i.e. 2.235(4)-2.243(3) A,
2.270(4)-2.289(4) A, and 178.6(1)-179.4(1)°] and, experimentally
equivalent to those in the structure of Ph3PAuCl [17], see above.
The following is an overview of the luminescence characteristics of
these compounds.

The Ph3PAuX (X = Cl and Br) compounds, where the bulky phos-
phine ligand prevents the formation of Au. . .Au interactions, when
excited in UV region produce two emission bands in the 350-500
and 420-600nm regions, respectively [21]. The excitation and
emission data for Ph3PAuX are listed in Table 1. The temperature
dependence of the two emission bands is different. At room temper-
ature, the high-energy band appeared as a trace. With decreasing
temperature, the high-energy band gained in intensity and was
strongly influenced by vibronic splitting at low temperature, while
the low-energy band displays the opposite trends. The decay time
of the high-energy emission is shorter than that of the low-energy
emission, but is still longer than a sub-millisecond. The long life-
times support the notion that the two emissions correspond to
phosphorescence phenomena. By contrast, the excitation spec-
tra of the two emission bands are quite similar. The excitation
spectrum of the low-energy emission can be resolved into two
components with peak positions at approximately 280 and 340 nm.
These excitation bands were assigned as phenyl-localized ! w7* and
3mm* excited states, respectively. According to SCF-Xa-SW cal-
culations for the ground-state orbitals of the model compounds
H3PAuCl, HPhPAuCl, Ph3PAuCl and PhPH3*, the highest occupied
molecular orbital (HOMO) comprises mainly phenyl-m character,
while the lowest unoccupied molecular orbital (LUMO) is centered
mainly on the gold, phosphorus and chloride atoms. Based on the
HOMO-LUMO transitions, the high-energy emission was attributed
to the 3IL transition (IL=intra-ligand), while the low-energy emis-
sion remains to be assigned. The low-energy emission with a long
lifetime and small zero-field splitting was not consistent with either
a 3LMCT or a 3MLCT assignment involving a gold center.

Recently, the spectroscopic properties of (o-tolyl)3PAuCl were
also investigated, both experimentally and theoretically [22]. Rep-
resentative spectra for (o-tolyl)sP and (o-tolyl)3PAuCl are shown
in Fig. 2 and the excitation and emission data are summarized in
Table 1. The absorption and the reflection spectra of (o-tolyl)3 PAuCl
are quite different from those of the uncoordinated (o-tolyl);P
molecule. For (o-tolyl)3PAuCl, there are three characteristic bands
in the visible-UV region. The weak A-band, appearing in the
370-420 nm region, is not found for the (o-tolyl)3;P molecule. The
B-band, 300-370 nm, has moderate intensity and the C-band, peak-
ing at 280 nm, has high intensity. When excited in the UV region,
both species produce luminescence in the region 350-700 nm. The
main peak position is very close to that in (o-tolyl);P but much
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Table 1
Emission and excitation data for selected phosphinegold(I) halides in the solid-state.
Compound Au. . .Au (A) Excitation (nm) Emission (nm) Ref.
PhsPAuCI? 280(m), 330(s) 395(s), 485(sh) [21]
Ph;PAuBr? 280(w), 330(s) 390(s), 460(sh)° [21]
(o-tolyl)3 PP 300(sh), 340(s) 442(s), 570(sh) [22]
(o-tolyl)3 PAuCIP 306(s), 330(w), 380(m) 430(s), 490(w) [22]
[(Me,PhP)AuCl],¢ 3.2623(16) 313 360 [26]
[(Me2PhP)AuBr],¢ 3.120(2) 313 360, 720 [26]
[(MePhP)Aul],¢ 3.1063(17) 313 361, 645 [26]
[(Me,PhP)AuCl]3¢ 3.0916(19), 3.120(2) 313 361, 635 [26]
2 T=14K
b T=10K.
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Fig. 2. (a) Reflectance and differential spectra of (o-tolyl)sP (1, 1a) and (o-tolyl)sPAuCl (2, 2a) at RT; (b) emission (lexn =348 nm) and excitation (Aems =438 nm) spectra of
(o-tolyl)3P at 78 K; and (c) emission (Aexn =1: 304 nm, 2: 343 nm) at T=78 K and excitation (Aems = 1: 458 nm, 2: 490 nm, 3: 565 nm) of (o-tolyl); PAuCl at 78 K. Modified with

permission from Ref. [22]. ©(2006) Korean Chemical Society.

weaker, and the spectroscopic shape is dependent on the excita-
tion energy. The 343-nm excitation produces a main emission band,
peaking at 430 nm, and a broad shoulder at the low-energy side,
while the 304 nm excitation produces bell-type emission bands
(426, 455, and 487 nm) with a low-energy shoulder and a spec-
troscopic range very close to that of the free (o-tolyl)sP molecule.
These observations were originally interpreted to indicate that the
observed luminescence of (o-tolyl)sPAuCl is due to an intra-ligand
emission from (o-tolyl);P. However, this hypothesis was ruled out
after a comparison of the excitation spectra. As shown in Fig. 2b
and c, the two spectra are very different. For (o-tolyl)3;PAuCl, the
excitation spectrum at 458 nm emission shows three bands, peak-
ing at 305, 325, and 375 nm. In contrast, only one such excitation
band was observed for (o-tolyl)sP. In (o-tolyl)3 PAuCl, the 305 nm
band is very strong and narrow, while the others are weak and
broad. The species (o-tolyl); PAuCl does not exhibit the 280 nm exci-
tation band which was occurs in each of Cy3PAuCl and Ph3PAuCl.

The shape of this excitation spectrum is almost identical to that
of the differential reflection spectrum shown in Fig. 2a. The strong
305 nm excitation corresponds to the C-absorption band and the
weak bands, appearing in the 350-450 and 315-350 nm regions,
were attributed to the A- and B-absorptions, respectively. The sub-
stitution of a methyl group at the ortho-position, compared with
the triphenylphosphine analog, resulted in a red-shift in the peak
positions of the A-band excitation and emission by approximately
4000 and 2100 cm™!, respectively, as well as an increase in intensity
of the C-band excitation.

Ab initio molecular orbital calculations [22] on the molecu-
lar orbitals and excited states of gas-phase (o-tolyl)3PAuCl were
performed to provide assignments for the observed spectroscopic
properties. The molecular structure was fully optimized by a post-
Hartree-Fock (HF) method for the ground state and CIS for the
excited state; key results are summarized in Tables 2 and 3, respec-
tively. The optimized geometry of the molecule conforms to Cs

Table 2
Partial molecular orbital compositions for (o-tolyl); PAuCl.
MO eV Contribution (%) (o-toly)sP Comment
Au P 18C 3C Cl
17 0.24 0 0 100(p) 0 0 C(px* Py *p2)
16 0.23 2(s)+2(p) 5(s) 89(p) 0 0 C(px+py +Pp2)
I5 0.23 3(p) 9(p) 7(s)+78(p) 0 0 C(px+py +Ppz)
14 0.21 3(p) 9(p) 7(s)+78(p) 0 0 C(px +py +P2)
3 0.16 50(s)+8(d) 9(s)+10(p) 0 0 5(s)+3(p) Au(s)+P(p)
2 0.12 82(p) 0 2(s)+2(p2) 5(s)+2(p) 6(p) Au(py +p;)
n 0.12 78(p) 0 3(s) 5(s)+4(p) 6(p) Au(py +p;)
hl -0.29 2(s) 1(s)+13(p) 79(p) 0 0 P(px)+C(py +py *+Pz)
h2 —0.31 0 0 93(p) 0 0 C(px+py+pz)
h3 —0.31 0 0 93(p) 0 0 C(px*+py *+Dpz)
h4 -0.31 0 0 93(p) 0 0 C(px *+py +pz)
h5 -0.32 0 0 89(p) 0 8(p) C(px+py +P2)
h6 -0.32 0 0 90(p) 0 8(p) C(px +py +Pz)
h7 -0.32 1(pz)+7(d) 0 7(p) 0 86(p) Cl(py +p2)
h8 —-0.32 1(py)+7(d) 0 7(p) 0 86(p) Cl(py +pz)
h9 -0.34 19(s) +12(d) 0 0 0 2(s)+63(px) Au(s+dg +d.)+Cl(px)
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symmetry (along x-axis), consistent with the earlier observations
that non-symmetric experimental (crystallographic) structures
optimize to symmetric calculated molecules in the absence of crys-
tal packing effects [23]. The first six HOMO's, h1-h6, have m-orbital
character of the o-tolyl groups with contributions greater than 80%.
The next pair of doubly degenerate HOMO's, h7 and h8, effectively
corresponds to the p, and p, orbitals of the chloride atom, each
occupied by alone-pair of electrons. The LUMO is the doubly degen-
erate [1 and I2, which arises from the linear combination of the py
and p; orbitals of gold. The next LUMO, I3, is the o*-type orbital
formed between the s and dy, orbitals of the gold atom as well
as the s and pyx orbitals of the chloride and phosphorus atoms.
The contribution of the s orbital of the gold atom is as much as
50%. In Table 3, some excited states are classified in terms of A-
, B-, and C-bands, according to the energy gap and the oscillator
strength. In the group A, the first two excited states, 1E and 1A,
arise from the electronic transitions from the chloride atom to gold.
The transition probabilities from the ground state, X, to these two
states are very small, giving rise to the first weak A-absorption.
According to the atomic charges determined from a Mulliken popu-
lation analysis, for the X — 1E transition, the atomic charges of gold
and chloride change from 0.20 to —0.11 and from —0.53 to —0.11,
respectively, while the change of the atomic charge of phosphorus
is almost negligible. For the X — 1A transition, the changes of the
electron atomic charges of gold and chloride are 0.23 and —0.27,
respectively. These changes quite clearly indicate that these tran-
sitions are associated with charge transfer from chloride to gold.
In group B, the transitions from the ground state to the 2E, 5A and
6A states comprise the B-absorption band. These transitions are
associated with the electronic transitions from the m-system of the
aromatic rings to the s, py and p; orbitals of gold. Accordingly, the
B-absorption band is attributed to charge transfer from the phenyl
groups to the gold atom. As indicated in Table 3, the X — 4E and
5E transitions have large probabilities with f=0.396 and f=0.122,
respectively. The 4E and 5E excited states predominantly arise from
transitions from h9 to I1 and 2 and are attributed to the strong C-
absorption band. This transition is primarily associated with the
charge transfer from chloride to gold and to a lesser extent to the
s — p transition in the gold atom. The charge densities of gold and
chloride vary by 0.23 and —0.17, respectively, for X — 4E, indicating
that the C-absorption band is mainly associated with the charge
transfer from chloride to gold. Thus, the observed luminescence
of (o-tolyl)sPAuCl is strongly associated with the charge trans-
fer from chloride to gold. As seen in the excitation spectrum, the
strong C-band excitation (Aexn =306 nm) produces intense lumi-
nescence with the main components in the 375-550 nm region,
while the weak A-band excitation (Aexn =380 nm) produce the weak
luminescence in the low-energy side. Although the B-absorption
band is more intense than that the A-absorption band, the B-band

Table 3
High-value CIS excited states and predominant transitions for (o-tolyl); PAuCl.

Excited state eV f Predominant transition
(A-band)

1E 6.51 0.007 h7 —13; h8 — I3

1A 7.00 0.008 h9— 13
(B-band)

2A, 3A 7.38 0.003 h7,h8—11, 12

4A 7.40 0 h7 - 12

2E 7.47 0.072 hl1—11,12

5A 7.48 0.065 h1—13; h3—15; h2 — 14

3E 7.56 0.009 h1— 14,15

6A 7.59 0.152 h1—13,17; h2, h3 — 14, 15
(C-band)

4E 7.88 0.396 h9— 11, 12

5E 8.05 0.122 h9—11,12; h1,h6 — 11,12, 14,15

x— B
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Fig. 3. Molecular structure of trimeric (Me,PhP)AuCl [26], or {(Me,PhP)AuCl}3, rep-
resenting motif III for R3PAuX structures; aurophilic interactions are represented by
dashed lines.

excitation (Aexn =330nm) produces a trace of luminescence. This
indicates that the charge transfer from the m-system of phenyl
groups to gold may be ineffective in producing an emission from
(o-tolyl)3PAuCl. From the foregoing, it is clear that the characteristic
optical-properties of the (o-tolyl);PAuCl compound are attributed
to chloride to gold charge transfer for the absorption and vice
versa for the emission. The following summarizes the influence
of aurophilic interactions upon the optical process of phosphine-
gold(I) halides, i.e. in cases where the steric bulk of the phosphine
ligand is insufficient to preclude the formation of Au. . .Au interac-
tions.

Using pseudo-potential methods, Pyykkdé and co-workers pre-
dicted that the aurophilic attraction in {Ph3PAuX}, increases in
the series F<Cl<Br<I and they found that the calculated strength
of the aurophilic interaction was strongly dependent on the type
of basis set used in the quantum mechanical calculation [24].
The magnitude of the Au...Au interaction was strongly correlated
with the Au. . .Au distance; the calculated Au. . .Au distances within
two perpendicular units (i.e. with C; symmetry) were 3.41A for
X=F, 3.37A for X=Cl, 3.34A for X=Br, and 3.32 A for X=I. These
trends were experimentally verified in the structures of molecules
with the general formula (Me,;PhP)AuX. The (Me,PhP)AuX series
of structures for X=Cl [25,26], Br and I [26] present aurophilic
interactions in their crystal structures and a new structural motif.
Similar trends in geometric parameters as for the Ph3PAuX series
described above are found so that Au-P in the X=Cl derivative
[2.214(6) and 2.204(5) A for two crystallographically independent
molecules] is systematically shorter than in the X=Br [2.246(9)
and 2.247(9)A] and X=1I [2.244(5) and 2.260(6)A] species; the
X=Br and I structures are isomorphous and each feature two
independent molecules. The variations in the Au-X and P-Au-X
parameters, again, are as expected. In each structure an aurophilic
interaction occurs between the two independent molecules giving
Au. . .Auseparations that correlates with the decreasing electroneg-
ativity of the halide, i.e. 3.2623(16), 3.1193(21), and 3.1063(17)A,
respectively. Motif III for the R3PAuX structures is found in a
polymorph of (Me,PhP)AuCl [26]. As illustrated in Fig. 3, the trin-
uclear structure features two aurophilic interactions [3.0916(19)
and 3.1202(2)A] and so the compound might conveniently be for-
mulated as {(Me,PhP)AuCl}; as opposed to the dimeric species,
{(MeyPhP)AuX},, motif II; some non-systematic variations in the
Au-P and Au-Cl distances in the structure of {(Me,PhP)AuCl}3 sug-
gest the possibility of some contamination by bromide [26].

When excited in the UV region, the {(Me,PhP)AuCl}, com-
pounds produce two emission bands [26,27]. At reduced tem-
peratures, the high-energy emission, appearing in the region
360-500nm, gains significant intensity. The high-energy emis-
sion was attributed to the intra-ligand 3mm* phosphorescence of
the phenyl moiety, as the case of mononuclear Ph3PAuCl. This
assignment is controversial, since {Et3PAuCl}, also produced a
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Fig. 4. Emission (Aexn =280nm, T=1: RT, 2: 150K, 3: 70K, 4: 10K) and excitation
(Aems =455 nm, T=10K) spectra for Et; PAuCl.

high-energy emission, see Fig. 4. The low-energy band appeared
in the region 550-700nm for the dimeric bromide and iodide
derivatives as well as for each of the dimeric and trimeric chloride
compounds. Based on the results of SCF-Xa—SW calculations on the
model compounds H3PAuX and {H3PAuX},, the low-energy bands
were assigned to the LUMO-HOMO excitation. For the monomeric
species, the excitation is mainly centered on the gold atom for the
X =Cl compound, while it becomes a halide to gold charge trans-
fer in X=Br and I. For the dimeric species, the gold-character in
the HOMO decreases from 78% to 36% and the p-character of X
increases from 10% to 58% in going from X=Cl to I. Accordingly,
the observed low-energy band was assigned primarily due to the
phosphorescence resulting from the gold-based o(p) < o*(s, d)
excitation with a smaller contribution from X — Au charge transfer.
However, the SCF-Xa-SW method provides only limited informa-
tion on the nature of the molecular orbitals, since it works best on
spherical molecules. Therefore, the relative energies of the empty
orbitals are unreliable [28]. The emission spectrum of the dimeric
{Et3PAuCl}, compound measured at various temperatures is illus-
trated in Fig. 4. At room temperature, when excited at 280 nm the
compound produces a weak emission: a broad band in the 300-500
and a broad shoulder in the 500-700 nm. With decreasing temper-
ature, the emission intensity increases and the spectroscopic shape
is better resolved. The emission spectrum of {Et3 PAuCl}, comprises
four components, peaking at 360, 440, 505, and 650 nm. The exci-
tation spectra of these emissions are very similar and they can be
resolved into three components, peaking at 230, 280 and 325 nm.
The complexity in the emission might be due to the weak Au. . .Au

21 (a)

Fluorescence
=
1

TT T ¥V [ T T T T [T T T T [T T 17T
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Fig. 5. Molecular structure of polymeric (PTA)AuCl [29], or {(PTA)AuCl},, represent-
ing motif IV for R3PAuX structures; aurophilic interactions are represented by dashed
lines.

interaction of 3.568(2) A [15]. Quantum mechanical calculations on
the structural and optical properties of Et3PAuCl and {Et3PAuCl},
are needed to provide accurate assignments for the observed com-
plex pattern of luminescence observed for {Et3PAuCl},.

The final structures to be described in this section
contain the functionalized phosphine ligand 1,3,5-triaza-7-
phosphaadamantane (TPA) [29,30]. The structure of (TPA)AuCl
represents a fourth structural motif for R3PAuX. As illustrated in
Fig. 5, molecules aggregate into a supramolecular helical chain
via Au. . .Au interactions [3.3960(6) A]. The 1:1 acetonitrile solvate
[30] reverts to the dimeric motif II. From acidic media, the pro-
tonated PTA species, formulated as [(TPAH)AuCl|Cl-0.5(H,0) can
be isolated [30], which adopts motif II. The latter two compounds
present interesting luminescence characteristics that highlight the
importance of aurophilic interactions [30]. Thus, upon excitation
at 290nm [(TPA)AuCl]-acetonitrile and [(TPAH)AuCl]Cl-0.5(H,0)
produce only the low-energy emissions, peaking at 674 and
596 nm, respectively. The large difference in the peak positions
between two compounds was correlated with the magnitude of
the Au. . .Au interaction, i.e. 3.0923(5) A in [(TPA)AuCl]-acetonitrile
and significantly longer at 3.320(2) A in [(TPAH)AuCI|CI-0.5(H;0).
Extended Hiickel calculations on the MM2-minimized structures
using the CAChe program indicated that the HOMO (o orbital),
comprising d,, and s of gold, and p, of phosphorus, became
destabilized by dimerization of two monomeric units. Further,
the shorter the Au...Au distance, the more destabilized became

1 (b)

Fluorescence

TT T T [T T T T [ T T T T[T T
500 600 700

Emission (nm)

400 800

Fig. 6. (a) Temperature-dependent emission spectra of the low-energy band of (TPA)AuBr at (1) 78, (2) 200, and (3) 298K excited at 320 nm; and (b) dependence of the
emission spectra of (TPA)AuBr excitation wavelength: (1) excited at 320 nm at 78 K; (2) excited at 340 nm at 78 K; (3) excited at 340 nm at 298 K. Reproduced with permission

from [31]. ©(1995) American Chemical Society.
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the HOMO. As a consequence, the HOMO-LUMO gap decreases
to result in the red-shift of the luminescence. The low-energy
emission was attributed to the metal-centered phosphorescence
[30].

For each of (TPA)AuX, for X=Br and I, the high-energy band also
appeared with vibronic distortions in the 400-520 nm region [31].
The intensities of the two bands were very dependent on the exci-
tation wavelength. A typical dependence of the intensity and the
excitation spectra of the two emission bands are shown in Fig. 6.
The emitting center of the high-energy band is different from that
of the low-energy band. The vibronic spacing of 350-500cm™! is
very close to the Au-X vibration appearing around 200-330 cm™!
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rather than the Au-P stretching mode (380cm™1). This similarity
led to the assignment of the high-energy emission band to a band
originating from the halide to gold charge transfer excitation.

3. Binuclear and polynuclear phosphinegold(I) compounds

Polydentate phosphine ligands have the potential to bring into
close proximity two or more gold atoms and therefore to encour-
age/stabilize the formation of aurophilicinteractions. Thus, Au. . .Au
separations are often in the range 2.80-3.10 A depending on the
geometry and electronic structure of the ligands [28,34-37]. The

(b)

c
[+ .
- = = = Au
|
P ‘
' »
» /
:/
« e

Fig.7. (a)Molecularstructure of the dinuclear dication in {Au,[Cy>PCH,PCy> > }(Cl04 ), [32], representing the common motif for structures containing {Au,[Cy, PCH, PCy; |2 12+,
highlighting the linear coordination geometry for the gold atom, the formation of the eight-membered [Au-P-C-P]; ring, and the intra-molecular aurophilic (Au...Au)
interaction as a dashed bond; (b) molecular structure of the first isomer for {Au,[Cy,PCH,PCy,],CI}Cl [33], with the chloride perpendicular to the Au...Au axis; and (c)
molecular structure of the second isomer for {Au,[Cy,PCH,PCy;],Cl}Cl, with the chloride coincident with the Au. . .Au axis.
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Table 4
Luminescence properties and Au. . .Au distances for selected binuclear phosphinegold(I) compounds at room temperature?.
Compound Au...Au (A) Xems (nm) in CH3CN solution Xems (nNm), in the solid-state Ref.
[Auz(p-dcpm); ](ClO4 ), 2.9138(9)-2.9389(8) 370(w), 510(s) 368(s), 564(w) [32]
[Auy(p-dcpm),; J(PFe )2 370(w), 490(s) 368(s), 505(w) [32]
[Auy(-dcpm);J(SO3CF3 ), 370(w), 490(s) 363(s) [32]
[Auz(p-dcpm); J[Au(CN); |2 2.9877(6) 370(w), 495(s) 368(s), 515(w) [32]
[Auz(p-dcpm), |Cl, 370(w), 495(s) 513 [32]
[Auy(p-dcpm), ]I, 2.9509(10)-3.0755(12) 530 467 [32]
[Auy(-dppm); ](BF4), 2.9309(16) 593 - [28]
[Auz(p-dppm); [(BH3CN), 2.982(2) - 571 [28]
[Aua(p-dppm), [Cl 2.9941(8) - 467

500°

510, 680 [36]
- - 530, 620(sh)P
[Auz(p-dppm); |1 670 [36]
[Aup(p-dpm); [>*€ 3.174/2.75¢ [37]
[Auz(p-dpm);(MeCN), ¢ 3.164/2.72¢ 331,557 [37]

2 dcpm = bis(dicyclohexylphosphino)methane; dppm = bis(diphenylphosphino)methane; and dpm = bis(diphosphino)methane.

b T=12K
¢ Calculated structures.

4 Au. . .Au for the 'Ag ground-state.
¢ Au...Au for the 3A, excited-state.

(a)

Fig. 8. (a) Side-on and (b) plan view of the molecular structure of trinuclear HC[PPh;(AuCl)]; [38]; aurophilic interactions are represented by dashed lines.

bidentate ligands bis(dicyclohexylphosphino)methane (dcpm) and
bis(diphenylphosphino)methane (dppm) provide good examples
of this principle and at the same time display fascinating struc-
tural features. In the series of structures [Auy(w-dcpm),;]?*, for
counter ions ClO4~, [Au(CN),]~ and I~ [32], a centrosymmetric

eight-membered [Au-P-C-P], ring is formed each with a flattened
chair conformation as the methylene bridges lie above and below
the AuyP4 plane (Fig. 7a). The Au-P distances lie in the relatively
narrow range 2.3011(16)-2.343(3)A. The respective counter-ions
are at least 3.0 A from the gold centers in these structures and no

Table 5

Luminescence properties and Au. . .Au distances for selected trinuclear phosphinegold(I) compounds at various temperatures?.

Compound Au...Au (A) Aems (nm)/7 (Ws) in CH,Cl, solution Aems (nm) in the solid-state Ref.

HC[PPh,(AuCl)]3 3.2104(7) (x3) 550/1.1 20K: 500 [36,38]
298K: 510, 680

HC[PPh;(Aul)]3 3.1355(18) (x3) 590/1.2 12 K: 480, 680 [36]
298K: 680

[Aus(p-dpmp),Cl, |Cl 2.947(3),2.963(3) 650/1.2 77K: 485, 620 [36]

[Auz(p-dpmp) 12 ]I 2.9525(9), 3.0202(9) 660/2.5 12K: 575, 665 [36]

[Auz(w-dpmp),Cl](PFg), 2.9293(18), 2.9592(16) 469(s) - [39]

[Aus(p-dpmp), Br](PFs ) 2.9341(18), 2.9650(17) 518(vw) - [39]

[Aus(-dpmp),1](PFg)2 2.9273(16), 2.9415(16) 460(sh), 551(s) - [39]

2 dpmp = bis(diphenylphosphinomethyl)phenylphosphine.
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(B)

Fig. 9. Molecular structures of (a) the trinuclear cation in [Auz(p-dpmp),Cl;]C1 [36]; and (b) the trinuclear dication in [Aus(p-dpmp),Cl](PFs ), [39]; aurophilic interactions

are represented by dashed lines.

apparent correlation exists between the magnitude of the Au...X
separation and the Au-P distance so that to a first approximation the
dications for this series can be described as “isolated”. The Au. . .Au
separations vary from a short 2.9138(9) to 3.0755(12)A. A struc-
tural variation occurs for the CI~ [33] derivative (methanol solvate)
in that one of the chloride counter ions is formally associated with
a gold atom.

The {Auy[Cy,PCH,PCy;,],CI}Cl compound [33] presents an
interesting situation in that within the one crystal, two distinct
isomers co-crystallize. In one isomer, the chloride atom is perpen-
dicular to the Au...Au axis, (Fig. 7b), and in other, the chloride
ion lies on this axis, (Fig. 7c). Three pairs of Au-P distances lie
in the narrow range 2.3056(8)-2.3093(9)A with the exceptional
pair being longer at 2.3261(9) and 2.3274(8) A, and involve the gold
atom connected to the chloride atom coincident with the Au...Au
axis. A direct consequence of this elongation is seen in the length-
ening of the Au...Au separation in this isomer, i.e. 2.9923(2)A,
compared with 2.9444(2)A. Reducing the steric bulk of the dcpm
ligand by replacing the cyclohexyl rings with phenyl rings to yield
bis(diphenylphosphino)methane (dppm) does not result in any sig-
nificant structural differences, Table 4.

In terms of luminescence characteristics, the magnitude of
the Au...Au interaction is presumed to exert a significant
effect upon the low-energy emission as for the monomeric

Fig. 10. Molecular structure of the trinuclear [(-triphos)(Aul)s] [40].

phosphinegold(l) halides described in Section 2. As collated in
Table 4, the prototype compounds, i.e. [Auy(p-dcpm);]?* and
[Auy(p-dppm); |?*, exhibit luminescence properties that are very
significantly affected by counter anions, taking into account that the
Au...Au separations are almost constant. For [Auy(p-dcpm),|%*,
the 280 nm excitation produces an intense high-energy emis-
sion or/and a low-energy emission, depending on the counter
anion with the high- and low-energy emission maxima appear-
ing in the 363-368 and 467-564 nm regions, respectively. For
halide counter anions, only the low-energy emission appeared
at 513nm for X=Cl and 467 for X=1I [32]. The lifetimes for
both high- and low-energy emissions are in the range of
1.0-7.0 s at room temperature. Using [Auy(p-dpm),]®* and
[Aup(p-dpm),*(MeCN), ** (dpm =bis(diphosphino)methane) as
model compounds, i.e. dinuclear compounds without and with sol-
vated acetonitrile, respectively, Zhang and Che [37] performed ab
initio molecular orbital calculations to determine the electronic
structure and spectroscopic properties. The ground- and excited-
state structures were optimized by second-order Mgller-Plesset
(MP2) and the CIS methods, respectively. The results, summarized
in Table 4, revealed that the aurophilic interaction was very weak
in the 'Ag ground-state and became significantly stronger in the
3A, excited-state. This excited-state was attributed to the emit-
ting level of the observed low-energy emission. The energy level
of this emitting-state was varied by the interaction between the
gold atom and solvent molecule and/or neighboring anion in the
excited state. The CIS calculations showed that in the absence of

Table 6
Emission and excitation maxima (nm) of triphos and selected [(p.-triphos)[(AuX)s]
compounds measured at 278 and 77 K [41]3.

Compound 278K 77K

Excitation Emission Excitation Emission
Triphos 240-290 425 240-290 425
[(n-Triphos)(AuCl)s] 330 440
[(-Triphos)(AuBr)s] 350 475 335 455
[(p-Triphos)(Aul)s] 385 525 340 460
[(p-Triphos)(AuCgFs )3 ] 325 450

255 430

2 Triphos = bis(diphenylphosphinoethyl)phenylphosphine.
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the aurophilic interaction the 3Ay((sp)s) — 'Ag(d,+) transition was
responsible for the high-energy emission. For very bulky phos-
phine ligands, the counter anion is too distant from the gold
centers to vary the wavelength of the high-energy emission. In
addition, CIS calculations on the transitions from the X!Ag ground
state to the three low-lying 'A, excited states revealed that for
the X'Ag— A and C'A, transitions, only the population of the

(a)

(c)

(d)

&Br

gold atom changes. In the X'Ag — B'A, transition, a change in
the population of the cyanide group of the acetonitrile molecule
was indicated. Based on the results of the CIS calculations, the
A- and C-absorption bands were attributed to the d;+ — ps and
ds+ — (sp)e transitions, respectively. As indicated in Table 4, in solu-
tion the compounds also exhibit low- and/or high-energy emission
bands.

Fig. 11. Molecular structures of (a) the dinuclear dication in [Auy(w-dpep); |Clo-2CHCl; [42]; (b) a simplified view of [(j.-dpep),Au |?* [42] showing only ipso-carbon atoms
of the phenyl rings and with all hydrogen atoms omitted for clarity; (c) the tetranuclear structure of [(ju-dpep)(AuBr)s4]; and (d) a simplified view of [(-dpep)(AuBr)4] [42]
showing only ipso-carbon atoms of the phenyl rings and with all hydrogen atoms omitted for clarity; aurophilic interactions are represented by dashed lines.
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Fig. 12. (a) 77 K solid-state excitation and emission spectra of dpep (-.-.-) and [Aux(p-dpep)2 X, [X=Cl (=), Br (- -) and I (--), using a 1% intensity attenuator; and (b) solid-
state excitation and emission spectra of the dpep (-.-.-)) and (p.-dpep)(AuX)4 [X=Br (—) and I (--))] at 77 K. Reproduced with permission from [43]. ©(2008) Royal Society of

Chemistry.
Table 7
Emission and excitation data for selected (AuX),(-dpep), (X=Cl, Br, and I; n=2, 3, and 4) compounds [43].
Compound 278K 77K

Excitation (nm) Emission (nm) Excitation (nm) Emission (nm)
dpep 275-300 423 250-300 423
[Auy(-dpep); |Cl-2CHCl3 285 518 354 504
[Auz(-dpep) |Br, 280-340 527 280-325 495
[Auz(p-dpep)z ]Iz 342 475(sh), 513 280-325 455
[(p-dpep)(AuCl);]-3CH,Cl, 352 482, 530(sh) 333 469
[(n-dpep)(AuBr)s] 379 506 354 495
[(n-dpep)(Aul)s] 324,368 537 330, 375 563

341 460(sh), 562

[(-dpep)(AuBr)4] 310-360, 380 521, 580(sh) 362 509
[(-dpep)(Aul)4] - - 354 473

2 dpep = tris[2-(diphenylphosphino)ethyl|phosphine.

Trinuclear phosphinegold(l) halides also present interesting
molecular structures with aurophilic interactions. Two views of the
molecular structure of HC[PPh,(AuCl)]; are shown in Fig. 8; the
molecule has crystallographic threefold symmetry [38]. The charac-
teristic linear coordination geometry is found for gold, and chloride
atoms are splayed out with respect to the Aus triangle (Fig. 8b); see
Table 5 for key bond distances for this and the isomorphous iodide
structure [36]. While the former phosphine gives rise to structures
similar to a first approximation to the monomeric species described
in Section 2, the disposition of the phosphine donor atoms is
tuned to facilitate the formation of aurophilic interactions that were

)}

(a)

¢

«

LS

Fig. 13. Molecular structures of (a) neutral and trigonal planar [Au(PPhs),Cl],
[AU(PPh3 )2]PF5 [48]

(b)

absent in some of the monomeric species. In the same way, arelated
tridentate ligand, bis(diphenylphosphinomethyl)phenylphosphine
(dpmp), generates structures clearly related to those formed by
the dcpm and dppm phosphines ligand but with two eight-
membered [Au-P-C-P], rings fused leading to a three-membered
chain of gold atoms akin to that observed in the crystal structure
of {(Me,PhP)AuCl}; (Fig. 3). The prototype monocationic struc-
ture, ie. [Aus(p-dpmp),Cly]* [36], is illustrated in Fig. 9a and
Au. . .Au distances are listed in Table 5. In the monocation, each
of the exocyclic gold atoms carries a chloride atom. The two
Au-Cl distances are 2.770(12) and 2.844(13)A. The longer of these

being representative of the [Au(PPhs),X] compounds; and (b) the linear monocation in
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LY

Fig. 14. Molecular structure of the trigonal planar cation in [Au(PPhs )3 |BPh4 [49].

distances is formed by the chloride atom orientated over the cen-
tral gold atom [Au-Cl 3.286(12)A]. The Au-Cl bond distances in
[Aus(p-dpmp),Cl, |* are considerably longer than 2.278(1) A in the
structure of PhzAuCl [17] and 2.300(5) A in HC[PPh,(AuCl)]3 [38].
Not surprisingly, the Au...Au distances concomitantly increase in
significance (Table 5). A structural change occurs in the dicationic
species, [Aus(-dpmp), Cl](PFg ), [39], as shown in Fig. 9b. Here, the
chloride atom is coordinated to the central gold atom [2.929(6)A]
but, at the same time forms a weak interaction to one of the exo-
cyclic gold atoms [3.219(7) A]. Despite the changes in charge and
structure, the magnitudes of the Au. . .Au separations are to a first
approximation the same. This observation is reflected in their lumi-
nescence behavior.

The [Aus(w-dpmp),X;]*, for X=Cl and I [36], compounds
demonstrate high- and/or low-energy emissions, as summa-
rized in Table 5. In the solid-state, the high-energy emission
maxima are observed in the region 480-575nm and, when
observed, the low-energy emission maxima lie between 620
and 680nm. The decay times of the compounds in degassed
dichloromethane solution are in the range 1.2-2.5 ps. The inten-
sities of the two emission bands are very dependent on the
temperature. The low-energy emission gained in intensity with
increasing temperature. Other spectroscopic features of note
include a small blue-shift in energy on going from iodide to chloride
and the observation that the excitation spectra of the high- and low-
energy emissions are the same, matching the absorption spectra of
the compounds. According to extended-Hiickel molecular orbital

Table 8
Emission and excitation data for selected three-coordinate phosphinegold(I) com-
pounds in the solid-state.

Compound Excitation (nm) Emission (nm)/lifetime (s) Ref.
[Au(PPhs ),Cl] 5402 [50]
[Au(PPhs ), Br] 5302 [50]
[Au(PPhs ),1] 4502 [50]
[Au(PPhs ), |PFg 325-380 493/8P [51]
[Au(PPhs )3 |BPhy 325-380 481/9.3> [51]
[Au(PPhs)3]*¢ 325-380 512/10P [51]

3 78K.

b 298K.

¢ Recorded in acetonitrile solution.

(EHMO) calculations, for the chloride compounds the main com-
ponents of the HOMO’s and LUMO’s correspond to the d orbitals
of gold (~96%) and the phosphine ligand (~100%), respectively.
By contrast, for the iodide compounds the HOMO's have as their
main contribution iodide 6p orbitals (>74%) with a smaller contri-
bution from the d orbital of gold (<25%). Based on the above, it was
concluded that for the chloride compounds, the excited states for
the low-energy emissions arose from the Au(d)— phosphine(7™)
transition. In the iodide compounds, the excited states were asso-
ciated primarily with I~ — phosphine(m*) with a contribution from
Au(d) — phosphine(7*). The Au(d) — phosphine(7*) transition was
modified by aurophilic interactions. Consequently, the origin of the
low-energy emissions is due to mixed 3MMLCT (gold — phosphine)
and/or 3LLCT (iodide — phosphine) transitions. The excited states
for the high-energy emissions were assigned as intra-ligand (IL) and
3MLCT (Au(d) — phosphine(*)) transitions. The effects of coordi-
nated halide ions on luminescence properties were also observed
in the trinuclear dicationic [Aus(-dpmp), X](PFg),, X=Cl, Brand I
compounds [39]. As noted above, there are no significant variations
in the Au. . .Au separations, Table 5. However, in dichloromethane
solution the X=Cl compound produced only a high-energy emis-
sion, while the iodide compound produced a low-energy emission
as the main band and the high-energy emission as a shoulder. Unex-
pectedly, the bromide compound was almost non-luminescent. The
above suggests that in solution, the nature of the halide anion plays
akeyrole in determining the luminescence properties of these com-
pounds. A consideration of the following series of molecules also
serves to illustrate this key conclusion.

The potentially tridentate ligand triphos, bis(diphenyl-
phosphinoethyl)phenylphosphine, is related to the previously

Fig. 15. Molecular structure of [Au(dipnc)(PPhs )] [55] highlighting the trigonal pla-
nar coordination geometry.
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Table 9
Excitation and emission peak positions for selected nido-diphosphines and phosphinegold(I) nido-compounds [55].
In (CH3 ), CO solution? Solid-state at 77K
Excitation (nm) Emission (nm) Excitation (nm) Emission (nm)
NBu4(dppnc)® 379 429 332 465
[Au(dppnc)(PPhs)] 338 528 332 529
453 603 460 676
[Au(dppnc)(PPh;Me)] 338 530 335 513
423 576 412 653
[Au(dppnc){P(4-MeCsH,)3}] 396 534 337 506
459 633
NBu4(dipnc)© 340 422 335 488
[Au(dipnc)(PPhs)] 331 514 337 507
[Au(dipnc)(PPh;Me)] 338 512 327 505
[Au(dipnc){P(4-MeCsHy )3} 336 512 322 503
2 Concentration=2 x 10~3 M.
b dppnc=[(PPh;),C2BoHio] .
¢ dipnc=[(PiPr;)2C2BgH1o]".
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Fig. 16. Emission and excitation spectra for [Au(dppnc)(PPhs)] recorded in the solid-state at room temperature for: (a) the high-energy emission; and (b) the low-energy
emission. Reprinted with permission from [34]. ©(2003) American Chemical Society.

discussed dpmp phosphine but with ethylene rather than methy- symmetry. The key feature of note in this structure is the absence
lene bridges so as to increase the separation between the of Au...Au interactions and so the structure might be thought
phosphorus donor atoms. The crystal structure of the trinuclear of being simply a chain of three unconnected P-Au-I units as in
iodide derivative, [(p-triphos)(Aul)s], is available and is repre- the structure of mononuclear Ph3PAul [18a,19]. Consistent with
sented in Fig. 10 [40]; the molecule has crystallographic mirror this assignment is that the Au-P [2.252(3)-2.258(4)A] and Au-I

(b)

Fig. 17. Molecular structure of: (a) the tetranuclear [Aug{dppnc},(P(CsHsOMe-4)3),] [54]; and (b) a simplified view of [Aus{dppnc},(P(C¢H4OMe-4)3 ), ] [54] showing only
ipso-carbon atoms of the phenyl rings and with most hydrogen atoms omitted for clarity; aurophilic interactions are represented by dashed lines.
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[2.5610(15)-2.5742(11) A] bond distances are comparable to those
observed in Ph;PAul, i.e. 2.254(4) and 2.5555(16) A, respectively
[18a,19].

Laguna and co-workers reported optical properties for a series
of trinuclear gold(I) compounds [(p-triphos)(AuX)s], X=Cl, Br, |,
and CgFs, see Table 6 [41]. At room temperature, tripos and the
X=Br and I compounds show luminescence, peaking at 425, 475
and 525 nm, respectively, while the X=Cl and CgF5 compounds are
not luminescent. At 77 K, all four compounds are luminescent, sig-
nificantly more intense than the free ligand. As can be seen from
the dataincluded in Table 6, the luminescence properties are signif-
icantly influenced by the halide anions. These results indicate that
the contribution of the respective halides to the energy levels is very
important as noted earlier for the binuclear gold(I) derivatives.

The potentially tetradentate phosphine ligand tris[2-
(diphenylphosphino)ethyl]phosphine (dpep) forms di-, tri- and
tetra-nuclear compounds, many of which exhibit luminescence
[42,43]. A representation of the molecular structure of the dication
in [(-dpep),Au; ]Cly-2CHCl3 [42] is shown in Fig. 11a and b. Here,
the two dpep molecules bridge two gold centers employing all pos-
sible phosphorus donors leading to heavily distorted tetrahedral
coordination geometries. While definitive structural data are not
available for the trinuclear [(-dpep)(AuX)s]| species, it is likely to
resemble the structure of [(.-triphos)(Aul)s | (Fig. 10) [40]. A crystal
structure determination has been reported for [(p.-dpmp)(AuBr)4]
[42]. As shown in Fig. 11c and d, each of the four phosphorus donors
atoms is coordinated to a AuCl residue and two tetranuclear species
associate via a Au. . .Au interaction [3.061(5) A]. The observed opti-
cal properties measured at 278 and 77 K are shown in Fig. 12 and
data are summarized in Table 7 [43]. The emission intensity and
energy of the binuclear [(w-dpep);Au,]X,; compounds at 77K
increase from Cl to Br to I. Taking into account that there are no
Au. . .Au interactions of note, assuming the X=Br and I structures
resemble that for the X=Cl compound (Fig. 11a), the significant
influence on the emissions from [(-dpep);Au; X, arises from the
halide counter anion as described above for [(p-dcpm),Au; [Xs.
As halide is varied, systematic changes were also found in the
emission intensity and energy. For the [(j-dpep)(AuX)s;] and
[(n-dpep)(AuX)s] compounds, the emission energy decreases
from X=ClI to Br to I (Table 7); n.b. the [(-dpep)(AuCl),] species
was non-emissive. These results suggest that the halide, either as a
counter anion or as a ligand, can influence the energy levels of the
emitting center.

4. Three coordinate phosphinegold(I) compounds

Three-coordinate phosphinegold(l) compounds are lumines-
cent in solution and in the solid-state. All structures present steric
crowding and no aurophilic interactions are noted in their crys-
tal structures. Compounds of the general formula [Au(PPhs),X]
present different coordination geometries depending on the nature
of the counter-ion. When X=Cl, a tri-coordinate, trigonal planar
gold atom is observed in the crystal structure (Fig. 13a) [44]. The
Au-Cl [2.533(4)A] and Au-P [2.316(4) and 2.336(4)A] bond dis-
tances fall in the range of Au-Cl [2.500(4)-2.5768(6)A] and Au-P
[2.3134(16)-2.3464(6) A] distances in the hemi-benzene [45], chlo-
roform [46], and dichloromethane [47] solvates of [Au(PPhs),Cl].
The P-Au-P angle in all four structures lies in the narrow range
132.1(1)-136.05(19)°. The [Au(PPh3),X], X=Br and I, compounds
are isomorphous, have crystallographic twofold symmetry and
adopt structures as for the X=Cl derivative with experimentally
equivalent Au-P bond distances and the expected elongation in
Au-X [44]. The structure of the X =PFg species [48] presents a dis-
tinct structural form as the anion is non-coordinating (Fig. 13b).
The coordination geometry about the gold atom is linear [177.4(1)°]

Table 10
Luminescence properties of selected dinuclear phosphinegold(l) thiolates in the
solid-state measured at room temperature [59]3.

Compound Au...Au (A)>-< Excitation (nm) Emission (nm)
[(n-dppe)(Au(p-tc)): 380 495
[(r-dppp)(Au(p-tc))2] 3.13 380 485
[(n-dppb)(Au(p-tc))2 ] 3.08 [3.094(1)] 380 485
[(n-dpppn)(Au(p-tc)),] 3.10[3.200(1)] 375 485
[(n-dppe)(Auzpdt)] 2.96 390 515
[(-dppp)(Auz pdt)] 2.93 380 500
[(n-dppb)(Au, pdt)] 395 510
[(n-dpppn)(Auzpdt)] 390 505
[(p-dcpe)(Au(p-tc))] 380 495

3 p-tc is the anion derived from p-thiocresol; pdt is the anion derived
from 1,3-propanedithiol; dcpe is 1,2-bis(dicyclohexylphosphino)ethane; dppe is
Ph,P(CH; ), PPh; for n=2, for n=3 dppp, n=4 dppb, and n=5 dpppn.

b Au...Au distances determined from EXAFS.

¢ Au...Au in square brackets determined by X-ray crystallography.

with Au-P [2.309(3) and 2.313(3)A], i.e. at the lower end of the
range of Au-P bond distances for the aforementioned structures. A
three-coordinate, trigonal planar geometry is found for the triphos-
phinegold(I) cation in [Au(PPhs )3 ]BPhy4 (Fig. 14) [49].

As summarized in Table 8, the three-coordinate phosphine-
gold(I) compounds, when excited in the UV region, produced a
single emission band in the range 450-540 nm [50-52]. These emis-
sions have been attributed to a metal-centered 3[p, — dx2-y2, dxy)]
transition. For the [Au(PPhs);X] compounds, the emission under-
goes a blue-shift as the halide varies Cl to Br to I. DFT calculations for
[Au(PPhs ), Cl] revealed that upon excitation the geometry dramat-
ically changes in the excited state [50]. It indicates that the steric
crowding in the three-coordinate excited state may be significant
in determining the emission energy [50,52].

Finally, the structural and optical properties of multi-coordinate
gold(I) compounds with carborane-diphosphines have been exten-
sively investigated [53-56] with both closo- and nido-carborane
diphosphine derivatives forming very stable gold species. Repre-
sentative crystal structures are available. The molecular structure
of [Au(dipnc)(PPh3)] [55], where dipnc is the uninegative anion,
bis(diisopropylphosphine) nido-carborane [(PiPr,),C,BgH10], fea-
tures an approximately trigonal planar coordination geometry for
gold (Fig. 15) and is therefore closely related to the cationic structure
shown in [Au(PPhs)3;|BPhy [49] (Fig. 14). In the neutral structure,
the Au-P bond distances formed by the dipnc anion [2.3790(6) and
2.4083(6)A] are significantly longer than that formed by neutral
Ph3P [2.3077(6) A]. A similar coordination geometry and pattern of
bond distances occurs in the structure of [Au(dppnc)(PPhs)] [53],
where dppnc is bis(diphenylphosphine) nido-caborane.

The nido-diphosphine derivatives [(PR;),C2BgH1g]o~ (R=PPhy,
PiPr,), both in solution and in the solid-state are luminescent,
while the neutral closo-diphosphines display no luminescence. This
observation indicates that the radiative transitions of the substi-
tuted diphosphines are most likely associated with the orbitals of
the carborane cage. From the data collated in Table 9, the three-
coordinated dppnc gold(I) compounds produce two emission bands
at 77 K: the high- and low-energy emission bands are located in the
506-529 and 633-676 nm regions, respectively. By contrast, each of
the gold(I) compounds with dipnc show only a high-energy band
located in the region 503-507 nm. The similarity in the excitation
and the red-shifted emission to those of the uncoordinated dipnc
ligand supports the attribution of the high-energy emission to the
carborane cage intra-ligand transitions perturbed by the gold atom.
As shown in Fig. 16 for [Au(dppnc)(PPh3)], the excitation spectrum
of the low-energy emission is different from that of the high-energy
emission, indicating that the two emitting centers are different. It
is apparent, Table 9, that the low-energy emission is very depen-
dent on the nature of the monodentate phosphine bound to the
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gold as the emission peak is blue-shifted as the phosphine varies
from PPhs to PPh,Me to P(4-MeCgH,4)3. This behavior is in accor-
dance with the -acceptor ability of the phosphines that varies, i.e.
PPh3 > PPh;Me > P(4-MeCgHy4)3 [57]. These spectroscopic features
suggest that the low-energy emission be assigned as arising from a
MLCT [Au — 7*(L)] excited state.

Tetranuclear gold clusters [Aug{dppnc}>(PR3);] have been
prepared from nido-carborane diphosphine and PR3 [54,56].
Two views of a representative structure, namely [Aus{dppnc},
(P(CgH40Me-4)3),] [54], are shown in Fig. 17. The neutral struc-
ture is constructed about a tetrahedral core of gold atoms linked
by Au...Au contacts. Formally, two of the gold atoms are in
the +I oxidation state leaving two gold(0) centers. The two gold
atoms coordinated by the monodentate P(CgH40Me-4); ligands
are assigned as gold(I); the assignment was supported by MP2
calculations [54]. The Au...Au separations range from 2.630(3) to
2.872(2)A and the pattern of Au-P bond distances resembles that
outlined above for the structure of [Au(dipnc)(PPhs)] [55]. The
tetranuclear compounds when excited at approximately 390 nm
produced only low-energy emissions.

5. Phosphinegold(I) thiolates

Most phosphinegold(I) thiolates exhibit luminescence in both in
solution and in the solid-state. It is also well established that their

(a)

N N

Fig. 18. (a) Molecular structure of dinuclear [(-dppb)(Au(p-tc))2] [59]; (b) supramolecular aggregation in [(-dppb)(Au(p-tc))2] [59] mediated by aurophilic interactions;
and (c) “head-to-tail” supramolecular aggregation in [(-dpppn)(Au(p-tc)); ] [59] mediated by aurophilic interactions. In (b) and (c), the phosphorus-bound phenyl rings are
indicated by the ipso-carbon atoms and all hydrogen atoms have been removed for clarity; aurophilic interactions are represented by dashed lines.

visible luminescence properties are significantly influenced by the
nature of the thiolate ligands when they contain a chromophore.
Elder, Bruce, Bruce and co-workers investigated several series of
neutral, dinuclear diphosphinegold(I) thiolate compounds in which
the phosphine ligands have various spacers between the phos-
phorus donor atoms and the thiolates are derived p-thiocresol
and 1,3-propanedithiol [58,59]. Two X-ray crystal structures are
available for these series, namely [(-dppb)(Au(p-tc)),] (Fig. 18a)
and [(p-dpppn)(Au(p-tc))2] [59]. Both structures adopt an open
configuration with respect to the diphosphine ligand and an anti-
disposition of the gold(I)thiolate residues; the dppb molecule is
disposed about a center of inversion. The coordination for gold
is linear within a SP donor set. As for all related compounds, the
Au-S bond distance [2.306(3)A] is longer than the Au-P distance
[2.263(2)A]; the P-Au-S angle is 172.96(8)°. The crystal pack-
ing in each compound presents supramolecular chains mediated
by Au...Au interactions; see Table 10 for data. The dppb species
(Fig. 18b) has a more compact arrangement compared with the
“head-to-tail” pattern observed for the dpppn structure (Fig. 18c).
The magnitudes of the Au. . .Au distances determined by X-ray crys-
tallography mirror the values determined by EXAFS [59], Table 10.
When dissolved in methylenechloride solution, most of the com-
pounds show three to six absorption bands with peaks in the range
350-260 nm. The two lowest-energy bands appeared below 300 nm
and were assigned as LMCTs (S — Au). As summarized in Table 10,
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Table 11
Luminescence and lifetime data for selected [(Ph3P)AuSR] and [(TPA)AuSR], SR =benzenethiolate derivative, data collected at 77 K [60].
Compound Au...Au (A) Excitation (nm) Emission (nm) Lifetime (jvs)
Ph3PAuSPh 3.155(2)2 360 413 17 + short component
Ph3PAuS(CgH4OMe-2) None? 350 429 75, 0.013
Ph3PAuS(CgH4Cl-2) None 317 461 1.89 + short component
(TPA)AuSPh None 358 596 8
(TPA)AuS(CsH4OMe-2) 3.2632(14), 3.3406(16) 365 589 1
(TPA)AuS(CgH4OMe-3) 368 685 15
(TPA)AuS(CgH4Cl-2) 363 540 217
(TPA)AuS(CsH4Cl-3) 365 702 15
(TPA)AuS(CgH4Cl-4) 362 698 16
(TPA)AuS(CgH3Cl»-3,5) 3.047(3) 366 485 6
(TPA)AuSCH(CH3); 348 669 17

2 Au...Au distances extracted from Ref. [61].

Table 12
Absorption data for (o-tolyl); P, 2-HmbaH, and (o-tol); PAu(2-mbaH).EtOH [64].

Compound

Amax/nm (e/M~' cm~1)

Main transition

(o-tolyl)sP 274 (47,570)

233 (30,580)

302 (5,240)
249 (23,100)
228 (22,720)

311 (3,690)
280 (2,530)
271 (1,560)
244 (37,750)
227 (33,960)

2-HmbaH

(o-tolyl)3 PAu(2-mbaH).EtOH

m™—m*
™ "

n(S,0) — w*(HmbaH)

T(S-HmbaH) + r(HmbaH) — m*(mbaH)
(S-mbaH) — 7*(mbaH)

(
Tr(S-mbaH) — 7*(Au
T(S-mbaH) — 7*(Au)
T(S-mbaH) — 7*(Au)

T(S-mbaH) — 0*(S-Au-P)
o(Au-P)— m*(Au)

the emission maxima of the thiolate compounds are very similar,
appearing in the range of 485-510 nm. Their excitation bands cor-
respond to the lowest absorption bands. The data suggest that no
correlation exists between the magnitude of the Au...Au distance
and the observed emission energy. These results provide support
that the observed luminescence originates from the S — Au charge
transfer excitation.

Fackler and co-workers [60] investigated the effect upon lumi-
nescence properties of introducing systematic variations in the
benzenethiolate ligand and by changing the phosphine ligand.
A total of six different crystal structures are available for the
compounds listed in Table 11. The common feature of the struc-
tures is the linear SP coordination geometry for gold and the

(a) |

v Y

AN

same pattern in bond distances as for [(-dppb)(Au(p-tc))2] [59].
Thus, for the Ph3P series, the Au-S bond distances lie in the
range 2.292(2)-2.324(2) A, Au-P 2.255(2)-2.282(2)A, and P-Au-S
173.11(6)-179.0(1)°. The structure of Ph3PAuSPh (Fig. 19a) high-
lights the linear coordination geometry for gold and shows
dimerization via the formation of an Au...Au interaction [61].
The two other Ph3P structures, i.e. Ph3PAuS(CgH40Me-2) [61] and
Ph3PAuS(CgH4ClI-2) [60], do not feature aurophilic interactions. The
geometric parameters for Ph3 PAuSPh fall within the cited ranges for
all three Ph3P structures indicating no influence exerted on these
by the Au. . .Au contact. In the three examples where the phosphine
ligand is 1,3,5-triaza-7-phospha-adamantane (TPA) an intriguing
observation is made. In the case where the thiolate ligand is thio-

)

(b
8
[
T
P

Fig. 19. (a) Supramolecular aggregation mediated by an Au. . .Au interaction in the structure of Ph3PAuSPh [61], featuring a linear P-Au-S coordination geometry; and (b)
molecular structure of (TPA)AuSPh [60]; aurophilic interactions are represented by dashed lines.
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Fig. 20. Supramolecular aggregation mediated by an Au...Au interaction in the
structure of [Etz PAu{SC(OMe) = NCsH4sNO,-4}] [62]; aurophilic interactions are rep-
resented by dashed lines.

phenolate, an aurophilic interaction is not found in the structure
of (TPA)AuSPh (Fig. 19b) whereas for the Ph3P derivative, such a
contact was formed. However, the reverse trend is evident when
the thiolate ligand is AuS(C¢H40Me-2). Not surprisingly, there are
no systematic variations in the Au-S, Au-P and P-Au-P geomet-
ric parameters. In terms of luminescence, the emission maxima are
over a relatively wide range of 413-700 nm and there is no obvious
correlation between the Au. . .Au distance and the emission energy.
For the TPA compounds, the excitation is associated with the thi-
olate ligands, since TPA shows no absorption band above 210 nm.
The observed luminescence properties of the compounds originate
from the S — Au charge transfer excited states. As suggested in the
original study [60], the variation of the emission band could be
associated with the electron-withdrawing groups on the thiolate
ligand.

In a systematic study of mononuclear [R3PAu{SC(OMe)=NCq
H4NO,-4}], for R=Et, Cy, and Ph, and binuclear [(Ph, P(CH;),PPh;)
{Au{SC(OMe)=NCgH4NO,-4},], for n=1-4, the effect upon lumi-
nescence properties by systematically varying the phosphine ligand
was investigated [62]. When excited at 380-387 nm all compounds,
both in solution and in the solid-state, produced a single emission
band. In the solid-state, at 77 K, a small blue-shift was observed for
the emission peak, i.e. from 538 to 526 to 517 nm for R=Et to Cy
to Ph, respectively, while for binuclear phosphines, the positions of
the emission peaks were almost independent on the length of alky
chain, i.e. Aems =541, 541,543 and 547 nm forn=1, 2,3 and 4, respec-
tively [62]. In the mononuclear compounds, the smaller R =ethyl
substituent in [Et3 PAu{SC(OMe)=NCgH4NO;-4}] allows for the for-
mation supramolecular association via an Au...Au [3.6086(3)A]
interaction (Fig. 20) that are absent for substituents R=Cy and
Ph. This systematic study indicates that the excitation and emis-
sion maxima are almost independent of the nature of the ancillary
phosphines, and whether an Au. . .Au interaction, either inter- or
intra-molecular, is present or not [62].

In a related study, gold(I) compounds with monodentate
P(CH,CH,CN); or bidentate 1,6-bis(diphenylphosphino)hexane
(dpph) of 2-amino-5-mercapto-1,3,4-thiazolate (SSNH,) and
6-amino-2-mercaptobenzothiazole (SSCNH,) were investi-
gated; molecular structures of representative compounds, i.e.
(CH2CH,CN)3PAu(SSNH;) and (w-dpph)(AuSSCNH;),, are shown
in Fig. 21 and present the expected features. At 77 K, when excited
at 355nm, these compounds show one or two emission bands
in the region 450-750 nm, accompanied by a very weak band at
the high-energy side [63]. The strong bands result from S— Au
charge transfer and the weak high-energy emission is related to
the phosphine ligands. Although most aromatic phosphine ligands

are luminescent, their intra-ligand luminescence does not appear
or appears only as a trace in the high-energy side, compared with
the main emission originated from the S — Au charge transfer.
Arecent study investigated the structural and optical properties
of (o-tolyl);PAu(2-mbaH), where 2-mbaH =2-mercaptobenzoate,
which was characterized as four distinct solvates, acetonitrile,
dimethylsulfoxide, methanol, and ethanol [64]. The structure of the
ethanol solvate is represented in Fig. 22a which highlights the for-
mation of a 16-membered ring mediated by two O-H. . .0 and two
O-H...S hydrogen bonds; the structure of the methanol solvate
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Fig. 21. Molecular structures of: (a) (NCCH,CH, )3PAu(SSNH,); and (b) dinuclear
(p-dpph)(AuSSCNH, ), [63].
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Fig. 22. (a) Supramolecular aggregation mediated by an O-H- - -0 and O-H- - -S hydrogen bonding in the structure of (o-tolyl); PAu(2-mbaH).EtOH [64]; (b) dimer formation via
the eight-membered {. - -HOC=O0. - -}, carboxylic acid dimer synthon in the structure of (o-tolyl); PAu(2-mbaH).CH3CN [64]; and (c) hydrogen bonding between the components
of the structure in (o-tolyl); PAu(2-mbaH)-DMSO [64]; hydrogen bonds are represented by dashed lines.

is isomorphous. With acetonitrile, the familiar eight-membered
{...HOC=O.. .}, carboxylic acid dimer synthon is found (Fig. 22b)
and when dimethylsulfoxide was the solvent, a O-H...O hydrogen
bond was formed between the compound and the solvent (Fig. 22c¢).
Regardless of the supramolecular aggregation patternin force, there

were no significant differences in the derived geometric parameters
for the different (o-tolyl)3; PAu(2-mbaH) molecules. Absorption and
emission data for the ethanol solvate are listed in Tables 12 and 13,
respectively. The emission intensity of (o-tolyl)3 PAu(2-mbaH) was
dependent on the nature of the included solvent molecules in the

Table 13
Excitation and emission data for (o-tolyl); P, 2-HmbaH, and (o-tolyl); PAu(2-mbaH).EtOH [64].
Compound Resolved components (nm)
Excitation Emission
(o-tolyl)s P 280(w), [299(w), 319(m),341(p)]?, 369(w) 413(w), 437(s), 467(m)
2-HmbaH 367(m), [384(p), 403(p), 422(p)la, 451(p) 447(w), [404(p), 489(p), 512(m)]?, 539(m), 579(w), 613(vw)
(o-tolyl); PAu(2-mbaH)-EtOH 330(w), 360(p), 385(s) 475(m), 512(p), 576(m)

2 Multiple components are due to the vibronic distortion.
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Fig. 23. Emission spectra of (o-tolyl); PAu(2-mbaH) isolated as its acetonitrile (1),
dimethylsulfoxide (2) and ethanol (3) solvates, and excitation spectra of the 460 (1),
500 (2) and 560 (3) nm of (o-tolyl); PAu(2-mbaH)-EtOH. The spectra were recorded
in the solid-state at 78 K. Modified with permission from [64]. ©(2006) American
Chemical Society.

crystal structure. Luminescence spectra for acetonitrile, dimethyl-
sulfoxide and ethanol solvates (o-tolyl);PAu(2-mbaH) are shown
in Fig. 23. The luminescence intensity of the ethanol solvate was
1500 times greater than that of the acetonitrile solvate and 60 times
greater than the dimethylsulfoxide solvate, indicating the influence
of solvent upon the coherence of the crystal lattice. The emission
spectrum of (o-tolyl);PAu(2-mbaH) was very broad, appearing in
the 450-650 nm region. The band shape is asymmetric and was
resolved into three Gaussian components, peaking at 475, 512 and
576 nm for the ethanol adduct. The spectroscopic shape of the high-
energy 475 nm excitation band is somewhat different from those of
the two low-energy bands, i.e. 512 and 576 nm, as shown in Fig. 23.
The observed emission and excitation spectroscopic features of the
(o-tolyl)3PAu(2-mbaH) are apparently different from those of the
uncoordinated (o-tolyl);P and 2-HmbaH molecules (Fig. 24). The
intensity of the ethanol solvate is more than 100 times greater
than those of the free (o-tolyl)sP and 2-HmbaH molecules. The
CIS post-Hartree-Fock calculations on the free molecules and (o-
tolyl)sPAu(2-mbaH) - EtOH indicated that it was the excited states
from transitions from the first three HOMO's to the first LUMO that
are responsible for the emitting levels of the observed emissions.
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Fig. 24. Luminescence (spectrum 1, Aexn =400nm) and excitation (spectrum 2,
Xems =490 nm) spectra of 2-HmbaH measured in the solid-state at 78.8 K. Reprinted
with permission from [64]. ©(2006) American Chemical Society.
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Fig. 25. (a) Energy levels and (b) calculated molecular orbitals for (o-tolyl); PAu(2-
mbaH).EtOH calculated at the level of HF/lan2mz. Reprinted with permission from
[64]. ©(2006) American Chemical Society.

As shown in Fig. 25, the non-degenerate h1 HOMO corresponds
to the linear combination of the p, orbital of sulfur and the
orbital of the phenyl ring; the molecular axis is along the x-axis.
The next two h2 and h3 HOMO's are degenerate, formed from
the px and py of sulfur and the m-system of the phenyl ring. The
CIS results and the changes in the electron charges of the con-
stituent atoms suggest that the two low-energy emissions are
primarily associated with the p,(S) - 7*(p; & py, Au) excited states,
and that the high-energy emission is primarily associated with the
px(S) — s(Au) excited state. Further, the degenerate excited states
responsible for the low-energy emissions are split by the vibronic
interaction.

As an extension of these earlier studies, the structural and lumi-
nescence properties with supporting ab initio molecular orbital
calculations were conducted on a series organophosphinegold(I)
2-mercaptobenzamides, R3PAu[SCgH4C(=0)NH,-2], R=Et, Ph, and
Cy, [65]. In their crystal structures, each compound associates into a
centrosymmetric dimer via the eight-membered {...HNC=O0.. .},
amide synthon, the R=Et derivative is illustrated in Fig. 26; no sig-
nificant differences in geometric parameters associated with the
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Fig. 26. Dimer formation via the eight-membered {.--HNC=O---}, amide dimer
synthon in the structure of Et3PAu[SCeH4C(=0)NH;-2] [65]; hydrogen bonds are
represented by dashed lines.

Table 14
Emission and excitation data of selected phosphinegold(I) 2-mercaptobenzamides
measured at T=10K [65].

Emission (nm)

503(p), 563(sh)
492(p), 545(sh)
457(m), 503(p), 556(sh)

Excitation (nm)

324(vb), 356(p)
321(vb), 356(p)
310(vb), 365(m), 440(p)

Compound
Et3PAu[SCeH4C(=0)NH;-2]

Phs PAu[SCgH4C(=0)NH,-2]
Cy3PAU[SCgH4C(=0)NH,-2]

gold atom in the three structures are apparent. The emission and
excitation spectra measured at several temperatures are shown in
Fig. 27 and the resolved spectroscopic data are listed in Table 14. The
emission and excitation spectra for Et3 PAu[SCgH4C(=0)NH,-2] are
very similar to those of Ph3PAu[SCgH4C(=0)NH,-2]. The emission
spectrum of each compound comprises a main component and a

1645

low-energy shoulder. The excitation spectra of the main band and
the low-energy shoulder are similar, and both are resolved into a
sharpened peak and a broad band at the high-energy side with a
trace of a low-energy shoulder. By contrast, the emission spectrum
of Cy3PAu[SCgH4C(=0)NH,-2]is very different and is dependent on
temperature as shown in Fig. 27e. The spectrum at 78 K is resolved
into three main components, peaking at 457(m), 503(main peak)
and 556(sh) nm. The high-energy band, that appeared as only a
trace for Et3 PAu[SCgH4C(=0)NH,-2] and Ph3PAu[SCgH4C(=0)NH,-
2] compounds under these conditions, gained intensity to become
the major band for Cy3;PAu[SCgH4C(=0)NH,-2]. The CIS post-HF
calculations and the changes in the electron charges indicate that
charge transfer from sulfur to the three p orbitals of gold are respon-
sible for the observed luminescence. Furthermore, the splitting of
the twofold p orbitals of gold by the vibronic interactions results
in the appearance of three bands. In summary, from the forego-
ing it is apparent that the excitation and emission properties of
organophosphinegold(l) thiolates are almost independent of the
nature of the ancillary phosphines, regardless whether the phos-
phine is m-electron rich or not.

6. Sensitivity of luminescence to chemical media

Due to the variety in luminescence properties exhibited phos-
phinegold(I) compounds, including halides and thiolates, they have
been utilized in exploring photochemical and photophysical pro-
cesses in various media. A particularly notable application is the use
of luminescent phosphinegold(I) thiolates as alkali metal ion sen-
sors, an application that has been thoroughly reviewed previously
[6,7]. In this section, the focus is directed towards the remarkable
dependency of luminescence upon the pH of aqueous solution as
well as upon solvent polarity.

As mentioned in Section 2, the three-coordinate (TPA)3AuCl
compound is strongly luminescent in both the solid-state and
in solution [30]. In aqueous solution, the luminescence of the
compound is markedly enhanced with a quantum yield of 65%
greater than that of the reference compound, namely [Ru(2,2’-
bipyridyl)s]?*. The intensity was reported to be very dependent
on pH [66,67]. Thus, at pH<3, the emission is totally absent.
With increasing pH, the intensity increases but remains almost
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Fig. 27. (a) PL at T=10K (spectrum 1), 78K (2) and RT (3), and (b) excitation at T=10K: Aems =497 (spectrum 1) and 585 nm (2) spectra of EtsPAu[SCsH4C(=0)NH,-2];

(c) PL at T=10K (spectrum 1), 78 K (2) and RT (3), and (d) excitation at T=10K: Aems =490 (spectrum 1) and 573 nm (2) spectra of Ph3 PAu[SCgH4C(=0)NH;-2]; (e) PL at
T=10K (spectrum 1), 50K (2), 78 K (3), 100K (4), 120K (5), 140K (6) and 160K (7), and (f) excitation at T=10K: Aems =470 (spectrum 1), 503 (2) and 574 nm (3) spectra of
Cy3PAu[SCsH4C(=0)NH,-2].Reprinted with permission from [65]. ©(2007) American Chemical Society.
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unchanged in the pH range 6.5-10. The pH dependence of the lumi-
nescence intensity is likely due to protonation of the TPA ligand at
one of the amine sites, resulting in the presence of various gold(I)
species in aqueous solution.

The trinuclear compound of [(8-QNS),Au(AuPPhs);|BF; (8-
QNS =quinoline-8-thiolate) further illustrates the strong solvent-
dependence of the luminescence [68,69]. At room temperature in
the solid-state, the complex salt produces a single emission band
peaking at 587 nm. In solution, the cation produces one or two
emission bands, as shown in Fig. 28. The origin of the high-energy
band could be associated with PhsP and/or AuPPhsz portions of
the cation. Interestingly, it was shown that the low-energy band
was quenched in polar solvents. The quenching rate increases in
the order CHCl3 < THF < CH30H < CH3CN. This fascinating solvent-
dependence of the low-energy emission was related to the presence
of Au...Au interactions due to scrambling of the [AuPPh3]* units
(n.b. [AuPPh3]* is isolobal to H*) by assuming that the low-energy
emission results from the S — Au charge transfer excited state mod-
ified by a gold-centered transition, see Scheme 1; crystallographic
evidence was provided for the dinuclear cation and the trinuclear
cation mediated by Au...Au interactions as illustrated in Fig. 29
[68,69].

The trinuclear compound [Au(tppts);]®~, where tppts=tris-
sulfonatophenyl phosphine, with a three coordinate trigonal planar
geometry, also demonstrates similar luminescence properties in
the solid-state and in aqueous solution, with room tempera-
ture emission maxima at 496 and 513 nm, respectively [67,70,71].
Fackler and co-workers found that the emission intensity of
[Au(tppts)3]®~ in aqueous solution was very dependent on the
dielectric constant. Thus, upon the addition of solvents with
lower dielectric constants, the emission intensity is quenched. The
authors suggested that this phenomenon could be due to the disso-
ciation of the three coordinate species into a two coordinate species
and three molar equivalents of the tppts anion (Eq. (1)):

[Au(tppts)3 13~ — [Au(tppts),]*~ + [tppts]*~ (1)

This result gains in importance owing to the use of gold(I)
thiolates and phosphinegold(I) thiolates in medicine, including
their development as anti-tumor drugs [72]. It has been suggested
that gold(I) species used in the treatment of rheumatoid arthri-
tis quench singlet oxygen so that the removal of NO and O, (a

CH.CN

Intensity (a.u.)

T T
400 500 600 700 800
Wavelength (nm)

Fig. 28. Emission spectra of [(8-QNS),Au(AuPPhs ), ]BF; measured in various sol-
vents (CH3CN, CH,Cl,, CHCl3, THF, and MeOH) at 298 K. Concentration=9 x 10~> M.
Excitation is at 320 nm. Reprinted with permission from [69]. ©(2003) American
Chemical Society.

(a)

(b) "

LY

Fig. 29. Molecular structures of the monocationic species: (a) [(8-QNS)(AuPPhs);]
[68]; and (b) dinuclear [(8-QNS),Au(AuPPhs ), | [69]; aurophilic interactions are rep-
resented by dashed lines.

precursor of singlet option) prevents the buildup of toxic peroxyni-
trite (O,NO~) [70,71,73]. Continuing this theme, the [Et3PAu(TS)],
where HTS = 5-(hydroxymethyl)-8-methyl-3-thiol-7-azacoumarin,
compound was investigated. The molecular structure displays the
expected feature (Fig. 30) and the crystal structure is stabilized
primarily by O-H---O and O-H---S hydrogen bonding as well as
weak aurophilic interactions [3.6056(9)A]. The compound shows
significantly better in vitro cytotoxicity than the widely used plat-
inum(Il) complex cisplatin, notably against the cisplatin-resistant
cell line A2780cis. In the solid-state, this compound is weakly lumi-
nescent at room temperature and slightly more at 77K [74]. In
solution, the compound exhibits strong and complex luminescence
behavior. Thus, in CH, Cl; solution, [Et3PAu(TS)] yields one emission
band, peaking at 440 nm, while in methanol solution, three bands
appear at 425, 525 and 575 nm. The sensitivity of luminescence
exhibited by gold compounds to chemical environments and the
chemical reactivity of the gold(I) compounds, including drug action
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Fig. 30. Molecular structure of [Et3 PAu(TS)] [74].

and photochemical reactions, have long been assumed to be asso-
ciated with the characters of the HOMO and LUMO electronic states
[70,75-78].

7. Concluding remarks

In this review, the focus has been upon the luminescence
properties of various phosphinegold(I) halides and thiolates, a sig-

nificant sub-class of gold(I) compounds. The demonstrated variety
in their luminescence properties can be understood by a care-
ful examination of their structural properties allied to quantum
mechanical calculations on their electronic structures. There is still
an enormous scope for continued investigation and development
of the luminescence properties of gold(I) compounds, in particu-
lar on high-nuclearity clusters, especially considering the potential
of these compounds to function as environmental sensors and
therapeutic agents, the aesthetic beauty of their structures notwith-
standing as a motivating factor.
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