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ABSTRACT: A series of tri- and tetranuclear phosphine
complexes of d'® metal ions supported by the polydentate
ligands, bis(diphenylphosphinomethyl)phenylphosphine
(PPP) and tris(diphenylphosphinomethyl)phosphine (PPPP),
were synthesized. All the compounds under study,
[AuM,(PPP),[** (M = Au (1), Cu (2), Ag (3)),
[M,(PPPP), ] (M = Ag (4), Au (5)), [AuAg,(PPPP),]"
(6), and [Au,Cu,(PPPP),(NCMe),]* (7), were characterized
crystallographically. The trinuclear clusters 1—3 contain a
linear metal core, while in the isostructural tetranuclear
complexes 4—6 the metal framework has a plane star-shaped

luminescenceiintensity.

arrangement. Cluster 7 adopts a structural motif that involves a digold unit bridged by two arms of the PPPP phosphines and
decorated two spatially separated Cu' ions chelated by the remaining P donors. The NMR spectroscopic investigation in DMSO
solution revealed the heterometallic clusters 2, 3, and 6 are stereochemically nonrigid and undergo reversible metal ions
redistribution between several species, accompanied by their solvation—desolvation. The complexes 1—3 and 5—7 exhibit room
temperature luminescence in the solid state (®,,, = 6—64%) in the spectral region from 450 to 563 nm. The phosphorescence
observed originates from the triplet excited states, determined by the metal cluster-centered d,« — p, transitions.

B INTRODUCTION

Luminescence of copper subgroup metals coordination
complexes and polymetallic clusters has considerably stimulated
synthetic chemistry of these elements. It is reflected by the
impressive progress in preparation of a wide variety of
compounds of different nuclearity, which, in particular, exhibit
attractive photophysical properties.' It is generally recognized
that the metal—metal interactions, typically found among d'°
ions of Cul, Agl, and Aul, are one of the key factors influencing
the energy and efliciency of emission of the polymetallic
aggregates in the solid state and in solution.'***®? The cluster-
centered electronic transitions, which are primarily responsible
for the luminescence characteristics, strongly depend on
geometry of a metal core, ligand environment, and the chemical
nature of the constituting metal centers. Relatively low energies
of the metal—metal contacts, comparable to those of hydrogen
bonding, often make d'® clusters sensitive to subtle external
changes (temperature,2g’3 mechanical force,* guest ions,’
volatile organics,Sd’6 etc.) resulting in visible alteration of
absorption and emission properties that opens a way to
selective and easy-to-detect sensing. Understanding the
synergistic effects of the metal ions and the metal—metal
interactions, influencing the emissive excited states, is important
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for the design of effective sensors and electroluminescent
devices. Therefore, it is essential to carry out a systematic
alteration of the metal framework preferably without other
stereochemical variations within a family of congener
complexes. However, preparation of a series of structurally
similar compounds having different compositions of the homo-
or heterometallic cluster core might be synthetically challenging
due to the unequal coordination preference of the metal ions,
even of those belonging to same group.

The clusters of small nuclearity (M,, n = 2—4) are the
attractive model candidates to study the effect of the
composition of the metal core on the photophysical character-
istics within the series of isostructural species. In particular,
their similarity may allow for approximately the same
contribution of the ligands’ orbitals to the excited states of
the clusters, and the observed differences in spectroscopic
behavior can be attributed mainly to the changes in the metal
framework. Interestingly, among the d'’ coinage metals, the
heterotrinuclear systems of M—M'—M type are extremely rare
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with only one Cu—Au—Cu example bearing pyridyl-carbene
ligands.**

Inspired by the literature reports on bright luminescence of
the homometallic linear Au, and Ag, (n = 3, 4) tri- and
tetraphosphine complexes, which show quantum yields reach-
ing 97% at room temperature,“’7 we attempted to synthesize
the heterometallic d'° analogues M—M'—M supported by the
analogous triphosphine ligand and to extend these studies to
the tetranuclear complexes based on the Cj-symmetrical
tetraphosphine (Figure 1) that has not been used yet in
coordination chemistry of coinage metals.
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Figure 1. Phosphine ligands used in the current work.

B EXPERIMENTAL SECTION

General Comments. The ligands bis(diphenyl-phosphinomethyl)-
phenylphosphine (PPP), tris(diphenyl-phosphinomethyl)phosphine
(PPPP),® and the complex AuCl(tht) (tht = tetrahydrothiphene)®
were synthesized according to the published procedures. Other
reagents and solvents were used as received. Solution 'H and *'P{'H}
NMR spectra were recorded by a Bruker Avance 400 spectrometer.
Microcrystalline powders were used as assays for photophysical
experiments. Absorption spectra were recorded using a Lambda 1050
spectrophotometer; excitation and emission spectra were measured on
a Fluorolog 3 spectrofluorimeter. Life time was measured and
calculated by the TCSPC (Time-Correlated Single Photon Counting)
method. The integration sphere was used to measure the solid state
emission quantum yield for the complexes tableted with KBr.
Microanalyses were carried out in the analytical laboratory of the
University of Eastern Finland.

[Aus(PPh,CH,PPhCH,PPh;,),](PFy); (1). AuCl(tht) (500 mg, 1.56
mmol) was dissolved in dichloromethane (15 cm®), and PPP (525 mg,
1.04 mmol) was added, followed by a solution of AgPF4 (39S mg, 1.56
mmol) in acetone (5 cm®). Upon the addition of AgPF, a flaky
precipitate of AgCl gradually formed. The reaction mixture was stirred
for an additional 30 min in the absence of light. AgCl was removed by
filtration; the colorless solution was passed through a layer of silica gel
and evaporated. Colorless amorphous residue was thoroughly washed
with diethyl ether and recrystallized by gas-phase diffusion of diethyl
ether into an acetone/methanol solution of 1 (5:1 v/v mixture) at 278
K to give colorless crystalline material (943 mg, 89%). Anal. Calcd for
AuyCgHegPoF,g: C, 37.70%; H, 2.87%. Found: C, 37.69%; H, 2.98%.
3Ip{'H} NMR (DMSO-dg, RT; 8): A,B, system, 34.9 (m, 4P, Plteril—
Au), 31.8 (m, 2P, P*"™—Ay), —144.2 (sept, 3P, PF¢"). 'H NMR
(DMSO-dg, RT; 8): 7.96 (m, 8H, Jpy = 14.5 Hz, Jyy = 7.6 Hz, ortho-H
CgHy), 7.70 (m, 4H, Jpy = 13.4, Hz, Jyy = 7.3 Hz, ortho-H C¢Hy), 7.69
(m, 12H, Jyy ~ 7 Hz, AB, system of meta-H + para-H C¢Hs), 7.69 (m,
8H, Joy; = 13.4 Hz, Juy = 7.8 Hz, ortho-H C4Hy), 7.46 (t, 4H, Jy = 7.8
Hz, para-H C¢Hy), 7.44 (p, 2H, Juy = 7.3 Hz, para-H C¢Hs), 7.33 (dd,
8H, Juu = 7.8 Hz, meta-H), 7.24 (dd, 4H, Jyy = 7.3 Hz, meta-H), 4.93
(m, 4H, CH,), 4.02 (m, 4H, CH,).

[AuCu,(PPh,CH,PPhCH,PPh,),](PF4); (2). AuCl(tht) (S0 mg, 0.156
mmol) was dissolved in dichloromethane (7 cm®), and tht (2 drops)
was added, followed by a solution of AgPF (40 mg, 0.158 mmol) in
acetone (3 cm®). The reaction mixture was stirred for 30 min in the
absence of light. AgCl was removed by filtration, and crystalline PPP
(159 mg, 0.314 mmol) was added to the resulting colorless solution.
After the triphosphine dissolved, the mixture was evaporated, and the
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solid residue was washed with diethyl ether (3 X S cm®). Then the
solid was dissolved in dichloromethane (5 cm®) and treated with a
solution of solution of Cu(NCMe),PF4 (117 mg, 0.314 mmol) in the
same solvent (5 cm®). Pale yellow solution was stirred for 1 h and
evaporated, and the amorphous solid was recrystallized by gas-phase
diffusion of diethyl ether into a dichloromethane/methanol solution of
2 at 278 K, giving pale yellow crystalline material (221 mg, 80%). Anal.
Caled for CygHggAuCu,F gPy: C, 43.38%; H, 3.30%. Found: C,
43.24%; H, 3.36%. *'P{'"H} NMR (DMSO-dg, RT; §): A,X, system,
Jaa = 320 Hz, Jxx = 100 Hz, J,x = 93 Hz; 34.0 (m, 2P, P—Au), —8.7
(broad m, 4P, P—Cu), —144.2 (sept, 3P PF").

[AuAg,(PPh,CH,PPhCH,PPh;),I(PFs)3/(ClIO,); (3a/b). Compounds
3a and 3b were prepared similarly to 2 starting from AuCl(tht) (3S
mg, 0.109 mmol), PPP (111 mg, 0.219 mmol), and stoichiometric
amounts of the corresponding silver salt, AgPF4 (56 mg, 0.221 mmol)
or AgClO, (56 mg, 0221 mmol). Recrystallization by gas-phase
diffusion of diethyl ether into dichloromethane/methanol (3a) or
acetonitrile/methanol (3b) solution at 278 K gave colorless crystalline
material (3a: 148 mg, 73%; 3b: 154 mg, 82%). Anal. Calcd for 3a,
CosHyAg,AuF Py: C, 41.31%; H, 3.14%. Found: C, 41.14%; H,
3.40%. Anal. Caled for 3b Cy4HgAg,AuClLO,Ps: C, 44.59%; H,
3.39%. Found: C, 44.45%; H, 3.43%. The NMR spectroscopic
parameters of 3a and 3b are virtually identical. *'P{'H} NMR
(DMSO-dg, RT; 5): AyX,Q, system, Jy, = 320 Hz, Jxx = 100 Hz, J5x =
106 Hz, J®agp = 550 Hz, Jp,p = 466 Hz; nonsolvated complex: 38.2
(m, 2P, P—Au), 4.8 (dm, 4P, P—Ag); DMSO solvate: 36.1 (m, 2P, P—
Au), 3.9 (dm, 4P, P—Ag).

[Ag{(PPh,CH,)sP},](CIO,), (4). AgClO, (75 mg, 0.361 mmol) was
dissolved in methanol (4 cm®) and added to a solution of PPPP (114
mg, 0.182 mmol) in dichloromethane (10 cm?). Colorless transparent
solution was stirred for 30 min in the absence of light and evaporated.
Amorphous solid was washed with diethyl ether (3 X 5 cm®) and
recrystallized by gas-phase diffusion of diethyl ether into an
acetonitrile/methanol solution of 4 at 278 K to give colorless
crystalline material (170 mg, 90%). Anal. Calcd for
CrsH,Ag,CLO Py C, 44.90%; H, 348%. Found: C, 44.99%; H,
3.73%. 3'P{'H} NMR (DMSO-dg, RT; 6): A,X,PQ; system, Jux = 140
Hz; 149 (dm, 2P, Jwp = 548 Hz, Josp = 474 Hz, P“"™—Ag), 2.9
(dm, 6P, J109,gp = 567 Hz, J107,,p = 486 He, plerl_Ag). 'H NMR
(DMSO-d,, RT; 8): 7.80 (m, 24H, ortho-H, C;H,), 7.64 (m, 36H,
meta-H + para-H, C¢Hs), 3.08 (broad, 12H, CH,).

[Au{(PPh,CH,)sP},](PFg), (5). Compound S was prepared similarly
to 1 starting from AuCl(tht) (150 mg, 0.468 mmol), PPPP (147 mg,
0.234 mmol), and AgPF, (119 mg, 0.470 mmol). Recrystallization by
gas-phase diffusion of diethyl ether into an acetonitrile/dichloro-
methane solution of § at 278 K gave colorless crystalline material (240
mg, 78%). Anal. Calcd for C,sH,,AuFy,Py,: C, 35.69%; H, 2.77%.
Found: C, 35.98%; H, 2.97%. *'P{'H} NMR (DMSO-d,, RT; 6): A,By
system, 32.4 (m, 6P, P**™—Au), 31.5 (m, 2P, P=""—Ay), —144.2
(sept, 4P, PF¢™). '"H NMR (DMSO-dg, RT; 8): 7.95 (m, 24H, Jiy =
6.0 Hz, Jpyy = 12.7 Hz, ortho-H, CHs), 7.69 (m, 36H, Jyy ~ 7.0 Hz,
AB, system of meta-H + para-H, C¢Hy), 3.82 (broad, 12H, CH,).

[AuAg;{(PPh,CH,)3P},](CIO,), (6). Compound 6 was prepared
similarly to 3 starting from AuCl(tht) (40 mg, 0.125 mmol), PPPP
(157 mg, 025 mmol) and stoichiometric amounts of AgClO,.
Recrystallization by gas-phase diffusion of diethyl ether into an
acetonitrile solution of 6 at 278 K gave colorless crystalline material
(214 mg, 79%). Anal. Calcd for C,sH,,Ag;AuCL,0,Ps: C, 43.06%; H,
3.34%. Found: C, 42.85%; H, 3.59%. ¥P{'H} NMR (DMSO-d,, RT;
8): AyX4Q; system, Ju, = 295 Hz, Jxx = 95 Hz, J5x = 102 Hz; 38.2 (m,
2P, P—Au), —0.5 (dm, 6P, Jw,.p = 560 Hz, Jw,p = 475 Hz, P—Ag).

[Au,Cu{(PPh,CH,)sP},(NCMe),](PFg), (7). AuCl(tht) (75 mg, 0.234
mmol) was dissolved in dichloromethane (7 cm?), and tht (2 drops)
was added, followed by a solution of AgPF (60 mg, 0.237 mmol) in
acetone (4 cm®). The reaction mixture was stirred for 30 min in the
absence of light. AgCl was removed by filtration, and PPPP (147 mg,
0.234 mmol) was added to the resulting colorless solution. After
stirring for an additional 30 min, the solvents were evaporated, and the
residue was dried thoroughly under a vacuum to remove the excess of
tht. Then, it was dissolved in dichloromethane (10 c¢m?), and a
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Scheme 1. Synthesis of the Clusters 1-3
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solution of Cu(NCMe),PF4 (88 mg, 0.236 mmol) in dichloromethane
(5 em®) was added. The pale yellow opaque mixture was stirred
overnight, filtered, evaporated, and recrystallized by gas-phase diffusion
of diethyl ether into acetonitrile/methanol solution of 7 at 278 K to
give pale yellow crystalline material (238 mg, 81%). Anal. Calcd for
CaeHg A, CuyFy NP : C, 40.95%; H, 3.36%; N, 2.22%. Found: C,
40.97%; H, 3.39%; N, 2.20%. 3'P{'H} NMR (DMSO-d,, RT; §):
AX5Q, system, Jy_a,x = 320 Hz, Jux = 45 Hz, J4q = 45 Hz; 33.6 (dd,
2P, PRl_Au), 163 (ddt, 2P, P*"_Au), —24.7 (broad m, 4P,
P*l_Cu), —144.6 (sept, 4P, PF¢"). 'H NMR (DMSO-dg, RT; 5):
7.88 (t, 4H, Juy = 7.6 Hz, para-H C4Hy), 7.80 (dd, 8H, Jyy = 7.6 Hz,
meta-H CgHs), 7.56 (m, 8H, Jpy = 11.5 Hz, Jyy = 7.2 Hz, ortho-H
CgHy), 7.51 (m, 12H, Jyy ~ 7 Hz, AB, system of meta-H + para-H
CeHy), 7.28 (m, 8H, Juy = 7.2 Hz, Joy = 13.6 Hz, ortho-H C¢Hy), 7.27
(m, 8H, Juy = 7.6 Hz, Joy = 14.1 Hz, ortho-H C¢Hy), 7.15 (m, 12H,
Juu ~ 7 Hz, AB, system of meta-H + para-H CHs), 3.94 (m, 8H,
CH,), 2.81 (m, 4H, CH,), 2.09 (s, 12H, NCMe).

Computational Details. The clusters 1—7 were studied using a
hybrid PBEO density functional method."® The copper, silver, and gold
atoms were described by a triple-(-valence quality basis set with
polarization functions (def2-TZVP)."" Scalar relativistic effects were
taken into account by applying 28- and 60-electron relativistic effective
core potentials for Ag and Au, respectively.'> A split-valence basis set
with polarization functions on non-hydrogen atoms was used for all
the other atoms."® To facilitate comparisons with the experiments,
point group symmetry was applied as follows: 1, 3a: Cy; 2: C, 3b: C,,,
4—6: Cy}, 7: C;. The geometries of all complexes were fully optimized.
The excited states were investigated with the time-dependent DFT
approach.* The singlet excitations were determined at the optimized
ground state S, geometries, while the lowest energy triplet emissions
were determined at the optimized T, geometry. All electronic structure
calculations were carried out with the TURBOMOLE program
package (version 6.5)."°

X-Ray Structural Determination. The crystals of 1-7 were
immersed in cryo-oil, mounted in a Nylon loop, and measured at a
temperature of 120 K. The X-ray diffraction data were collected on a
Bruker SMART APEX II diffractometer using Mo Ka radiation (4 =
0.71073 A). The APEX2'® program package was used for cell
refinements and data reductions. The structures were solved by direct
methods using the SHELXS-97'7 programs with the WinGX'
graphical user interface. A semiempirical absorption correction
(SADABS)" was applied to all data. Structural refinements were
carried out using SHELXL-97 and SHELXL-2013."

The crystallization acetone (in 1) and acetonitrile (in 3b) molecules
were partially lost and therefore were refined with occupancies of 0.5.
Both geometrical and displacement constraints and restraints were
applied to these moieties.

Some of the dichloromethane (in 2, 3a, §), diethyl ether (in 2),
acetonitrile (in 4, S, 7), and methanol (7) crystallization molecules
were disordered over two sites each and were refined with
occupancies, CH,Cl,: 0.78/0.22 (2), 0.50/0.50 (3a), 0.70/0.30 (5);
Et,0: 0.57/0.43 (2); NCMe: 0.53/0.47 (4), 0.50/0.50 (5), 0.55/0.45
(7); MeOH: 0.58/0.42 (7). A series of geometrical restraints were
applied to these disordered moieties (in 2, 4, S, 7).

One of the phenyl rings in 3b was disordered over two positions
(C57—-C62, C157—C162) and was refined with occupancies 0.63/
0.37. The displacement parameters of the carbon atoms of both
components were constrained to be equal within each group. The
aromatic ring C157—C162 was geometrically idealized.
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In S, a disorder model involving the phenyl ring (C37—C42) and
crystallization molecules of dichloromethane (CI3, Cl4, C83),
acetonitrile (NS, C89, C90), and diethyl ether (C94—C97, O1) was
built, and the components were refined with occupancies 0.58/0.42.
The aromatic ring was geometrically idealized. A series of geometrical
and displacement restraints and constraints were applied to the solvent
molecules.

Some of the solvent molecules in the unit cells of 6 were omitted as
they could not been resolved unambiguously. The missing solvent was
taken into account by using a SQUEEZE routine of PLATON*® and
was not included into the cell content.

One PFg~ counterion in 1 was disordered over two equivalent
positions (P7, F7—F12). A series of geometric and displacement
constraints and restraints were applied to both components. The
displacement parameters of the fluorine atoms were constrained to be
equal.

The silver atoms (Agl in 3a; Agl and Ag2 in 3b) were found in two
sites and were refined with occupancies 0.80/0.20 (3a) and 0.62/0.38
and 0.94/0.06 (3b). The displacement parameters within each
disordered moiety were constrained to be equal.

The idealized positions of the hydrogen atoms of the water
molecule in 2 and 3a were estimated with the HYDROGEN>' program
and constrained to ride on their parent atom with Uy, = 1.5 U,
(parent atom). The methanol OH hydrogen atom in 3b was
positioned manually and was constrained to ride on its parent atom
with Uy, = 1.5 Uy (parent atom). All hydrogen atoms in 1—7 were
positioned geometrically and constrained to ride on their parent atoms
with C—H = 0.95-0.99 A and U,,, = 1.2—-1.5 U (parent atom). The
crystallographic details are summarized in Table S1.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Trinuclear
Complexes. Formation of the trimetallic compounds
[M;(PPP),]*" (M = Ag, Au) can be easily achieved by reacting
the corresponding metal salts with a stoichiometric amount of
the triphosphine ligand followed by the subsequent exchange of
counterions in the case of Au” Synthesis of [Aus(PPP),](PFq),
(1) herein was carried out using a slightly modified procedure
(Scheme 1).7°

The preparation of the heterometallic compounds followed
the same general strategy and involved reaction of the
AuCl(tht) (tht tetrahydrothiophene) precursor with 2
equiv of the triphosphine, removal of the chlorides with Ag",
and addition of the needful amount of M* jons to give the
[M,Au(PPP),]** clusters, M = Cu (2), Ag (3), as air and
moisture stable solids after the recrystallization.

The structures of 1—3 were estimated by X-ray crystallo-
graphic study. The trinuclear complex 1 has a linear
arrangement of metal centers (Au(1)—Au(2)—Au(1l’) angle is
180°), which are held together by two bridging triphosphines. 1
is isostructural to its close congener bearing P ligands with
cyclohexyl substituents (Figure S1, Supporting Information).”®
The analogue of 1 with SCN™ counterions® has a more bent
geometry with a Au—Au—Au angle of 167.2°. The complexes 2
and 3a, which were isolated as PF4~ salts, were found to be
isomorphic as they crystallize in the same type of a spacegroup
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2

3a

Figure 2. Molecular views of the trications 2 and 3a. Symmetry transformations used to generate equivalent atoms (') in2: 2 — x, 1 — y, —z; in 3a: 1

-x%1—-y1-z

Table 1. Selected Bond Lengths and Angles for Complexes 1, 2, and 3a

1 (M = Au) 2 (M = Cu) 3a (M = Ag)*
bond lengths, A
Au(1)-M(1) 2.92431(15)° 2.9042(3) 3.0138(4)
P(1)—M(1) 2.3142(10) 2.2615(7) 2.4187(8)
P(2)—Au(1) 2.3180(9)° 2.3041(6) 2.3234(7)
P(3)—M(1) 2.3178(10) 2.2723(7) 2.4463(9)
0o(1)-M(1) 2.136(2) 2.403(3)
bond angles, deg.
P(2)—Au(1)-P(2") 180.00(5)" 180 180
P(1)-M(1)-P(3) 175.26(3)° 144.92(3) 143.14(5)
M(1)—Au(1)-M(1") 180° 180 180

“The structural parameters are given for the major component of the disordered molecule. bM(1) = Au(1), Au(1) = Au(2).

Scheme 2. Synthesis of the clusters 4—7
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(PT) and have very close parameters of the unit cells (Table
S1). Similarly to 1, the bimetallic compounds as well possess
linear metal-triphosphine frameworks (Figure 2, an ORTEP
view is shown in Figure S1, selected structural parameters are
listed in Table 1). The M—Au—M chains are supported by the
PPP ligands with gold atoms occupying the central position in
both clusters. In both trications 2 and 3a, the angle M—Au—M
is 180°. The metal—metal distances in 2 (2.9042 A) and in 3
(2.998 and 3.0138 A) are considerably shorter than the sum of
the corresponding van der Waals radii (3.06 A for Cu—Au and
3.38 A for Ag—Au) that points to the presence of appreciable
metallophilic interactions. Both 2 and 3a were found as
solvates, having water molecules attached to each of the
terminal Cu or Ag atoms. The O—Ag distance (2.403 A) is
significantly smaller than the O—Cu contact (2.136 A). The
silver atoms in 3a are disordered and the minor component;
the O---Ag(11) separation of 2.831 A indicates a much weaker
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metal—ligand bonding interaction. The presence of coordinated
water molecules probably determines the distortions of
coordination geometry of copper and silver ions from the
linear one (the angles P—M—P are 144.9° in 2 and 143.1° in
3a).

The nature of crystallization solvent/counterions thus could
lead to the distortions of the metal core in this type of
compounds. Indeed, crystallization of the Au—Ag cluster as
ClO, salt in the presence of acetonitrile gave the modification
3b (Figure S1). As in 3a, the Ag ions are disordered and occupy
two positions each. The major component of the disordered
molecule has two acetonitrile ligands coordinated to both silver
centers. Additionally, in 3b the metal core is bent with the Ag—
Au—Ag angle being 163.14° (cf. 180° in 3a), while the metal—
metal contacts (3.033 and 3.037 A) and the P—Ag—P angles
(139.0 and 146.8°) are close to the corresponding values found
in 3a. The close congener of 3b, the trisilver cluster

dx.doi.org/10.1021/ic500402m | Inorg. Chem. 2014, 53, 4705—4715
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4 5 6
PP(1)
Ag(h)
. Ag) e
N/‘}’, SN PO dcim
\/ a2
P(7)® }MS)
Figure 3. Molecular views of the tetracations 4—6. Only the counterions and solvent molecules interacting with metal ions are shown.
Table 2. Selected Bond Lengths and Angles for Complexes 4—6
4 (M = Ag) 5 (M = Au) 6
bond lengths, A
M(1)-M(4) 3.1303(6) 3.0071(3) Ag(1)—Au(1) 3.1475(6)
M(2)-M(4) 3.1568(6) 3.0297(3) Ag(2)—Au(1) 3.1058(7)
M(3)—M(4) 3.1540(6) 3.0146(3) Ag(3)—Au(1) 3.1136(8)
P(1)-M(1) 2.4603(16) 2.3135(13) P(1)—Ag(1) 2.398(2)
P(2)-M(2) 2.4327(15) 2.3141(13) P(2)-Ag(2) 2416(2)
P(3)-M(3) 2.4409(15) 2.3099(14) P(3)-Ag(3) 2.446(2)
P(4)—M(4) 2.3599(14) 2.2850(13) P(4)—Au(1) 2.3152(18)
P(5)-M(1) 2.4528(16) 2.3124(13) P(5)—Ag(1) 2.400(2)
P(6)-M(2) 2.4255(15) 2.3141(14) P(6)—-Ag(2) 2424(2)
P(7)—-M(3) 2.4340(15) 2.3118(14) P(7)-Ag(3) 2.447(2)
P(8)—M(4) 2.3570(14) 2.2833(13) P(8)—Au(1) 2.3151(18)
bond angles, deg.
P(1)-M(1)-P(5) 174.33(6) 174.57(5) P(1)—Ag(1)-P(5) 172.78(8)
P(2)—-M(2)—P(6) 169.71(5) 175.27(5) P(2)—Ag(2)—-P(6) 153.17(8)
P(3)-M(3)-P(7) 152.51(5) 172.09(5) P(3)-Ag(3)-P(7) 174.59(8)
P(4)-M(4)—P(8) 175.23(5) 179.25(5) P(4)—Au(1)—P(8) 176.87(8)

[Ag;(PPP),](ClO,); shows very similar deviations from the
linearity of the side Ag atoms (the values of P—Ag—P angles are
161.2° and 137.9°), that can be also attributed to the presence
of coordinated acetonitrile molecules.”* Additionally, the
Ag(2)—O(1) separation of 2.871A indicates weak cation-
anion bonding between the ClO, anion and the lateral Ag
center.

It should be noted that the solvent molecules in 2 and 3 are
weakly coordinated and can be effectively removed from the
crystalline samples under a vacuum as indicated by the results
of elemental analyses (see Experimental Section).

It is worth mentioning that we attempted to synthesize the
dinuclear Au—Cu and Au—Ag heterometallic complexes using
the bridging diphosphine ligand, bis(diphenylphosphino)-
methane (dppm). However, only the mixtures containing
[Au,(dppm),]** and the related copper or silver compounds
were obtained.

Tetranuclear Complexes. The preparation of the tetranu-
clear clusters was carried out according to the approach
described for complexes 1-3, using the branched C; sym-
metrical tetraphosphine ligand (Scheme 2). Thus, treatment of
AgClO, or AuCl(tht) (in the presence of Ag") with 0.5 equiv of
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PPPP expectedly gave the homometallic species
[M,(PPPP),]*, M = Ag (4), Au (5) in good yields.

Sequential addition of Au® ions (generated in situ reacting
the mixture {Au(tht)Cl + tht} with Ag") and Ag' to the
tetraphosphine allowed for the isolation of a heterometallic
complex [AuAg,(PPPP),]*" (6) that is isostructural to 4 and 5.
However, following this methodology the reaction involving
Cu" instead of Ag” resulted in formation of a tetranuclear Au—
Cu cluster [Au,Cu,(PPPP),(NCMe),]** (7) of a different
structural type (Scheme 2), which was obtained in a good yield
after optimizing the reaction stoichiometry. The Au—Ag
analogue of 7 was not isolated even when a suitable ratio of
the starting reagents was used.

The structures of 4—7 have been determined by XRD
analysis. In congener complexes 4—6, all the metal atoms lie
approximately in one plane, three of which occupy the corners
of an equilateral triangle, and the fourth one is located in its
middle (Figures 3 and S2, selected structural parameters are
listed in Table 2). The arrangement of the d'° ions is
determined by the geometry of two PPPP ligands, which
support the cluster framework. The values of metal—metal
distances in 4—6 are typical for the corresponding Ag—Ag, Au—
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Au, and Au—Ag metallophilic interactions reported in the
literature.”*?

As in the case of 2 and 3a clusters, the ClO,~ salts of silver-
containing complexes 4 and 6 are isomorphic (both were found
in the spacegroup Pna2; and have nearly identical unit cell
dimensions, Table S1).

These tetranuclear compounds have virtually the same
arrangement of acetonitrile crystallization molecules weakly
bound to the Ag ions in a manner found in 3b and in
[Ag;(PPP),] (ClO,);.”* Similarly to 3b, the acetonitrile ligands
in 4 and 6 can easily dissociate giving solvent-free crystalline
materials upon vacuum drying. The weak interactions of the
ClO,~ counterions with silver ions in 4 and 6 as well are very
much alike and resemble the analogous contacts found in 3b
(Figure 3). Despite these very small crystallographic differences
found in the solid samples of clusters 4 and 6, the clear
distinction of their photophysical behavior (see below)
undoubtedly proves different compositions of the metal cores
in these complexes.

The cluster 7 has the same nuclearity as the complexes 4—6
but adopts another structural motif (Figures 4 and S2). It

Figure 4. Molecular view of the tetracation 7. One of the independent
molecules found in the unit cell is shown. Selected interatomic
distances (A) are Au(1)—Au(1’) 3.1837(3), P(1)—Au(1) 2.3104(11),
P(2)—Au(1) 2.3207(11), P(3)—Cu(1) 2.2410(13), P(4)—Cu(1)
2.2542(13), Cu(1)—N(1) 2.008(4), Cu(1)—N(2) 2.007(5). Symme-
try transformations used to generate equivalent atoms (') in 7: 1 — x, 1
-y»2-z

contains a digold unit bridged by two arms of the PPPP
phosphines and reminds one of a Au' dimer supported by the
dppm ligand, [Au(dppm),]**** The remaining P donors of
each tetraphosphine chelate two Cu' ions. Coordination of two
acetonitrile ligands to each of the copper centers completes the
tetrahedral geometry around these metals. The long separations
between gold and copper atoms exceeding 4.7 A indicate an
absence of any Au—Cu interactions.

Solution Behavior. Trinuclear Complexes 1—3. The 3'P
and 'H NMR spectroscopic measurements in DMSO-d,
solution showed that complex 1 retains its structural motif
found in the solid state. However, the heterometallic
compounds 2 and 3 display metal jon migration between
different phosphorus atoms of the polydentate ligands, whereas
complex 3 also shows coordinated solvent dissociation to give
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presumably solvent-free and DMSO substituted forms, see
below.

The homometallic [Auy(PPP),]** complex (1) gives two
major signals (2:1 integral ratio) in the *'P NMR spectrum (see
Experimental Section and Figure S3), which can be considered
as a strongly coupled A,B, pattern that fits well the symmetry
of this molecule and coupling network between the phosphorus
nuclei. The appearance of a set of the minor resonances with
chemical shifts close to those of the major signals (Figure S3) is
tentatively assigned to the presence of an equilibrium involving
the solvated and nonsolvated forms of the Au; cluster.

As mentioned above, 2 displays dynamic equilibrium
between the species of different symmetry and different
composition of the metal core due to migratory Cu<>Au ion
exchange between central and lateral positions in the structure
shown in Figure 2. The 1D *P and *'P—*'P COSY NMR
spectra of this compound are given in Figures S and S4 and
allow for the complete assignment of the spectroscopic patterns
to the possible forms of 2 existing in solution.

A B
Pl/\,r/\IID }i/\,r/\T
Clu ------ Alu ------ C|u - Clu ------ A‘u ------ l|\u
P\/P\/P 1"\/P\/P

rppm (f1)
r-10
L C
r-8
-6
0 oo ‘O*g I
fonng e0o [-4
r29
T -
H 0 . F31
i ol
ﬁ il o¢ F35
,
"3 33 31 20 5 7 -9 ppm®)

Figure 5. Scheme of the metal ion migration in 2 (top) and *'P—*'P
COSY NMR spectrum of 2, DMSO-d,, 298 K (bottom).

The major symmetrical [AuCu,(PPP),]*" complex gives two
resonances (34.0 ppm and —8.7 ppm, 1:2 intensity ratio),
which can be easily simulated using the A,X, coupling network
as depicted in Figure S4, whereas the minor group of three
multiplets (34.8 ppm, 30.3 ppm and —4.2 ppm, 1:1:1 intensity
ratio) clearly correlated in the COSY spectrum may be ascribed
to the asymmetric species of the [Au,Cu(PPP),]*" type shown
in Figure S (top). The possible formation of the species of
general composition [Cuy(PPP),]*" (necessary to keep the
overall stoichiometry confirmed by elemental analysis) might
not be detected due to a considerable fluxionality of the copper
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compounds and their relatively low concentration. Moreover,
the complex [Cuy(PPP),]*" is not reported in the literature,
and our attempts to prepare it were not successful giving few
broad unresolved resonances of low intensity that probably
indicates the formation of few stereochemically nonrigid
species.

The crystalline sample of 3 in DMSO-dg gives the
spectroscopic pattern, which consists of three groups of signals
correlated in the *'P—*'P COSY NMR spectrum, see Figure 6.

B
T ppm (f1)
"’;'I;":l l”| 'w
‘ s ‘ 5
oy A -
r10
30
ﬁ zﬁ ol
Tl W " F35
. o
L T T
I T T S ST TR Nt
38 35 32 8 6 4 ppm (f2)

Figure 6. Scheme of the solvate forms equilibrium in 3 (top) and
31p_3p COSY NMR spectrum of 3, DMSO-dg, 298 K (bottom).

Two of these groups presumably correspond to the
symmetrical nonsolvated (A) and DMSO solvated (B)
[AuAg,(dppm),]** ions; simulations of the spectra (A,X,Q,
systems) together with the corresponding coupling constants
are given in Figure SS. The '7”/'%Ag to 3'P coupling constants
were determined using the JRES NMR experiment (Figure S6).
The third group of resonances of a lower intensity is generated
by the asymmetric [Au,Ag(dppm),]*" (C) species where two
low field resonances (34.4 and 32.7 ppm) correspond to the
gold-bound phosphorus atoms, whereas the third one (6.4
ppm) displays a typical '%/1®Ag to 3'P coupling pattern and
should be assigned to the silver coordinated phosphorus
(Figure 6). The difference in the metal core composition of the
latter species compared to the stoichiometry of the major forms
might be compensated by a probable formation of the complex
[Ag;(PPP),]*" and its solvated congeners. A relatively low
concentration of these molecules and the number of dynamic
processes they are involved in could be the reasons why the
corresponding resonances are not detected in the *'P—3'P
NMR spectrum. It is additionally supported by the report of
Che et al, where the trisilver cluster [Ag;(PPP),](ClO,),
shows broad unresolved signals in *'P NMR spectrum.”

4711

Tetranuclear Complexes 4—7. The homonuclear gold
complex 5 in DMSO-dg solution displays the *'P NMR
spectrum (Figure S3), which consists of two resonances (3:1
intensity ratio) at 32.4 and 31.5 ppm with the multiplet
structure typical for the strongly correlated A,Bg spin system
with an extended network of AA, BB, and AB couplings. This is
indicative of the presence of only one form of $ in solution,
which retains the motif found in the solid state (Figure 3).
Structurally identical homonuclear silver complex 4 displays the
A, XPQ; pattern in its *'P NMR spectrum (Figure S3),
featuring additional '"”/1®Ag to 3'P couplings for both
resonances of central and lateral phosphorus atoms (Figure
S7) that is completely compatible with the solid state structure
given in Figure 3.

The structure of the heterometallic complex 7 also remains
unchanged in solution, which is evidenced by a well resolved
spectroscopic pattern, Figure 7, which can be easily simulated
using the coupling network shown in Figure S8.

1, F-25
sPP/*P/\P i .
Cu | |
Au------- Au
| | P\“/.Cu = -20
: H 4 ¥ PN
X A Q &I
j 2 g L X §
L 20
k25
L 30
oo
. LX) -
ppm (f1)
ppm (f2) 30 25 20 15 -25

Figure 7. *'P—*'P COSY NMR spectrum of 7, DMSO-d, 298 K.

Complex 6 is the only tetranuclear complex showing
exchange dynamics in DMSO solution, which can be described
in terms of metal ion redistribution between two species
(Figure 8, top). One of the products of the starting complex
conversion is the homonuclear silver complex 4 (indicated as
form B), which can be easily identified by comparison with the
spectrum of individual compound 4, see Figures 8 and S3 (note
that the low-field signal of this compound at 14.9 ppm shown
in Figure S3 is omitted for clarity in Figure 8). Another
tetranuclear cation formed through the intermolecular metal
exchange reaction is the asymmetric [Au,Ag,(PPPP),]*
molecule (C). This species displays two signals of phosphorus
atoms bound to gold (34.9 and 31.1 ppm) and a typical
107/109Ag splitted multiplet at 0.4 ppm.

These two molecular entities are the minor forms that
present in solution; the starting {AuAg;} cation (A) dominates
in the system to give the strongest signals at 38.2 ppm and —0.5
ppm with a characteristic structure of the A,X,Qj spin system.
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Figure 8. Scheme of the metal ions migration in 6 (top) and *'P—*'P
COSY spectrum of 6, DMSO-d,, 298 K (bottom).

Simulation is given in Figure S9; the JRES NMR spectrum is
shown in Figure S10.

The proton NMR spectra of 4, S, and 7, which exist in
solution as their unique forms according to the data of *'P
NMR spectroscopy, are also compatible with the structural
patterns suggested for these polynuclear species, see Exper-
imental and Figures S11, S12.

Solid State Photophysical Properties. The photo-
physical properties of the complexes under study were
investigated in the solid state only due to their complicated
solution behavior and are summarized in Table 3. The
trinuclear complexes show strong absorption in the near UV
region, the position of which depends strongly on the

Table 3. Photophysical Properties of 1—3, 5—7 in Solid
State, 298 K“

Aaby NI Aey Aoy NI Toby HS , %
1 313sh,  330sh, 365, 460 24 + 0.1 64
392 400sh
2 38§ 340sh, 380 515 193 + 02 30
3a 333 315sh, 380 450 2.0 + 02 (0.72), 20
0.6 = 0.1(1.0)
3b 325 310sh, 370 4SS 22 + 02 (0.94), 24
48 + 0.1(1.0)
s 351 330sh 390, 460, 64 + 02 (0.62), 30
ss0sh 3.0 + 0.1 (1.0)
6 332 340sh, 365 450 1.8 + 02 (0.46), 16
0.6 = 0.1(1.0)
7 328 335, 365 563 0.7 + 0.1(0.75), 6
04 = 0.1 (1.0)

“Relative contribution of each exponent into double exponential
decays are given in parentheses.

composition of cluster core and ligand sphere (Figure S13).
According to the previous studies of the homonuclear
[M;(PPP),L,]™ complexes (M = Au, Ag; PPP = dpmp,
dcmp),7b’22’25 their lowest excited state can be assigned to d«
— P, transitions, d+ being a combination of 5d,2 orbitals of the
trinuclear core, and p, consists of 6p_ orbitals of the gold atoms
with some admixture of phosphine orbitals of the same
symmetry. Not surprisingly, absorption maxima of these
compounds substantially depend on the nature of metal
coordinated ligands L varying in solution from 326 nm (L, =
(NCMe),)** to 345 nm for CI2® and 356 nm for (Cl),>~** In
solid the state, the spectroscopic characteristics span an even
wider range to show a very strong effect of the counterion,
particularly for potentially coordinating anions. For example,
the emission maxima of the [Au;(dcpm),]X; complexes vary
from 572 nm (X = SCN) and 558 nm (X = Cl) to 443 nm (X =
OTf) and 442 nm (X = PF¢) and also demonstrate
considerably different excited state lifetimes: 5.1, 6.4, 2.9, and
2.8 s, respectively.”

The low energy absorbance maximum of the here studied
[Auy(PPP),]** (1) solid state sample (Table 3) appears at 392
nm. For a couple of heterometallic {AuCu,} (2) and {AuAg,}
(3a) clusters, solid state samples display shorter wavelength
absorption bands at 355 and 333 nm, respectively. The red shift
of absorbance of 2 compared to 3a can be partly assigned to the
higher ground state energy of the d,« molecular orbitals
composed of gold and copper vs gold and silver orbitals. This
observation is completely in line with the assignment of these
bands given above and the results of the computational studies,
vide infra.

In the solid state, the trinuclear complexes are relatively
strong emitters (@, ranges from 24 to 64%) with the excited
state lifetime in the microsecond domain (from 2.2 to 19.3 us),
which points to triplet character of the observed luminescence.
The emission spectra of 1—3 and 5—7 are shown in Figure 9.
The gold—silver complex 3b displays double exponential decay
that can be explained by the disorder of the local metal core
environment either due to the presence of residual weakly
coordinated solvent in the crystalline sample (see for
example”) or because of variation in the disposition of the
counterions around the cationic coordination centers that may
result in the presence of two different deactivation pathways of
the triplet excited states. The gold—copper complex 2
expectedly shows the lowest energy emission maximum
because it has the highest ground state energy (see above)
compared to its relatives 1 and 3. However, the homonuclear
{Au;} and {AuAg,} congeners do not display a substantial
difference in emission energy very probably due to similar shifts
of both triplet excited and singlet ground states.

Structurally related tetrametallic clusters 4—6 display very
different photophysical behavior. The homonuclear silver
complex 4 is not emissive either in solution or in the solid
state. On the contrary, its gold relative (S) is a rather strong
luminophore (@, 30%) to give double exponential decay,
both exponents of which (6.4 and 3.0 us) fall into the
microsecond domain. A resembling behavior was also found for
the heteronuclear {AuAg;} analogue 6, showing visibly smaller
quantum yield (16%) and lower values of double exponential
lifetimes (1.8 and 0.6 ps). Taking into account “generally
similar” structural motifs of 1—3 and § and 6, with the extensive
network of metallophilic interactions inside the cluster core, it
seems reasonable to assign the phosphorescence of the latter
complexes to emission from the triplet excited state followed by
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Figure 9. Normalized emission spectra of 1—3 and 5—7 in the solid
state, 298 K.

the d,« — p, transition facilitated by a strong heavy atom effect
of the polynuclear cluster core.

The structure of 7 is essentially different from that of the 4—
6 family, first of all, due to lower nuclearity of the central {Au—
Au} core and the presence of lateral copper ions, which are not
directly bonded to the digold center. It is interesting that
experimental®**® and theoretical”® studies of the dinuclear
[Au,(dcpm),]** complexes showed that the solid state
photophysics of these lower nuclearity compounds is
determined by essentially similar electronic transitions and
characterized by substantially higher HOMO—-LUMO and
LSOMO-HSOMO gaps that result in a blue shift of both the
absorption and emission bands compared to the tri- and
tetranuclear congeners. In contrast to this observation, complex
7 displays a considerable red shift of emission maximum
compared to the 1—3 and § and 6 series that is a result of the
more complicated character of the orbitals taking part in
excitation and emission (see below). These molecular orbitals
contain the components of both gold and copper metal centers
together with an admixture of antibonding orbitals of the
phosphine ligands. The presence of double exponential decay
in the emission of solid state samples S—7 can be justified by
similar reasons to those in the case of complex 3b.

Computational Results. We carried out quantum chemical
calculations at the DFT-PBEO level of theory to elucidate the
photophysical properties of the clusters 1-7. We first
optimized the geometries of the studied complexes, after
which we carried out time-dependent DFT (TD-DFT)
calculations to characterize the lowest energy singlet and triplet
excited states (see Experimental Sections for full computational
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details). The optimized geometries are in line with the solid
state X-ray structures even though the optimizations were
carried in the gas phase (for all clusters, the essential M—M
distances differ less than 0.1 A in the experimental and
theoretical geometries). All optimized geometries in the S,
ground state are included as Supporting Information.

The wavelengths predicted for the S, — S, and T; — S,
transitions are listed in Table 4, and the corresponding excited

Table 4. Computational Photophysical Results for the
Clusters 1-7 (PBEO TD-DFT)

A So = Sy (nm) Aem Ty = Sp (nm)

theor.” expt. theor. expt.

328 (0.72) 392 458 460

2 360 (0.64) 355 481 515
3a 339 (0.60) 333 446 450
3b 349 (0.58) 325 457 455
S 355 (0.19) 351 441 460
6 365 (0.16) 332 446 450
7 392 (0.003) 328 578 563

“Wavelenghts in nm, oscillator strengths given in parentheses.

states are visualized in Figure 10 for complexes 1, S, and 7
(electron density difference plots for the other clusters and
additional molecular orbital plots are illustrated in the
Supporting Information, Figures S14, S15). The relative trend
of the T| — S, emission wavelengths is reproduced very well by
the TD-DFT calculations, clusters 2 and 7 showing the longest
emission wavelengths. During the structural optimization of the
T, states, the M—M distances decrease clearly, indicating the
metal-centered nature of the transition. For example, in the case
of complex 1, the Au—Au distances decrease from 3.00 to 2.76
A. For the trinuclear complexes 1—3 and tetranuclear
complexes § and 6, the T, — S, transition is very clearly
metal-centered with minor contributions from the phosphine
ligands. For cluster 7, the T} — S transition is different from
the other clusters, being rather delocalized over the whole
molecule.

B CONCLUSION

Herein, we reported on the synthesis of the tri- and tetranuclear
homo- and heterometallic coinage metal complexes supported
by the polydentate phosphine ligands. Using the triphosphine
bis(diphenylphosphinomethyl)phenylphosphine, PPP, the iso-
structural linear trimetallic clusters of general formula
[AuM,(PPP),]* (M = Au (1), Cu (2), Ag (3)) were isolated.
The tetraphosphine tris(diphenylphosphinomethyl)phosphine,
PPPP, allowed for the preparation of the star-shaped
homometallic compounds [M,(PPPP),]* (M = Ag (4), Au
(5)) and their mixed-metal congener [AuAg;(PPPP),]*" (6).
The combination of gold and copper ions in this system,
however, resulted in formation of the structurally different
complex [Au,Cu,(PPPP),(NCMe),]* (7). The detailed NMR
spectroscopic investigation showed that the heterometallic
clusters 2, 3, and 6 display complicated exchange dynamics in
DMSO solution, which can be described in terms of reversible
metal ion redistribution between few species and their
solvation—desolvation.

The clusters under study except the tetrasilver complex 4
exhibit moderate to strong photoluminescence at room
temperature in the solid state with quantum yields from 6%
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Figure 10. Electron density difference plots for the lowest energy
singlet excitation (S; — S;) and the lowest energy triplet emission (T,
— S,) of the clusters 1, S, and 7 (isovalue 0.002 au). During the
electronic transition, the electron density increases in the blue areas
and decreases in the red areas. Hydrogen atoms omitted for clarity.

(7) to 64% (1) and a range of emission energies from 450 (3a)
to 563 (7) nm. Increase of the gold content within the cluster
core gradually improves the quantum efficiency of these
luminophores in the solid state. The luminescence observed
has a triplet origin as the excited state lifetimes were found in
the microsecond domain (2.2—19.3 us).

On the basis of analysis of the absorption, excitation, and
emission characteristics for the clusters 1—3 and 5—7 together
with quantum chemical calculations and literature data on the
related compounds, the phosphorescence of these complexes
can be assigned to the emission from the triplet excited states,
determined by the metal cluster-centered d — p,, transitions.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data in CIF for 1-7, additional NMR
spectroscopic data, optimized Cartesian coordinates of the
studied systems. This material is available free of charge via the
Internet at http://pubs.acs.org.
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