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ABSTRACT: Treatment of the (AuC2R)n acetylides with
phosphine ligand 1,4-bis(diphenylphosphino)butane (PbuP)
and Ag+ ions results in self-assembly of the heterobimetallic
clusters of three structural types depending on the nature of the
a l k y n y l g r o u p . T h e h e x a d e c a n u c l e a r c omp l e x
[Au12Ag4(C2R)12(PbuP)6]

4+ (1) is formed for R = Ph, and the
octanuclear species [Au6Ag2(C2R)6(PbuP)3]

2+ adopting two
structural arrangements in the solid state were found for the
aliphatic alkynes (R = But (2), 2-propanolyl (3), 1-cyclo-
hexanolyl (4), diphenylmethanolyl (5), 2-borneolyl (6)). The
structures of the compounds 1−4 and 6 were determined by single crystal X-ray diffraction analysis. The NMR spectroscopic
studies revealed complicated dynamic behavior of 1−3 in solution. In particular, complexes 2 and 3 undergo reversible
transformation, which involves slow interconversion of two isomeric forms. The luminescence behavior of the titled clusters has
been studied. All the compounds exhibit efficient sky-blue room-temperature phosphorescence both in solution and in the solid
state with maximum quantum yield of 76%. The theoretical DFT calculations of the electronic structures demonstrated the
difference in photophysical properties of the compounds depending on their structural topology.

■ INTRODUCTION

Organometallic complexes of coinage metals represent a
fascinating class of coordination compounds, which exhibit a
particularly rich chemistry due to the formation of inter- and
intramolecular metal−metal bonds (so-called metallophilic
interactions) that gives rise to self-assembly of a wide range
of homo- and heteronuclear polymetallic species.1 In addition
to this structural diversity and fundamental theoretical interest
to the closed-shell metal−metal interactions,2 the attractive
nonlinear optical and photoluminescent properties of these
aggregates3 are the major reasons which determine significant
progress of supramolecular chemistry of copper subgroup metal
complexes.
The presence of the heterometallic bonds within certain

molecular entity often induces very effective photoemission
with extremely high quantum yields exceeding 90%.3b,h,4 The
photophysical characteristics of these compounds are strongly
dependent on the geometry of the polymetallic core, nature of
constituting metals, and electronic properties of the ligand
environment. Therefore, understanding the correlations of the
structural, stereochemical, and physical properties of these
complicated objects is of principle importance for the academic
science and also beneficial for the potential optoelectronic
applications (e.g., electroluminescent devices, luminescent
sensors, and bioimaging labels) through opening a way to

predictable and effective tuning of light emission within wide
spectral range.
In this respect the alkynyl ligands serve as suitable building

blocks due to their ability to coordinate metal ions both in σ-
and π-bonding modes thus promoting formation of effective
metal−metal contacts. Moreover, the C≡C moieties of these
ligands are often involved in charge transfer processes, which
occur upon photoexcitation, and therefore can efficiently
influence the emission parameters of these complexes.5 Recent
reports from our and other groups on the AuI−CuI
heterometallic compounds indicate that weak interactions
(e.g., hydrogen bonding) between the noncoordinating groups
R of the C≡CR ligands have a dramatic effect on the
cluster assembly processes and, consequently, on their
photophysical properties.4b,d It was shown that the use of the
hydroxyaliphatic alkynes allows for the preparation of
structurally novel complexes showing intense blue phosphor-
escence. Triplet emission in this spectral region is still rare
among gold(I) containing clusters, and such blue luminophores
remain a challenge to design and synthesize.4b,d,6 This
prompted us to search for a possibility to prepare complexes
showing effective blue luminescence. Taking into account that
the AuI−AgI clusters demonstrate a systematic hypsochromic
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shift of the emission band compared to their AuI−CuI
congeners with similar structural motif,7 we were prompted
to focus on the AuI−AgI alkynyl compounds.
The synthesis of the molecular bimetallic alkynyl CuI, AgI,

and AuI clusters often involve bridging phosphine ligands,
which prevent the infinite aggregation and confine the metal
core to a certain size and shape.3h,4c,8 For the preparation of
AuI−AgI assemblies in our previous studies we were using rigid
1,4-PPh2−C6H4−PPh2 and PPh2−C2−C2−PPh2 diphosphines,
which, however, lead to either photodynamically unstable
species (Scheme 1 A)7b,9 or poorly luminescent species
(Scheme 1 B),7c respectively. Therefore, our intention was to
investigate stereochemically flexible diphosphine 1,4-PPh2−
(CH2)4−PPh2 as an ancillary ligand to stabilize the polymetallic
compounds having different types of alkyne groups (aromatic,
aliphatic, hydroxyaliphatic). Moreover, our recent work on the
AuI−CuI species bearing 1,4-PPh2−(CH2)4−PPh2 demonstra-
ted that these complexes display a blue-shift of the emission
maximum of up to 40 nm in comparison with the structurally
analogous compounds based on the 1,4-PPh2−C6H4−PPh2
ligand without loss of quantum efficiency.10

Herein we report on the synthesis of novel AuI−AgI
polymetallic aggregates, their structural characterization, and
systematic spectroscopic studies of their dynamic behavior in
the fluid phase together with the detailed investigation of the
photophysical characteristics supported by the theoretical DFT
calculations.

■ EXPERIMENTAL SECTION
General Comments. (AuC2R)n complexes (R = Ph, But, C3H7O,

C6H11O, C13H11O, 1R(+)-C10H17O) were prepared according to the
published procedures.4d,11 Other reagents and solvents were used as
received. The solution 1D, 1H, 31P NMR and 1H−1H COSY spectra
were recorded on Bruker Avance 400 and Bruker DPX 300
spectrometers. Mass spectra were measured on a Bruker micrOTOF
10223 instrument in the ESI+ mode. Microanalyses were carried out in
the analytical laboratory of the University of Eastern Finland.
Synthesis of Complexes 1−6. (AuC2R)n (0.3 mmol) was

suspended in dichloromethane (15 cm3), and crystalline 1,4-
bis(diphenylphosphino)butane (0.155 mmol) was added in one
portion. The suspension was stirred for 15 min in the absence of
light to give a nearly clear colorless reaction mixture, which was treated
with a solution of AgPF6 or AgClO4 (0.1 mmol) in acetone or
methanol, respectively (5 cm3).
[Au12Ag4(C2Ph)12(PPh2C4H8PPh2)6](PF6)4 (1). Yellow-greenish trans-

parent solution was stirred for 24 h, filtered, evaporated, and washed
with acetone−hexane mixture (1:1 v/v, 3 × 4 cm3). Solid residue was
recrystallized by gas-phase diffusion of pentane into acetone solution
of 1 at +5 °C to give yellow block crystals (74%). ESI MS (m/z):
[M]4+ 1640.13 (calcd 1640.17). NMR spectra are not interpretable

due to the presence of a dynamic equilibrium of several molecular
forms. Anal. Calcd for Ag4Au12C264H228F24P16: C, 44.37; H, 3.22.
Found: C, 44.41; H, 3.38.

[Au6Ag2(C2Bu
t)6(PPh2C4H8PPh2)3](PF6)2 (2). Colorless solution was

stirred for 4 h, filtered, and evaporated. Solid amorphous residue was
recrystallized by gas-phase diffusion of pentane into acetone/
dichloromethane solution of 2 at +5 °C to give colorless block
crystals (89%). ESI MS (m/z): [M]2+ 1580.25 (calcd 1580.27) weak.
31P{1H} NMR (CD3CN, 333 K; δ): 35.1 (s, 6 P, minor isomer), 34.2
(s br, major isomer), major/minor 10/1, −144.6 (sept, 2 P, PF6).

1H
NMR (CD3CN, 333 K; δ): major isomer PPh2(CH2)4PPh2 7.63 (dd,
3JP−H = 11.3, 3JH−H = 7.9 Hz, 24 H, H-ortho), 7.56−7.42 (m, 36 H, H-
para H-meta), 2.47 (m br, 12 H, P−CH2), 1.69 (m br, 12 H, CH2-
CH2); {Au(C2C(CH3)3)2} 1.35 (s, 54 H, CH3). Anal. Calcd for
Ag2Au6C120H138F12P8: C, 41.73; H, 4.03. Found: C, 41.50; H, 4.21.

[Au6Ag2(C2C3H7O)6(PPh2C4H8PPh2)3](ClO4)2 (3). Yellowish solution
was stirred for 4 h, filtered, and evaporated. The amorphous residue
was dissolved in methanol (2 cm3), and colorless microcrystalline
precipitate formed within minutes. It was collected and recrystallized
by slow evaporation of acetone/dichloromethane/heptane solution at
+5 °C to give colorless block crystals (82%). ESI MS (m/z): [M]2+

1586.17 (calcd 1586.20) weak. 31P{1H} NMR (CD3CN, 283 K; δ):
35.5 (s), 33.9 (m br, minor isomer); major/minor 10/3. 1H NMR
(CD3CN, 283 K; δ): major isomer PPh2(CH2)4PPh2 7.68 (m-
(ABXX′), 3JP,H = 13, 3JH,H = 7 Hz, 24 H, H-ortho), 7.56 (t, 3JH,H = 7
Hz, 12 H, H-para), 7.48 (dd, 3JH,H = 7 Hz, 24 H, H-meta), 2.90 (m br,
12 H, P−CH2), ∼2.0 (m br, 12 H, CH2-CH2); {Au(C2C(CH3)2OH)2}
4.62 (6H OH), 1.17 (s, 36 H, CH3). Anal. Calcd for
Ag2Au6C114H126Cl2O14P6: C, 40.58; H, 3.76. Found: C, 40.33; H, 3.88.

[Au6Ag2(C2C6H11O)6(PPh2C4H8PPh2)3](PF6)2 (4). Yellow-greenish
solution was stirred overnight, filtered, and evaporated. Yellow solid
was washed with diethyl ether (2 × 5 cm3) and recrystallized by gas-
phase diffusion of pentane into acetone solution of 4 at +5 °C to give
yellow block crystals (93%). ESI MS (m/z): [M]2+ 1706.27 (calcd
1706.30). 31P{1H} NMR (CD3CN, 283 K; δ) 35.4 (s, 6 P), −144.6
(sept, 1JP,F = 706 Hz, 2 P; PF6); (CD3CN, 323 K; δ): 35.4 (s, major
isomer), 34.7 (s br, minor isomer), major/minor ∼20/1, −144.6 (sept,
2 P, PF6).

1H NMR (CD3CN, 283 K; δ): major isomer
PPh2(CH2)4PPh2 7.72 (dm(ABXX′), 3JP,H = 12.5, 3JH,H = 6.3 Hz, 24
H, H-ortho), 7.56 (t, 3JH,H = 7.1 Hz, 12 H, H-para), 7.49 (dd, 3JH,H =
7.1 and 6.3 Hz, 24 H, H-meta), 2.98 (m br, 12 H, P−CH2), ∼2.2 (m
br, 12 H, CH2-CH2); {Au(C2C6H10OH)2} 4.79 (6H, OH), 1.57 (12H,
m br, C6H10), 1.25 (12H, m br, C6H10), 1.10 (24H, m br, C6H10), 0.88
(12H, m br, C6H10);. Anal. Calcd for Ag2Au6C132H150F12O6P8: C,
42.78; H, 4.08. Found: C, 42.63; H, 4.27.

[Au6Ag2(C2C13H11O)6(PPh2C4H8PPh2)3](ClO4)2 (5). Yellowish solu-
tion was stirred for 4 h, filtered, and evaporated. Yellow solid was
washed with diethyl ether (2 × 5 cm3) and recrystallized by gas-phase
diffusion of diethyl ether into dichloromethane/methanol solution of 5
at +5 °C to give pale yellow crystalline material (91%). ESI MS (m/z):
[M]2+ 1958.25 (calcd 1958.30). 31P{1H} NMR (CD3CN, 303 K; δ):
36.0 (s), 34.7 (m br, minor isomer); major/minor 10/4. 1H NMR
(CD3CN, 303 K; δ): major isomer PPh2(CH2)4PPh2 7.76 (m ABXX′),

Scheme 1. Examples of AuI−AgI Clusters Based on the Diphosphine Ligands
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3JP,H = 12.6, 3JH,H = 6.5 Hz, 24 H, H-ortho), 7.62−7.37 (m, 36 H, H-
para H-meta), ∼2.2 (m br, 12 H, P−CH2), 1.73 (m br, 12 H, CH2-
CH2); {Au(C2C(C6H5)2OH)2} 7.05 (t,

3JH,H = 7.2 Hz, 12 H, H-para),
6.87 (d br, 3JH,H = 6.0 Hz, 24 H, H-ortho), 6.55 (dd, 3JH,H = 7.2 and
6.0 Hz, 24 H, H-meta), 5.79 (s, 6H, OH). Anal. Calcd for
Ag2Au6C174H150Cl2O14P6: C, 50.73; H, 3.67. Found: C, 50.66; H, 3.79.
[Au6Ag2(C2C10H17O)6(PPh2C4H8PPh2)3](ClO4)2 (6). Yellowish solu-

tion was stirred overnight, filtered, and evaporated. Yellow solid was
washed with diethyl ether (2 × 5 cm3) and recrystallized by slow
evaporation of its dichloromethane/methanol solution at room
temperature to give nearly colorless crystalline material (79%). ESI
MS (m/z): [M]2+ 1868.40 (calcd 1868.44). 31P{1H} NMR (CD3CN,
283 K; δ): 35.8 (s, major isomer), 36.6 (m br, minor isomer), major/
minor 15/2; (CD3CN, 303 K; δ): 36.4 (s, minor isomer), 35.6 (s br,
major isomer), major/minor 10/2. 1H NMR (CD3CN, 283 K; δ):
major isomer PPh2(CH2)4PPh2 8.00 (dm(ABXX′), 3JP,H = 12.8, 3JH,H =
6.0 Hz, 12 H, H-ortho), 7.81 (dm(ABXX’), 3JP,H = 12.8, 3JH,H = 6.0 Hz,
12 H, H-ortho), 7.56 (t, 3JH,H = 7.1 Hz, 12 H, H-para), 7.52 (dd, 3JH,H
= 7.1 and 6.0 Hz, 24 H, H-meta), 2.97 (m br, 12 H, P−CH2), 2.25 (m
br, 12 H, CH2-CH2); {Au(C2C10H16OH)2} 4.36 (s, 6H, OH), 3.41 (m
br, 6H, C10H16), 1.51 (m br, 18H, C10H16), 1.13 (m br, 12H, C10H16),
0.90 (s, 18H, C10H16), 0.76 (s, 18H, C10H16), 0.64 (s, 18H, C10H16),
0.32 (m br, 6H, C10H16). Anal. Calcd for Ag2Au6C156H186Cl2O14P6: C,
47.56; H, 4.76. Found: C, 47.42; H, 4.77.
X-ray Structure Determinations. The crystals of 1−4 and 6 were

immersed in cryo-oil, mounted in a Nylon loop, and measured at a
temperature of 100 K. The X-ray diffraction data were collected on a
Bruker Kappa Apex II, Bruker SMART APEX II, or Bruker Kappa
Apex II Duo diffractometers using Mo Kα radiation (λ = 0.710 73 Å).
The APEX212 program package was used for cell refinements and data
reductions. The structures were solved by direct methods using the
SHELXS-9713 programs with the WinGX14 graphical user interface. A
semiempirical absorption correction (SADABS)15 was applied to all
data. Structural refinements were carried out using SHELXL-97.13

Some of the solvent molecules in the crystals of 1 and 4 were
disordered over two sites. Due to partial loss of acetone in 1 and 4
some of these molecules were refined with occupancy of 0.5. One
phenylalkynyl group (C9, C10, C37−C42) in 1 together with acetone

molecule (C148−C150, O6) were disordered over two sites and were
refined with occupancies of 0.63 and 0.37. The aromatic rings were
geometrically idealized. Some of the PF6

− counterions in 1 and 4 were
disordered. In 1 (P9, F11−F16) moiety was refined at two equivalent
positions with occupancy of 0.5 at each of them. In 4 no suitable
disorder model was found for (P8, F7−F12). The P−F and F−F
distances for these groups in 1 and 4 were restrained to be equal. The
displacement parameters of the atoms F12−F14 (1) were restrained so
their Uij components approximate to isotropic behavior, while those of
the atoms F7−F12 (2) were constrained to be equal. One But group in
2 was disordered over two sites with occupancies of 0.70 and 0.30.
Some of the solvent molecules in the crystals of 2 and 6 were omitted
as they were disordered and could not been resolved unambiguously.
The missing solvent was taken into account by using a SQUEEZE
routine of PLATON.16 The contribution of the solvent to the cell
content was not taken into account. One C3H7O group of alkynyl
ligand in 3 was disordered. However, no disorder model could be
unambiguously built, and geometric restraints were applied. The atoms
C7 and O1 of this moiety were restrained so that their Uij components
approximate isotropic behavior. In 6 one dichloromethane crystal-
lization molecule was disordered over two sites (C325, Cl9, Cl10 and
C425, Cl91, Cl92) and was refined with occupancies 0.45 and 0.55.
One of the diethyl ether molecules (C318−C322, O39) was partially
lost and refined with occupancy of 0.5. One of the ClO4

− counterions
was disordered between two equivalent positions (Cl4, O25−O28 and
Cl41, O35−O38) and was refined with occupancies of 0.59 and 0.41.
The Cl−O and O−O distances were restrained to be equal. The
displacement parameters of the atoms Cl4, O25−O28 were restrained
so their Uij components approximate isotropic behavior. Two phenyl
rings of the diphosphine ligands were disordered over two sites each
(C79−C84 and C479−C484; C253−258 and C453−C458) and were
refined with occupancies of 0.65/0.35 and 0.44/0.55, respectively. The
components C478−C484 and C453−C458 of these aromatic rings
were geometrically idealized. No disorder model was found for the
phenyl rings C229−C234 and C247−C252, which were restrained to
make them planar. A series of displacement constraints were applied to
these groups. All hydrogen atoms in 1−3 and 6 were positioned
geometrically and constrained to ride on their parent atoms, with O−

Table 1. Crystal Data for 1−4 and 6

1 2 3 4 6

empirical
formula

C611H624Ag8Au24F48O28P32 C126H150Ag2Au6F12O2P8 C120H138Ag2Au6Cl2O16P6 C144H176Ag2Au6F12O11P8 C658H826Ag8Au24Cl20O63P24

fw 5429.99 3569.76 3490.56 3956.15 16785.63
temp (K) 100(2) 100(2) 100(2) 100(2) 100(2)
λ(Å) 0.710 73 0.710 73 0.710 73 0.710 73 0.710 73
cryst syst monoclinic triclinic triclinic monoclinic monoclinic
space group C2/c P1̅ P1̅ P21/c P21
a (Å) 39.2864(4) 13.5411(3) 13.1001(5) 26.7717(11) 19.386(3)
b (Å) 32.6616(4) 14.1769(3) 14.0229(6) 28.0375(12) 29.357(5)
c (Å) 27.3632(3) 17.8341(4) 17.8852(8) 21.8698(10) 29.755(5)
α (deg) 90 101.8670(10) 100.807(3)° 90 90
β (deg) 117.1250(10) 99.8630(10) 98.707(2)° 113.6790(10) 90.469(4)
γ (deg) 90 97.3180(10) 98.553(3) 90 90
V (Å3) 31249.5(6) 3253.66(12) 3136.6(2) 15033.7(11) 16934(5)
Z 2 1 1 4 1
ρcalcd (Mg/m3) 1.691 1.822 1.848 1.748 1.646
μ(Mo Kα)
(mm−1)

6.003 7.193 7.471 6.240 5.596

no. reflns. 121 291 50 539 42 284 141 751 189 909
unique reflns. 29073 12791 11663 29495 62540
GOF (F2) 1.051 1.056 1.029 1.042 1.019
Rint 0.0418 0.0237 0.0596 0.0357 0.0362
R1a (I ≥ 2σ) 0.0369 0.0243 0.0423 0.0357 0.0357
wR2b (I ≥ 2σ) 0.0899 0.0601 0.1039 0.0927 0.0799
aR1 = Σ||Fo| − |Fc||/Σ|Fo|. bwR2 = [Σ[w(Fo2 − Fc

2)2]/ Σ[w(Fo2)2]]1/2.
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H = 0.84 Å, C−H = 0.95−1.00 Å, and Uiso = 1.2−1.5Ueq (parent
atom). In 4 the idealized positions of the OH hydrogens for oxygen
atoms O1−O6 were estimated with HYDROGEN17 program and
constrained to ride on their parent atom with Uiso = 1.5 (parent atom).
The H2O hydrogen atoms were positioned manually and were
constrained to ride on their parent atom O11, with Uiso = 1.5Ueq
(parent atom). All other hydrogen atoms were positioned geometri-
cally as in 1−3, 6. The crystallographic details are summarized in
Tables 1 and S1 (Supporting Information).
Photophysical Measurements. All photophysical measurements

were carried out in acetonitrile, which was distilled prior to use. All
solutions were carefully degassed before lifetime and quantum yield
measurements. The light-emitting diode (LED; maximum emission at
385 nm) was used to pump luminescence. The LED was used in
continuous and pulse mode (pulse width, 1−20 μs; duty of edge, ∼90
ns; repetition rate, 100 Hz to 10 kHz). A digital oscilloscope Tektronix
TDS3014B (Tektronix, bandwidth 100 MHz), monochromator MUM
(LOMO, interval of wavelengths 10 nm), and photomultiplier tube
Hamamatsu were used for lifetime measurements. Emission and
excitation spectra were measured on a Varian Cary Eclipse
spectrofluorimeter. The absolute emission quantum yield was
determined by the comparative method using LED pumping and
rhodamine 6G in ethanol (Φem = 0.95 ± 0.03) as standard with the
refraction coefficients of acetonitrile and ethanol equal to 1.34 and
1.36, respectively.18

Computational Details. The AuI−AgI clusters 1−6 were studied
using the hybrid PBE0 density functional.19 The gold and silver atoms
were described by a triple-ζ-valence quality basis set with polarization
functions (def2-TZVP).20 Scalar relativistic effects were taken into
account by applying 28-electron and 60-electron relativistic effective
core potentials for Ag and Au, respectively.21 A split-valence basis set
with polarization functions on non-hydrogen atoms was used for all
the other atoms.22 To facilitate comparisons with the experiments,
point group symmetry was applied as follows: 1−3, Ci; 4−6, D3. The
geometries of the complexes 4−6 were fully optimized, while for the
complexes 1−3 with very flexible frameworks the phosphorus atoms
were fixed at the experimentally determined positions and the other
atoms were allowed to relax. The excited states were investigated with
the time-dependent DFT approach.23 The singlet excitations were
determined at the optimized ground state S0 geometries, while the
lowest energy triplet emissions were determined at the optimized T1
geometry. All electronic structure calculations were carried out with
the TURBOMOLE program package (version 6.3).24

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The preparative meth-
odology employed is closely analogous to a well established
method leading to the families of octanuclear AuI−MI (M =
CuI, AgI) clusters [Au6M2(C2Ar)6(PP)3]

2+ (PP = diphosphine)
and involves treatment of the (AuC2Ar)n polymeric acetylides
with a phosphine ligand and corresponding M+ ions.5b,7c

Depo l yme r i z a t i on o f (AuC2Ph) n wi th 1 , 4 - b i s -
(diphenylphosphino)butane (PbuP) and addition of stoichio-
metric amount of AgPF6 gives yellow-greenish solution, which
contains several compounds according to 31P NMR spectro-
scopic data. However, upon standing for 24 h some color fading
was observed, and after a brief work up and consequent
recrystallization the novel [Au12Ag4(C2Ph)12(PbuP)6]

4+ cluster
(1) was isolated in good yields as a yellow crystalline material
(Scheme 2).
Its structure in the solid state was determined by an X-ray

diffraction study (Figure 1, an ORTEP view is shown in Figure
S1 in the Supporting Information). The ESI mass spectrum of
1 (Figure S2) displays the main signal of the quadruply charged
cation at m/z 1640.1, the isotopic pattern of which completely
fits the stoichiometry of the [Au12Ag4(C2Ph)12(PbuP)6]

4+

molecular ion.

The molecule consists of two heterometallic alkynyl clusters
[Au3Ag2(C2Ph)6]

− embedded into the [Au6(PbuP)6]
6+ gold-

diphosphine “belt” and held together by the Au−Au
interactions enhanced by the electrostatic attraction between
the central anionic clusters and the cationic metallacycle. The
[Au6(PbuP)6]

6+ fragment adopts a “chair”-like conformation
(Figure 1) and provides considerable spatial separation of two
entrapped cluster cores. The general structural motif, {Au3Ag2}
framework inside a {Au(PP)}n “belt”, was described earlier.7c,9

However, this double cluster arrangement and the nuclearity
are unprecedented. The Au−Au distances fall in the range
typical for the related compounds and for the aurophilic
interactions in general.2b The Au−Ag contacts within the
identical {Au3Ag2} cores (2.8734(6)−3.0503(7) Å) are
significantly shorter than the sum of the corresponding van
der Waals radii (3.38 Å) and are similar to the intermetallic
separations determined for other Au−Ag compounds.7c,8a,9

When the synthetic protocol used to obtain 1 was applied to
the (AuC2R)n (R = But, C3H7O) acetylides, the
[Au6Ag2(C2R)6(PbuP)3]

2+ complexes (2, 3) were isolated as
colorless crystalline solids (Scheme 2). The XRD analysis
revealed their solid state structures, shown in Figure 2 (see
Figure S3 for the corresponding ORTEP views). The ESI-MS
of 2 and 3 display the signals, corresponding to the doubly
charged molecular cations (at 1580.25 and 1586.17, respec-
tively, Figure S2). However, the intensity of these signals were
rather low in comparison to those of the fragmented species.
Molecular ions of 2 and 3 adopt an unprecedented structural

motif, which involves three neutral (RC2Au)PbuP(AuC2R)
molecules assembled together via coordination of the C≡CR
units to AgI ions in π-bridging mode and Au−Ag metallophilic
interactions. Each silver ion is connected to three gold(I)-
alkynyl fragments, which in turn are “capped” by three

Scheme 2. Assembly of the Clusters 1−6a

aCH2Cl2/acetone, 298 K, 4-24 h, yields 74-93%.
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phosphorus atoms of the phosphines, to give structural motif
similar to that found earlier for the heterometallic complexes
based on a rigid triphosphine ligand.25 Indeed, in the
compounds under study the “(AuC2R)3Ag” fragments are
stabilized by the interaction with two phosphorus atoms of the
bridging diphosphine and with the third phosphorus atom from
the ligand linking two tetranuclear clusters {Au3Ag}. The Au−
Ag distances in both 2 and 3 (3.0272(4)−3.1268(4) Å and
2.9605(9)−3.1918(10) Å, respectively) are within the range

typical for the Au−Ag compounds7c,8a,9 and on average are
slightly longer than those in 1. Coordination of silver ions in 3
is less symmetrical than in 2 that is indicated by the larger
dispersion of the intermetallic contacts. The shortest Au−Au
separation in these clusters exceeds 4.1 Å that is considerably
longer than the sum of Au van der Waals radii (3.32 Å) that
points at the absence of gold−gold interactions. It is worth
noting that in 3 the distance between O(1) and O(2) atoms of
the hydroxyl groups is 2.911 Å that suggests the presence of
effective O···H−O hydrogen bonding within the central
tri(gold-alkynyl) unit. This local intramolecular interaction
additionally distorts the symmetry of the “(AuC2R)3Ag” cluster
unit.
The structural difference between 1 and 2, 3 prompted us to

further investigate of the alkynyl group effect on the self-
assembly processes in these systems. Thus, the use of
hydroxyaliphatic acetylides (AuC2R)n (R = C6H11O,
C13H11O, 1R(+)-C10H17O) in the reactions under study
(Scheme 2) leads to the complexes of the same composition
as that found for 2 and 3: [Au6Ag2(C2R)6(PbuP)3]

2+, which
were isolated as yellow crystalline solids (4, 5, and 6). The
XRD study of 4 and 6 showed that these clusters belong to a
different structural type (Figure 3), similar to that reported for
the AuI−AgI complex based on PPh2−C2−C2−PPh2 ligand.7c

Complex 5 did not give crystals of suitable quality, and its
structure was estimated on the basis of NMR spectroscopic
studies (see below). The mass spectra of 4−6 exhibit
dominating signals at 1706.27, 1958.25, and 1868.40,
respectively, which fit the proposed composition of doubly
charged molecular cations (Figure S2).
The complexes 4 and 6 consist of the bimetallic alkynyl

clusters {Au3Ag2} wrapped about by the triangular gold-
diphosphine “belt” [Au3(PbuP)3]

3+. The Au−Au contacts
between the central and external fragments lie in the range
2.7936(4)−2.8771(6) Å and therefore are very close to the
values found in 1 and the related complexes.9 The
heterometallic contacts are also similar to those determined
in other Au−Ag alkynyl clusters including 1 and are slightly
shorter than the metal−metal distances found in 2 and 3, which
have less stereochemically strained structure. The O−O

Figure 1. Molecular view of the tetracation 1. Right shows side view (phenyl rings of the diphosphines omitted). Selected interatomic distances (Å):
Au(1)−Au(4) 2.9244(4), Au(2)−Au(5) 2.9360(4), Au(3)−Au(6) 2.9409(4), Ag(1)−Au(4) 2.9935(6), Ag(1)−Au(5) 2.9787(6), Ag(1)−Au(6)
2.9031(6), Ag(2)−Au(4) 3.0503(7), Ag(2)−Au(5) 2.8734(6), Ag(2)−Au(6) 2.9459(6). Symmetry transformations used to generate equivalent
atoms: 1.5 − x, 0.5 − y, 2 − z.

Figure 2. Molecular views of the dications 2 (top) and 3 (bottom).
Selected interatomic distances (Å) in 2: Au(1)−Ag(1) 3.0342(4),
Au(2)−Ag(1) 3.0272(4), Au(3)−Ag(1) 3.1268(4), P(1)−Au(1)
2.2740(11), P(2)−Au(2) 2.2805(11), P(3)−Au(3) 2.2738(11).
Symmetry transformations used to generate equivalent atoms: 1 −
x, 1 − y, 1 − z. In 3: Au(1)−Ag(1) 3.1191(9), Au(2)−Ag(1)
2.9605(9), Au(3)−Ag(1) 3.1918(10), P(1)−Au(1) 2.278(3), P(2)−
Au(2) 2.262(3), P(3)−Au(3) 2.271(3). Symmetry transformations
used to generate equivalent atoms: 1 − x, 1 − y, 1 − z.
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separations in 4 and 6 range from 2.688 to 2.793 Å (except two
elongated distances O(1)−O(3) and O(4)−O(6) exceeding
3.85 Å) that indicates the presence of O···H−O hydrogen
bonding stabilizing the “Au3Ag2” central framework.
NMR Spectroscopic Study. The NMR investigation of the

complexes under study showed that “loosely packed” clusters
1−3 demonstrate complicated dynamic behavior related to
interconversion of different isomeric forms shown in Scheme 2.
The spectroscopic data obtained for complexes 4−6 indicate
that the “rods-in-belt” motif is the most probable structural
pattern these compounds adopt in solution. Solid state
structure of this type has been revealed for 4, and its 31P and
1H NMR data are completely compatible with this structural
hypothesis. The 31P NMR spectrum of 4 at 283 K displays a
singlet resonance of all-equivalent phosphorus atoms of the
diphosphine ligands at 35.4 ppm together with the PF6

−

septuplet at −144.6 ppm that fits the D3 symmetry group the
“rods-in-belt” molecule belongs to. It is worth noting that this
complex is thermally stable and warming of its acetonitrile
solution up to 323 K gave only trace amount of another
isomeric form, see Experimental Section. The low temperature
1H NMR data are also compatible with this structural pattern.
For example, the proton spectrum of 4 in the low field area
contains a set of signals corresponding to the ortho−meta−para
protons (7.8−7.4 ppm) of the diphosphine phenyl rings. The
position and structure of the corresponding multiplets are
typical for the complexes of this family.4d,5b The signals of the

alkynyl ligand hydroxyl protons appear at 4.79 ppm, whereas
the high field part displays the signals of the diphosphine
methylene spacers together with a set of resonances assigned to
the cyclohexyl moiety. The 31P NMR spectra of 5 and 6 in
CD3CN at 303 and 283 K, respectively, also display a major
singlet resonance of the coordinated phosphorus atoms (36.0
and 35.8 ppm) accompanied by the minor signals at 34.7 and
36.6 ppm. The major signals, which remain narrow in the
temperature range 283−323 K, may be assigned to the rigid
“rods-in-belt” structural motif. In fact, the 1H spectra (major
components) of 5 and 6 also fit well this type of molecular
symmetry to give standard sets of signals corresponding to all-
equivalent alkynyl ligands including singlets of hydroxyl
protons, two signals of methylene spacers, and ortho−meta−
para resonances of the phosphine phenyl protons (see
Experimental Section and Figure S5). The duplication of the
proton signals of 6 in the aromatic area of the proton spectrum
is evidently due to diastereotopic position of the phenyl rings in
this molecule. Along with these groups of signals the broadened
resonances of the minor structural forms are also observed,
which however do not prevent interpretation of the major
spectroscopic pattern. It has to be noted that warming of the
solution of 5 results in irreversible degradation of the major
isomeric form; this process also effects the photophysics of this
system, vide inf ra.
Another group of compounds, complexes 2 and 3, which in

the solid state form the structural patterns shown in Scheme 2

Figure 3.Molecular view of the dications 4 (left) and 6 (right, one of two independent molecules is shown). Selected interatomic distances (Å) in 4:
Au(1)−Au(4) 2.8363(4), Au(2)−Au(5) 2.7936(4), Au(3)−Au(6) 2.8539(4), Ag(1)−Au(4) 2.9405(5), Ag(1)−Au(6) 3.0362(5), Ag(1)−Au(5)
3.0820(6), Ag(2)−Au(6) 2.9665(5), Ag(2)−Au(5) 3.0318(6), Ag(2)−Au(4) 3.0413(5). In 6: Au(1)−Au(4) 2.8344(6), Au(2)−Au(5) 2.8771(6),
Au(3)−Au(6) 2.8208(5), Ag(1)−Au(4) 2.9132(8), Ag(1)−Au(6) 2.9678(7), Ag(1)−Au(5) 2.9990(8), Ag(2)−Au(5) 2.9281(8), Ag(2)−Au(6)
2.9463(8), Ag(2)−Au(4) 3.0181(7).

Figure 4. Variable temperature 31P NMR spectra of 2 (left) and 3 (right) in acetonitrile-d3.
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and Figure 2 with two loosely packed “(AuC2R)3Ag” fragments,
display dynamic equilibrium in solution between two isomers.
Reversible transformation of these isomeric forms is clearly
illustrated by the VT 31P spectra of 2 and 3 (Figure 4).
For example, the spectra of these complexes in CD3CN at

283 K display narrow low field signals and broadened high field
resonance of another isomer. Heating of these solutions results
in narrowing of the high field signals and growth of their
relative intensities, cooling down the mixture returns the system
to the initial state. These spectroscopic variations correspond to
a relatively slow (in the NMR time scale) dynamics, which can
be ascribed to the equilibrium between the “rods-in-belt” form
of these complexes (type I, analogues of 4−6, the narrow low-
field signals) and the one found in the solid state (type II,
broaden high-field signals), Scheme 3.

This hypothesis is also confirmed by the previously reported
data, showing that the signals of the “P−Au−P” fragments (i.e.,
those found in 4−6 clusters of type I) appear in a lower field
region of the spectrum in comparison to the resonances
corresponding to ”P−Au−C2R” units (i.e., found in 2, 3, type
II) for the same phosphine ligand.4d,7b,26 The narrow
resonances, which dominate in the low temperature spectra,
can be tentatively assigned to the type I structures, whereas the
other broadened signals may be assigned to the stereochemi-
cally nonrigid structural pattern revealed in the solid state (type
II). The intramolecular scrambling in the latter isomeric form is
clearly visible in the set of VT 31P spectra of 2 (Figure 4). The
high temperature (333 K) spectrum shows major (10/1)
broadened signal corresponding to the dominant type II
stereochemically nonrigid species. Though it approaches the
high temperature limit, it still displays some broadening of the
31P signal. This type of variable temperature behavior is
indicative of a scrambling process, which makes equivalent the
phosphorus atoms of inherently asymmetric structures shown
in Figure 2. A feasible mechanism of the relevant dynamics may
consist of reversible coordination−dissociation of the −Au−
C2R fragments to/from AgI ions and related movement of the
(R2CAu)2(PbuP) fragments from the intracluster bridging
mode to the linking intercluster position (Scheme 4).
The effect of this dynamics is particularly visible in the 1H

spectrum of 2 at 333 K (Figure S6) where two multiplets of the
phosphine phenyl rings (7.63 ortho protons and AB system of
meta−para protons at ca. 7.5 ppm), two signals of methylene
spacers at 2.5 and 1.7 ppm, and the signal of the alkynyl methyl
groups at 1.35 ppm testify in favor of the scrambling process,
which makes equivalent all alkynyl and phosphine ligands in the
asymmetric structural pattern revealed in the solid state
structure. The variable temperature behavior of the 31P spectra
of 3 is analogous to that observed for 2, and it is sensible to
assign the narrow low field signal dominating at low

temperature to the “rods-in-belt” structure (analogue of 4−6,
type I), whereas the broadened high field resonance can be
similarly ascribed to the type II structure found in the solid
state. Analysis of the proton spectrum of 3 at 283 K showed
that the major set of signals fits well the “rods-in-belt” structural
hypothesis to give the usual set of resonances corresponding to
D3 symmetry group of this species, see Experimental Section.
Complex 1 displays the most complicated behavior in

solution. The VT 31P spectra of this complex (Figure S7) show
the presence of several isomeric forms, and the tentative
structural assignment of which might include the isomer
revealed in the solid state as well as its possible conformations
(as indicated by the dominating signal in the ESI-MS), the
“rods-in-belt” molecules, and other intermediate species of
unknown structure. Their interconversion upon temperature
variations results in related changes of emission characteristics
of the solution under study, which will be discussed below.

Photophysical Properties. Spectroscopic and photo-
physical data for 1−6 are given in Table 2. The solution and
the solid state emission spectra are shown in Figures 5 and S8
(Supporting Information), respectively. The excitation spectra
are shown in Figure S9. It has to be noted that solution data for
1−3 should be analyzed taking into account dynamic equlibria
between various structural isomers of these complexes
presented in acetonitrile solution, see above. On the contrary,
the room and low temperature data for 4−6 according to the
NMR measurements are related to the only isomeric form
(“rods-in-belt” structural pattern), which dominates in solution
in this temperature range.

Complexes 4−6. Absorption spectra of this group of
complexes display two equally strong bands at about 275 and
370 nm. The high energy bands are evidently generated by
metal-perturbed IL (both alkynyl and phosphine ligands)
transitions, whereas the long wavelength absorption is related
to electron transfer between orbitals localized mainly inside the
“Ag2Au3(C2R)6” cluster core, see also Computational Details
section. All three complexes are bright blue emitters with
emission band maxima at 490, 472, and 471 nm, respectively.
As expected the luminescence wavelengths for 4−6 are
considerably blue-shifted compared to those of the Au−Cu
congeners; for example, the copper analogue of 4 displays
orange emission with the maximum at 590 nm.10 The high
energy shift of the silver complexes emission is due to lower
energy of the highest occupied molecular orbitals in silver
containing complexes compared to those of the copper
relatives. All complexes display single exponential emission

Scheme 3. Proposed Temperature Dependent
Interconversion of the Isomeric Forms of 2 and 3

Scheme 4. Proposed Mechanism of the Solution Dynamics
of Compounds 2 and 3
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decay with the excited state lifetime in microsecond domain.
This observation together with substantial Stokes shift is
indicative of luminescence from the triplet excited state
localized in the cluster core that is typical for the well
characterized “rods-in-belt” supramolecular aggregates.4d,5b On
warming the complexes 4−6 show behavior which is
compatible with the data obtained using 31P NMR spectros-
copy, see NMR Spectroscopic Study section. Thermally stable
complexes 4 and 6 showed slight and reversible changes in
emission intensity, whereas 5 irreversibly yields a product which
does not display appreciable emission.
Complexes 2 and 3. The VT 31P study for the complexes 2

and 3 also indicated reversible dynamic equilibria between

“rods-in-belt” aggregates (type I) stable at low temperature and
“loosely packed” type II structures (see Scheme 3), which
dominate in solution at higher temperature. According to the
data obtained previously, the type I compounds are extremely
effective triplet luminophors with the phosphorescence
quantum yield (QY) in many cases exceeding 80%. As
discussed above, the structure of the {Au3Ag} cluster
frameworks in type II species is essentially similar to that
found in Au−Cu complexes based on the tridentate phosphine,
[tppm(AuC2R)3Cu]

+ (tppm = tris(diphenylphosphino)-
methane),25 which exhibit luminescence at least an order of
magnitude weaker compared to the “rods-in-belt” complexes of
type I. Provided that emission efficiency of the type II isomeric
forms of 2 and 3 (Scheme 3) is essentially similar to that found
for the compounds based on the tridentate phosphine
[tppm(AuC2R)3Cu]

+, the temperature growth should lead to
a significant decrease of intensity of the main luminescence
band and probably some shift of the maximum position. The
results obtained are completely compatible with this hypothesis
to give a reversible decrease in emission intensity (see Figure
6C) for approximately an order of magnitude while warming
solution from 283 up to 323 K, which is accompanied by the
equilibrium shift to the weakly emissive isomers. Cooling the
solution back to 283 K results in successful return of
luminescence intensity, Figure 6.
Under the framework of this model, the emission parameters

given in Table 2 (298 K) for 2 and 3 can be considered as
characteristics corresponding to type I complexes, except for
the QY, which in fact is related to a part of the molecules
converted into this emissive isomer. Thus, the “rods-in-belt”
type I isomers of 2 and 3 are effective triplet emitters, which
also display only weak luminescence quenching with molecular

Table 2. Photophysical Properties of 1−6 in Solution (298 K, λex = 386 nm) and in the Solid State

solution (acetonitrile) solid state

λab/nm (10−3 ε/M−1 cm−1)a λex /nm
b

λem/
nmb

Φc (aerated/
degassed)

τobs/μs
b (aerated/

degassed)
Stokes
shift/nm

λem/
nm

τobs/
μs λex/nm

b
Stokes
shift/nm

1 267 (159.2); 280 (159.2);
347 (56.4)

322; 379 491 0.04/0.05 0.22/0.21 112 494 0.66 339; 419 74

2 272 (15.3); 369 (4.61) 284; 369 472 0.10/0.57 0.43/0.28 103 490 0.67 <270; 379 97
3 273 (4.99); 370 (2.90) <270; 374 502 0.10/0.45 0.71/0.39 128 509 0.94 <270; 369 125
4 275 (4.08); 372 (2.72) 298; 333;

399
490 0.21/0.65 0.92/0.54 91 500 0.97 339; 366;

414
78

5 275 (30.3); 378 (43.8) 276; 377 472 0.63/0.73 1.51/1.39 95 496 0.99 340; 365;
414

66

6 274 (31.4); 369 (42.4) 284; 369 471 0.55/0.76 1.28/0.78 102 489 0.50 339; 366;
408

61

aMeasured at 283 K. bλex., λem., τobs are not temperature dependent and were measured at 298 K. cQuantum yields measured at 298 K.

Figure 5. Normalized emission spectra of 1−6 in acetonitrile (298 K,
λex = 386 nm).

Figure 6. VT luminescence spectra of 2 (A) and 3 (B); temperature dependence of emission intensity (C) (acetonitrile, λex = 386 nm).
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oxygen (see Table 2) similar to the other compounds of this
class. Unfortunately, due to weak emission of the type II isomer
(below the noise level) we are unable to separate and calculate
its photophysical characteristics.
The solid-state emission maxima for both type I and type II

clusters are essentially similar despite different structural
arrangements found for the corresponding complexes in
crystals. This observation is in line with the photophysical
data reported for the “rods-in-belt” Au−Cu clusters bearing
PbuP ligand (analogues of type I compounds)10 and [tppm-
(AuC2R)3Cu]

+ complexes (congeners of type II compounds)25

having the same alkynyl groups. These species exhibit nearly
identical emission wavelengths (alkyne = −C2Ph, 565 and 560
nm, respectively), but the latter tetranuclear clusters show
dramatically lower QY (66% vs 1.7%).
According to the 31P NMR measurements, complex 1

showed extremely complicated dynamic behavior in solution,
with more than three species of different nature being involved
in this process (Figure S7). Taking into account mass-
spectroscopic data that show the dominating signal of the
molecular ion matching the composition of 1 found in the solid
state, it seems probable that one of the major species existing in
solution is the crystallographically characterized aggregate and
its possible conformations, which give the principal contribu-
tion into the emission observed. Because the emission band is
symmetrical and displays monoexponential decay we can
tentatively ascribe the emission parameters observed (Table
2) to this form of compound 1. A lower quantum yield of 1 in
comparison to the other clusters of this family can be
rationalized using quantum chemical calculation (vide infra),
which points to a smaller contribution of the Au and Ag ions to
the lowest excited states. That in turn decreases spin−orbital
coupling and consequently the rate of the radiative triplet−
singlet transition. Additionally, in solution there are a few forms
of the complexes, not all of which are bright luminophors that
also cause a drop in the emission intensity.
Computational Studies. We also investigated the

structural and photophysical characteristics of the supra-
molecular AuI−AgI complexes 1−6 with quantum chemical
methods. The geometries of the studied complexes were first
optimized at the PBE0-DFT level of theory, enabling
comparisons to the experimental X-ray structures for complexes
1−4 and 6. In the case of complexes 1−3 with rather flexible
frameworks, we could only investigate the structures
determined in the solid state by fixing the phosphorus atoms
at the experimentally determined positions and optimizing the
positions of the other atoms. The important metal−metal
distances in the resulting optimized structures correlate
reasonably well with the experimental parameters. For example,
the Au−Au and Au−Ag bond lengths in 1 are in the ranges
2.97−3.02 Å (exp 2.92−2.94 Å) and 2.93−3.11 Å (exp 2.87−
3.05 Å), respectively (see Table S2 in the Supporting
Information for a full listing of the intermetallic distances). In
the case of the “rods-in-belt” complexes 4−6, it was not
necessary to fix any atom positions during the structural
optimization. The metal−metal distances in the resulting
structures are in good agreement with the X-ray structures
(for instance, Au−Au distances in 6: 2.88 Å vs 2.82−2.87 Å, see
Table S2 for full details).
The photophysical results obtained for complexes 1−6 at the

PBE0-TDDFT level of theory are listed in Table 3. For
complexes 2 and 3, the photophysical data listed in Table 3
refers to the “rods-in-belt” (type I) structures. For all

complexes, the predicted S0 → S1 and S0 → S2 singlet
excitation energies are in accordance with the experimental
absorption maxima. The corresponding excited state transition
densities are plotted for complex 6 in Figure 7 (for the
transition densities of the other complexes, see the Supporting
Information, Figures S10 and S11). For the “rods-in-belt”
structures, the lowest energy singlet excitation arises from the
central metal core, while the higher energy singlet excitation is a
metal-perturbed intraligand excitation involving both the
alkynyl and phosphine ligands. In the case of complex 1, the
lowest energy singlet excitation involves contributions from
both the alkynyl ligands and the metal atoms.
The predicted T1 → S0 emission energies are also in line with

the experimental values, although the differences from the
experiment are larger than those for the excitation energies. For
the “rods-in-belt” structures, the triplet emission is clearly
metal-centered. The strong involvement of the Au atoms in the
lowest energy excited states facilitates the spin-forbidden
singlet−triplet intersystem crossing,27 leading to the observed
efficient phosphorescence. In the case of complex 1 showing
clearly lower quantum yields for degassed samples, the
contribution from the metal atoms is smaller and the alkynyl
ligands play a much larger role in comparison to the “rods-in-
belt” structures. The decreased importance of the heavy gold
atoms is likely to result in less efficient intramolecular energy
transfer between the emissive singlet and triplet excited states.
We also investigated the photophysical characteristics of the

type II structures of the complexes 2 and 3, which were found
to be weak emitters. In this case, the gold atoms play only a
very minor role in the lowest energy excitation and the triplet
emission is actually centered on the phosphine ligand (Figure
S10). The intraligand nature of the lowest energy triplet
emission is very probably the reason for poor luminescence of
type II clusters 2 and 3 in solution.

■ CONCLUSION
In summary, a family of novel intensely luminescent AuI−AgI
alkynyl-diphosphine clusters was obtained according to a self-
assembly protocol that involves treatment of the homoleptic
(AuC2R)n precursors with stoichiometric amounts of bis-
(diphenylphosphino)butane (PbuP) ligand and Ag+ ion (R =
Ph (1), But (2), 2-propanolyl (3), 1-cyclohexanolyl (4),
diphenylmethanolyl (5), 2-borneolyl (6)). The complexes
adopt three different structural arrangements depending on
the nature of the alkynyl ligand. The unprecedented

Table 3. Computational Photophysical Results for the AuI−
AgI Clusters 1−6 (PBE0 TD-DFT)

λab S0 → S1 (nm) λab S0 → S2 (nm)
λem T1 → S0

(nm)

complex theora exp theor exp theor exp

1b 357 (0.19) 347 267 477 491
2c 362 (0.64) 369 287 (0.15) 272 437 472
3c 375 (0.73) 370 286 (0.26) 273 462 502
4 376 (0.57) 372 287 (0.24) 275 461 490
5 374 (0.84) 378 279 (0.20) 275 467 472
6 371 (0.28) 369 276 (0.10) 274 448 471

aWavelenghts in nm, oscillator strengths given in parentheses.
bInvestigation of the S0 → S2 excitation not feasible due to the large
size of the structure; T1 → S0 emission wavelength calculated at the S0
geometry. cComputational photophysical data for the “rods-in-belt”
(type I) structure.
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hexadecanuclear cluster 1 (R = Ph) contains two heterometallic
units [Au3Ag2(C2Ph)6]

− embedded into the gold-diphosphine
cycle [Au6(PbuP)6]

6+, while the complexes with aliphatic
a l k y n e s h a v e a g e n e r a l c o m p o s i t i o n o f
[Au6Ag2(C2R)6(PbuP)3]

2+ and give two isomeric forms in the
solid state (type I (4−6); type II (2, 3)) as found by an X-ray
crystalographic study.
Complexes 1−6 were characterized in detail by NMR

spectroscopy to reveal complicated behavior of 1−3 in solution
related to interconversion of possible conformations (1) of
different isomeric forms (2, 3: type I and type II). The
spectroscopic data obtained for the complexes 4−6 indicate
that the motif found in the solid state (type I) is the most
probably retained in solution.
All the titled compounds exhibit sky-blue room temperature

phosphorescence in solution and in the solid state in the
spectral range 471−509 nm with maximum quantum yield of
76% (6, in solution). The structural type has small effect on the
emission maximum, but dramatically influences the intensity of
luminescence, which is most effective for the type I clusters 4−
6. Phosphorescence of these complexes displays low sensitivity
to O2 quenching due to the efficient shielding of the
chromophoric polymetallic centers by the organic ligand
environment.
The DFT computational studies revealed the difference in

photophysical behavior of the structural types described. Thus,
for type I complexes the triplet emission is metal-centered with
strong involvement of the Au atoms. In the case of the
tetracationic complex 1, the contribution from the metal atoms
is smaller leading to lower quantum yield. In the type II clusters
2 and 3, which were found to be weak emitters, the gold atoms
play only a very minor role in the lowest energy excitation and
the triplet emission is actually centered on the phosphine ligand
that is very probably the reason of poor luminescence.
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