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ABSTRACT: We report the synthesis and full characterization of
dinuclear complexes with the bridging ligand phenanthroline-5,6-
dithiolate (phendt’”) featuring the [Ru(bpy),]** or Ir(ppy),]* fragment
at the diimine donor center and the [Ni(dppe)]** or [Pt(phen)]**
complex moiety at the dithiolate group. The molecular structures of
the mononuclear complexes [(CiHs),Ti(S,S’-phendt)] and [(ppy),Ir-
{N,N’-phendt-(C,H,CN),}](PFs) as well as the dinuclear complex
[(C4Hs)(PPhy)Ru(phendt)Ni(dppe)] (PF4) determined by X-ray diffrac-
tion (XRD) studies are compared. Photophysical studies with
mononuclear [(bpy),Ru{phendt-(C,H,CN),}]** and [(ppy),Ir{phendt-
(C,H,CN),}]* as well as dinuclear [(bpy),Ru(phendt)Ni(dppe)]** and
[(ppy),Ir(phendt)Ni(dppe)]* uncovered an effective luminescence
quenching in the dinuclear complexes. Lifetime measurements at room
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temperature, steady-state measurements at low temperature, electrochemical investigations, and DFT calculations provide
evidence for a very efficient energy transfer from the Ru/Ir to the Ni complex moiety with a rate constant k > S X 10° s7". In
comparison, the [Ru]phendt[Ni] complex displays a higher quenching efficiency with reduced excited state lifetime, whereas the
[Ir]phendt[Ni] complex is characterized by an unaltered lifetime of the thermally equilibrated excited state.

B INTRODUCTION

Sun-powered photocatalytic processes can contribute in the
future to an environmentally friendly supply of fuel or valuable
substances. Charge and energy transfer are the key elements in
photocatalysis, and their understanding and optimization are of
crucial importance. In nature, light-driven charge separation is
based on a firm spatial alignment of redox centers on the
electron path. Biomimetic artificial systems typically rely on
straightforwardly constructed unsaturated ligand systems
bearing alkyne, phenylene, or vinylene building blocks. On
this basis, a variety of polynuclear complexes with Ru(1l) or
Ir(IlI) chromophores utilizing specifically designed poly-
(pyridine) ligands have shown remarkable potential for charge
separation or energy transfer.”” Potential applications in
electroluminescence,” photocatalysis,”® dye-sensitized solar
cells,”” luminescent biosensors,® and triplet—triplet annihilation
upconversion” have caused a tremendous research activity in
the field. Phenanthrolines (phen) with donor substituents in
the 5,6-position are particularly rigid, complying a beneficial
condition for very fast electron transfer processes between
metals linked by those ligands. Accordingly, extended
phenanthroline type ligands like tetrapyridophenazines or
pyridinoxazol phenanthrolines connecting a Ru"(diimine),
photosensitizer with catalytic Pd, Rh, or cobaloxime centers
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have shown remarkable photocatalytic dihydrogen produc-
tion.>"*

Bridging two metal centers by phenanthroline-S5,6-diolate has
been thoroughly investigated by Pierpont and Eisenberg
proving the strong intermetallic electronic cooperativity in
those systems.'"'> With respect to light-driven charge
separation, such ligands with different coordination sites are
particularly interesting, because they are directional. The sulfur
congener phenanthroline-5,6-dithiolate, phendt®”, 1*7, is
intriguing because of its potential use in biomimetic hydro-
genase models and nonlinear optical materials. Phenanthroline
derivatives with sulfur substitution in the S5,6-position and
respective monomolecular complexes with Ru(Il) have been
reported by Almeida,"”> Hudhomme,'* and Shatruk,15’16 but
these studies were focused on the electronic fine-tuning and the
donor ability of the ligand, whereas the option for 1,2-dithiolate
coordination was not utilized. Due to the relative separation of
the C=C double bond in the 5,6-position from the aromatic
pyridine systems in phenanthrolines, the corresponding 5,6-
dithiolate should rather behave like a classical dithiolene donor.
Generally, dithiolene complexes show strong absorptions in the
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visible range'” and redox variability at moderate potentials;'®
hence, linking them covalently to photosensitizers is an
attractive goal. Accordingly, polynuclear complexes with the
bridging ligand 1>~ have been suggested by Eisenberg'® as
desirable building blocks for light energy conversion materials,
but characterized examples are not published until now. In this
contribution, we present such dinuclear complexes with 1*7,
and we discuss our investigations on their electrochemical and
photophysical behavior focusing on the function of the novel
bridging ligand.

B EXPERIMENTAL SECTION

Characterization of Compounds. One- and two-dimen-
sional NMR spectra were recorded at 300 K with a
BrukerAvance 250, 300, or 500 MHz spectrometer, respec-
tively. In 'H and "*C NMR, the chemical shifts were internally
referenced to the solvent residual peak ("H NMR: 7.26 ppm in
CDCly and 1.94 ppm in CD,CN; *C NMR: 77.2 ppm in
CDCl, and 118.3 ppm in CD;CN), and in *'P NMR, H,PO,
was used as external standard. IR spectroscopy was conducted
on a Nicolet 380 FT-IR with a Smart Orbit ATR module.
Elemental analyses were performed with a Thermo Finnigan
Flash EA 1112 Series, determination of sulfur being excluded
for compounds with fluorine content. Mass spectrometry by
Electrospray Ionization (ESI) was obtained with an Agilent
6210 Time-of-Flight LC/MS or with a Thermo Electron
Finnigan MAT 95-XP spectrometer. Cyclic voltammetry was
performed using a Princeton Applied Research VersaSTAT 3. A
three electrode arrangement with a glassy carbon working
electrode, a platinum wire counter electrode and a Ag/AgCl in
CH;CN reference electrode and 0.15 M #n-Bu,NPF; as
supporting electrolyte was employed. The ferrocene/ferroce-
nium (Fc/Fc") redox couple was used as internal standard.

X-ray Crystallography. Single crystals suitable for X-ray
diffraction analysis were selected in Fomblin YR-1800
perfluoropolyether oil (Alfa Aesar) at ambient temperature
and mounted on a glass fiber. During the measurement, the
samples were cooled to 173(2) K. Diffraction data were
collected on a Bruker-Nonius Apex X8 and a Bruker Kappa
Apex II diffractometer using graphite monochromated Mo Ka
radiation. Structure solutions were found by direct methods
(SHELXS-97) and were refined by full-matrix least-squares
procedures on F* (SHELXL-97). All non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were included at
calculated positions with fixed thermal parameters.

Absorption and Luminescence Measurements. Steady-
state UV—vis absorption spectra were recorded with a
PerkinElmer Lambda 19 or an Analytik Jena Specord 50
spectrophotometer and steady-state emission spectra with a
Fluoromax-4 spectrofluorometer (Horiba Scientific). The
solvents CH;CN, CH,Cl,, and CHCI; were of Uvasol-quality
(Merck). The samples were placed in a 1 cm path fused silica
cuvette, and dissolved oxygen was removed by bubbling with
argon for about 5 min. Corrected emission spectra were
obtained via a calibration curve supplied with the instrument.
Photoluminescence quantum yields (¢p ) were extracted from
corrected spectra on a wavelength scale (nm). A solution of
[Ru(bpy);]Cl, (Tris(2,2’-bipyridine)dichlororuthenium (II)-
hexahydrate, Aldrich) in air-equilibrated water (spectrophoto-
metric grade, Alfa Aesar) was applied as standard (@p = 0.028).
' The different refractive indices for luminescence standard
and sample solvent were corrected for.”° Sample and
luminescence standard were excited at 388 nm with an
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absorbance of about 0.1 at the excitation wavelength for both
sample and standard. Photoluminescence lifetimes (zp) were
determined with a Hamamatsu Photonics Streak-camera system
operating in a single photon counting mode and providing a
time-resolution of about 200 ps. The samples were optically
excited at A, = 388 nm by a fraction of the output of a 1 kHz
regenerative Ti:sapphire amplifier system (CPA 2001; Clark
MXR), which was frequency-doubled. The excitation intensity
was ranging from 1 X 10'! to 3 X 10'> photons cm™ per pulse.
Analysis of the photoluminescence decay curves versus time
was performed with the Analysis Software (TAFit32; version
1.12) provided by Hamamatsu Photonics. The quality of the fit
was assessed by the y* value. Cryogenic steady-state emission
spectra were recorded with an Agilent Cary Eclipse
spectrometer and with the help of a Variable Temperature
Cell Holder (Specac). The solvent C;H,CN was purchased
from Alfa Aesar and dissolved oxygen was removed by bubbling
with argon for about 2 h. Liquid nitrogen was used as
refrigerant.

DFT Calculations. The calculations were performed with
the Gaussian 09 program package. The electronic structure was
further analyzed using the AOMix program.”’ The computa-
tions were carried out as closed shell calculations for the
complex cations [(ppy),Ir(phendtH,)]* $a>* and [(ppy),Ir-
(phendtH,)]*, 6a* (modeling complexes 5> and 6*), as well as
for 8** and 10*. The hybrid functionals used were varied from
b3lyp>* to CAM-b3lyp>® and lc-blyp.** Ir(Ru) was described by
pseudorelativistic effective core potentials (ECP) of the
Stuttgart/Cologne group for 60(28) core electrons and
(8s7p6d2fig)/[6s5p3d2flg] basis sets.”> A 6-311G(d,p) basis
set was used for the remaining elements C, H, N, Nij, P, and S.
Molecular geometries were optimized for imposed C,
symmetry in the gas phase as well as using a polarizable
solvent continuum model (PCM). TD-DFT calculations were
conducted for 20 singlet singlet and 6 singlet triplet transitions.
Further details are given in the Supporting Information.

Materials and Synthesis. All operations were carried out
in an atmosphere of dry argon using Schlenk and glovebox
techniques. Solvents were dried and saturated with argon by
standard methods and freshly distilled }frior to use. Dry DMF
was obtained by Sigma-Aldrich. Bn,-1,"> 3-mercaptopropioni-
trile, > 5,6—dibromo—1,10—phenanthroline,15 [(CsH;)(PPh;)Ru-
(NCMe),]PF,,”” [ (bipy),RuCL]-2H,0,** [ (ppy),IrCl],* [Ni-
(dppe)CL], [Ni(dppv)Cl,],*® and [Pt(phen)Cl,]*' were
prepared according to literature methods. All other chemicals
(at least of reaction grade quality) were obtained from
commercial sources and used as received. Analytical thin layer
chromatography was performed on silica gel (Silica 60 F254) or
on aluminum oxide (aluminum oxide 150 F254) coated
aluminum plates. Column chromatography was performed
using silica gel 60 (pore size 0.063—0.2 mm) or aluminum
oxide 90 (neutral, pore size 0.063—0.2 mm) purchased from
Merck as the column stationary phase.

Synthesis of [(C;H5),Ti(S,5-1)] (2). A suspension of Bn,-1
(401 mg, 0.94 mmol) and dry AICl; (1.01 g, 7.58 mmol) in
toluene (40 mL) was stirred at ambient temperature overnight.
The volume was reduced by the half in vacuo and decanted.
The slurry residue was hydrolyzed with degassed water (30
mL) at 0 °C followed by the addition of a degassed 2 M NaOH
solution (35 mL) and filtration. Careful neutralization with
diluted aqueous HCI to adjust pH 3—4 gave a brown
precipitate, which was isolated by filtration, washed with
water and diethyl ether, and dried in vacuo to afford crude H,-
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1. The crude H,-1 and [(CsH;),TiCl,] (210 mg, 0.84 mmol)
were suspended in THF (40 mL). After addition of NEt; (288
UL, 210 mg, 2.08 mmol), the mixture was stirred overnight at
ambient temperature. Subsequently, the solvent was removed
in vacuo. The residue was purified by column chromatography
on silica (CH,Cl,/MeOH/aqueous NH; 25%, 20:1:0.5) to
afford a dark green solid. Yield: 9% (25 mg, 0.08 mmol).
Alternatively, a mixture of 3 (700 mg, 2 mmol) and potassium-
tert-butanolate (tert-BuOK) (500 mg, 4.46 mmol) was
dissolved in DMF (15 mL), and the resulting dark red solution
was stirred for 2 h at ambient temperature. Subsequently, solid
[(CsHs),TiCL,] (450 mg, 1.81 mmol) was added, and the
reaction mixture was stirred for an additional hour. The solvent
and the byproducts tert-BuOH and acrylonitrile were removed
in vacuo. Finally, the residue was purified as described above.
Recrystallization from CH,Cl,/n-pentane gave pure 2. Yield:
56% (450 mg, 1.01 mmol). Single crystals of 2 suitable for XRD
analysis were obtained by vapor diffusion of n-pentane into a
solution of 2 in fluorobenzene. Anal. Caled for C,,H,(S,Ti: C,
62.86; H, 3.84; N, 6.66. Found: C, 62.67; H, 3.81; N, 6.75. 'H
NMR (CDCl;, 300 MHz), §/ppm: 9.18 (m, 2H, 2/9-phen-H),
8.08 (dd, J = 8.3 Hz, ] = 1.7 Hz, 2H, 4/7-phen-H), 7.63 (dd, ] =
8.3 Hz, ] = 1.7 Hz, 2H, 3/8-phen-H), 6.03 (br, 10H, C;H;). *C
NMR (CDCl,, 75.5 MHz), §/ppm: 153.1 (5/6-phen-C), 149.1
(2/9-phen-C), 145.2 (12/14-phen-C), 135.8 (4/7-phen-C),
129.5 (13/14-phen-C), 1232 (3/8-phen-C), 111.6 (C,Hj). ESI
+ (MeOH/0.1% HCOOH in H,0 90:10), m/z (M
[(CsHy),Ti(S,S-1)], relative intensity): 421 ([M + H'],
100). UV—vis (CH,CN), A/nm (¢/M~" cm™): 222 (41 200),
226 (41000), 236 (35300), 268 (33 600), 305 (12 600), 345
(6000), 456 (2000), 631 (1800).

Synthesis of (NC-C,H,),-1 (3). A solution containing 3-
mercaptopropionitrile (1.35 g, 15.5 mmol) in DMF (25 mL)
was added to solid NaOCHj (846 mg, 15.7 mmol) at 0 °C and
stirred for 15 min. The resulting solution was added to $,6-
dibromo-1,10-phenanthroline (2.5 g, 7.4 mmol) at 0 °C, and
the dark brown solution was stirred at ambient temperature
overnight. The solvent was removed in vacuo, and the residue
was extracted into CH,Cl, (250 mL). The suspension was
filtered and the solvent was removed in vacuo to give a brown
solid residue, which was purified by column chromatography on
silica (CH,Cl,/MeOH/aqueous NH; 25%, 20:1:0.5, R; = 0.87)
to afford a beige solid. Yield: 41% (1.06 g, 3.03 mmol). Anal.
Calcd for C;gH,N,S,: C, 61.69; H, 4.03; N, 15.99 ; S, 18.30.
Found: C, 62.08; H, 4.05; N, 15.93; S, 18.45. "H NMR (CDCL,,
250 MHz), 6/ppm: 9.20 (m, 4H, 2/9- and 4/7-phen-H), 7.88
(dd, J = 8.4 Hz, J = 4.3 Hz, 2H, 3/8-phen-H), 328 (t, ] = 6.9
Hz, 4H, SCH,), 2.58 (t, ] = 6.9 Hz, 4H, CH,CN). *C NMR
(CDCl,, 62.9 MHz), §/ppm: 150.9 (2/9-phen-C), 146.0 (5/6-
phen-C), 138.0 (12/14-phen-C), 135.5 (4/7-phen-C), 129.6
(11/13-phen-C), 123.5 (3/8-phen-C), 117.5 (CH,CN), 32.6
(SCH,), 18.0 (CH,CN). ESI+ (MeOH/0.1% HCOOH in H,0
90:10), m/z (M = (NC-C,H,),- 1, relative intensity): 373 ([M
+ Na'], 30), 351 ([M + H*], 100). IR (ATR), v/cm™": 2244
(C=N). UV/vis (CH,CN), A/nm (¢/M™" ecm™): 200 (21
300), 236 (36 100), 267 (17 000).

Synthesis of [(CsHs)Ru(PPh;)(N,N’-3)1(PFs) (4-PFy).
CH,Cl, (20 mL) was added to a mixture of 3 (135 mg, 0.39
mmol) and [C;H;)(PPh;)Ru(NCMe),]PF¢ (250 mg, 0.38
mmol). The color of the resulting solution turned red
immediately. After stirring for an hour at ambient temperature,
the solvent was removed in vacuo. The residue was dissolved in
CH,Cl,, filtered, and layered with a double amount of n-
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pentane to afford red, air-stable 4-PFy. Single crystals of 4-PFq
suitable for XRD analysis were obtained by vapor diffusion of n-
pentane into a solution of 4-PF in CHCl,.

Yield: 87% (301 mg, 0.33 mmol). Anal. Calcd for
C, Hy,FgN,P,RuS,-CHCl;: C, 50.68; H, 3.54; N, 5.70.
Found: C, 50.73; H, 3.52; N, 5.63. 'H NMR (CDsCN, 250
MHz), §/ppm: 9.61 (d, ] = 5.4 Hz, 2H, 2/9-phen-H), 8.95 (d, J
= 8.5 Hz, 2H, 4/7-phen-H), 7.68 (dd, ] = 8.5 Hz, ] = 5.4 Hz,
2H, 3/8-phen-H), 7.25 (dd, J = 7.3 Hz, ] = 1.6 Hz, 3H, p-Ph-
H), 7.14 (m, 6H, 0-Ph-H), 6.91 (m, 6H, m-Ph-H), 4.84 (5, SH,
CH;), 3.23 (td, ] = 6.7 Hz, ] = 3.1 Hz, 4H, SCH,), 2.67 (t, ] =
7.5 Hz, 4H, CH,CN). *C NMR (CD,CN, 62.9 MHz), §/ppm:
158.1 (2/9-phen-C), 148.7 (12/14-phen-C), 141.0 (5/6-phen-
C), 136.1 (4/7-phen-C), 133.7 (m-Ph-C), 133.6 (m-Ph-C),
132.9 (i-Ph-C), 132.4 (11/13-phen-C), 131.7 (i-Ph-C), 131.1
(p-Ph-C), 131.0 (p-Ph-C), 129.3 (0-Ph-C), 129.2 (0-Ph-C),
1259 (3/8-phen-C), 119.7 (CH,CN), 79.3 (CHy), 34.2
(SCH,), 19.4 (CH,CN). *'P NMR (CD,CN, 101.3 MHz),
§/ppm: S1.1 (s, PPh). ESI+ (MeOH/0.1% HCOOH in H,0
90:10), m/z (M = [(CsHs)Ru(PPh;)(N,N'-3)]*, relative
intensity): 779 ([M*], 100). IR (ATR), v/cm™: 2250 (C=
N). UV/vis (CH,CN), A/nm (e/M™' ecm™): 206 (62 200), 226
(43900), 268 (22 100), 334 (6300), 421 (5100).

Synthesis of [(bpy),Ru(N,N’-3)]1(PF¢), (5-(PFg),). A
suspension of [(bipy),RuCl,]-2H,0 (1.3 g, 2.5 mmol) and 2
(900 mg, 2.6 mmol) in ethanol (160 mL) was refluxed for 4 h
accompanied by a color change to red. The mixture was filtered
followed by the addition of a saturated aqueous KPF4-solution.
The orange precipitate was isolated by filtration, washed with
ethanol and diethyl ether and dried in vacuo to afford an air-
and water-stable orange powder. Yield: 74% (1.95 g, 1.85
mmol). Anal. Calcd for C3sH30F;,NgP,RuS,: C, 43.31; H, 2.87;
N, 10.63. Found: C, 43.00; H, 2.89; N, 10.68. 'H NMR
(CD,CN, 300 MHz), §/ppm: 9.26 (dd, ] = 10.4 Hz, ] = 1.2 Hz,
2H, 4/7-phen-H), 8.53 (dd, ] = 11.4 Hz, ] = 8 Hz, 4H, Ar-H),
8.17 (td, ] = 5.1 Hz, ] = 1.1 Hz, 2H, 2/9-phen-H), 8.11 (m, 2H,
Ar-H), 8.02 (m, 2H, Ar-H), 7.84 (m, 4H, Ar-H), 7.46 (m, 4H,
Ar-H), 7.24 (m, 2H, Ar-H), 3.34 (t, ] = 6.7 Hz, 4H, SCH,),
2.66 (t, ] = 6.7 Hz, 4H, CH,CN). *C NMR (CD,CN, 75.5
MHz), §/ppm: 1582, 158.0, 154.3, 1532, 153.0, 149.5, 142.0,
139.0, 138.9, 137.8, 134.1, 128.7, 128.5, 127.7, 125.5, 125.3,
118.4 (CH,CN), 34.0 (SCH,), 19.5 (CH,CN). ESI+
(CH4CN), m/z (M = [(bpy),Ru(N,N’-3)]*, relative intensity):
909 ([M**+ PF ], 55), 382 ([M?*], 100). IR (ATR), v/cm™:
2251 (C=N). UV/vis(CH,CN), A/nm (¢/M™' ecm™): 235
(40500), 271 (55300), 286 (71500), 340 (9700), 419 (15 000),
450 (18 500).

Synthesis of [(ppy),Ir(N,N’-3)I(PFs) (6-PF¢). A yellow
suspension of 3 (599 mg, 1.71 mmol) and [(ppy),IrCl], (835
mg, 0.78 mmol) was stirred in a mixture of CH,Cl, (27 mL)
and ethanol (12 mL) at ambient temperature. After a few
minutes an orange solution arose and the solvents were
removed in vacuo. The residue was dissolved in ethanol and
filtered followed by the addition of a saturated aqueous KPF-
solution. The yellow precipitate was isolated by filtration,
washed with diethyl ether and dried in vacuo to afford an air-
and water-stable yellow powder. Yield: 85% (1.32 g, 1.33
mmol). Single crystals of 6-PFq suitable for XRD analysis were
obtained by vapor diftusion of diethyl ether into a solution of 6-
PF; in CH,Cl,. Anal. Calcd for C,0H; F4IrN¢PS,: C, 48.23; H,
3.04; N, 8.44. Found: C, 48.38; H, 3.03; N, 8.48. 'H NMR
(CD,CN, 500 MHz), 5/ppm: 9.35 (dd, J = 8.6 Hz, ] = 1.3 Hz,
2H, 4/7-phen-H), 8.36 (dd, ] = S Hz, ] = 1.3 Hz, 2H, 2/9-phen-
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Table 1. Crystallographic Details of Compounds 2, 6-PF,, and 7-PF

compound 2
empirical formula C,,HN,S,Ti
FW (g mol™) 420.39
cryst syst orthorhombic
space group Pna2,

a (A) 10.8381(5)
b (A) 16.1616(8)
c(A) 10.5484(5)
a (deg) 90.00

B (deg) 90.00

7 (deg) 90.00

vV (A%) 1847.67(15)
V/ 4

p (g em™) 1.511

u (mm™) 0.698
measured reflns 10421
indep reflns 3683
reflns with I > 26(I) 2645

Rin 0.0568

R1 (F[I > 26(I)]) 0.0470
wR2 (F*[all data]) 0.0958
GOF 0.970
params 242
CCDC no. 974770

6-PF4CH,CL, 7-PFs1.5 CHF

C41H;,CLFIrNGPS, C,oHs; sF, sN,NiP,RuS,
1080.92 1416.96
monoclinic triclinic
C2/c P-1
18.2827(12) 14.0988(4)
17.2083(11) 14.6087(4)
15.2584(10) 16.5442(5)
90.00 115.0290(10)
122.7530(10) 90.898(2)
90.00 99.323(2)
4037.3(5) 3033.21(15)
4 2

1.778 1.551

3.651 0.803
34484 96 341

7002 21423

5989 12 850
0.0353 0.0504
0.0385 0.0483
0.1064 0.1192
1.054 0.965

289 764

974771 974772

H), 8.06 (d, ] = 8.2 Hz, 2H, Ar-H), 7.90 (m, 2H, 3/8-phen-H),
7.81 (m, 4H, Ar-H), 7.40 (m, 2H, Ar-H), 7.07 (td, ] = 7.6 Hz, |
= 1.3 Hz, 2H, Ar-H), 691 (m, 4H, Ar-H), 6.38 (dd, ] = 7.6 Hz,
J =07 Hz, 2H, Ar-H), 3.32 (t, ] = 6.8 Hz, 4H, SCH,), 2.65 (t, ]
= 6.8 Hz, 4H, CH,CN). *C NMR (CD,CN, 62.9 MHz), &/
ppm: 168.4 (CIr), 153.0 (2/9-phen-C), 150.8, 150.6, 148.8
(12/14-phen-C), 145.3, 142.1 (5/6-phen-C), 139.6, 139.5 (4/7-
phen-C), 134.4 (11/13-phen-C), 132.7, 131.4, 128.5 (3/8-
phen-C), 126.0, 1244, 123.8, 1209, 119.7 (CH,CN), 34.0
(SCH,), 19.5 (CH,CN). ESI+ (CH;CN), m/z (M =
[(ppy),Ir(N,N’-3)]*, relative intensity): 851 ([M*], 100). IR
(ATR), v/cm™: 2248 (C=N). UV—vis (CH,CN), A/nm (&/
M~ ecm™): 253 (48 000), 269 (40 600).

Synthesis of 7-PFg. A mixture of red 4-PF4 (230 mg, 0.25
mmol) and tert-BuOK (92 mg, 0.82 mmol) was dissolved in
DMF (10 mL), and the resulting dark red solution was stirred
for an hour at ambient temperature. Solid [Ni(dppe)Cl,] (132
mg, 0.25 mmol) was added and the reaction mixture was stirred
overnight. The solvent and the byproducts tert-BuOH and
acrylonitrile were removed in vacuo. The residue was purified
by column chromatography on silica (CH,Cl,/MeOH 20:1) to
afford a red solid. Recrystallization from CH,Cl,/n-pentane led
to the pure product. Yield: 64% (205 mg, 0.16 mmol). Single
crystals of 7-PF suitable for XRD analysis were obtained by
vapor diffusion of n-hexane into a solution of 7-PF4 in
fluorobenzene. Anal. Caled for Cy4H;(F¢N,NiP,RuS,: C, 57.65;
H, 3.96; N, 2.20. Found: C, 57.55; H, 3.94; N, 2.21. '"H NMR
(CD4CN, 500 MHz), §/ppm: 9.16 (d, ] = 5.2 Hz, 2H, Ar-H),
825 (d, J = 83 Hz, 2H, Ar-H), 7.88—-7.78 (m, 6H, Ar-H),
7.60—7.46 (m, 8H, Ar-H), 7.39 (m, 2H, Ar-H), 7.23 (dd, J = 8.3
Hz, ] = 5.2 Hz, 2H, Ar-H), 7.19 (m, 3H, Ar-H), 7.11 (m, 2H,
Ar-H), 7.03 (td, ] = 7.7 Hz, ] = 1.9 Hz, 4H, Ar-H), 6.82 (t, ] =
8.9 Hz, 4H, Ar-H), 4.68 (s, SH, C(Hs), 2.56 (d, J = 18 Hz, 4H,
CH,). ®C NMR (CD,CN, 125.8 MHz), /ppm: 164.8, 162.8,
153.7, 146.6, 145.8 (t, ] = 8.8 Hz), 134.7 (t, ] = 5 Hz), 134.5 (t,
J=5Hz),133.5 (d, ] = 11.3 Hz), 132.7 (d, ] = 8.8 Hz), 132.3,
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132.0, 131.5, 131.4, 130.9, 130.7, 130.5, 130.3, 130.0 (t, J = S
Hz), 129.0 (d, J = 10 Hz), 125.4 (d, ] = 2.5 Hz), 124.3, 116.2,
116.0, 78.8, 27.9 (t, J = 22.6 Hz, CH,). *'P NMR (CD,CN,
202.5 MHz), &/ppm: 59.5 (s, dppe-P), 52.0 (s, PPh,). ESI+
(CH4CN), m/z (M = 7%, relative intensity): 1127 ([M*], 100).
UV—vis (CH,CN), A/nm (¢/M™" cm™): 212 (87 600), 223
(82200), 274 (45600), 321 (29100), 370 (19000), 496
(5000) (Table 1).

General Synthesis of the Dinuclear Complexes 8-
(PFg),, 9-(PF),, 10-PF, and 11-PFg. A mixture of 5-(PFy),
or 6-PF¢ and tert-BuOK was dissolved in DMF (10 mL), and
the resulting dark red solution was stirred for an hour at
ambient temperature. Solid [M(L*)Cl,] was added, and the
reaction mixture was stirred overnight. The solvent and the
byproducts tert-BuOH and acrylonitrile were removed in vacuo.
The residue was purified by column chromatography on
aluminum oxide (CH,Cl,/MeOH 20:1) to afford a red solid.
Recrystallization from CH,Cl,/diethyl ether led to micro-
crystals of the pure product 8-(PFy),. Reactants: 5-(PF), (300
mg, 0.28 mmol), fert-BuOK (85 mg, 0.76 mmol), [Ni(dppe)-
CL,] (150 mg, 0.28 mmol). Yield: 48% (190 mg, 0.14 mmol).
Anal. Caled for CogH,4F,N.NiP,RuS,: C, 49.66; H, 3.31; N,
5.99. Found: C, 49.83; H, 3.27; N, 5.94. '"H NMR (CD,CN,
300 MHz), 5/ppm: 8.63 (dd, ] = 8.4 Hz, ] = 0.9 Hz, 2H, Ar-H),
8.48 (t, ] = 8.8 Hz, 4H, Ar-H), 8.05 (td, J = 10 Hz, ] = 2.5 Hz,
2H, Ar-H), 7.95 (td, ] = 7.5 Hz, ] = 2.5 Hz, 2H, Ar-H), 7.87 (m,
4H, Ar-H), 7.87 (m, 4H, Ar-H), 7.79 (m, 8H, Ar-H), 7.59 (d, ]
= 6 Hz, 4H, Ar-H), 7.52 (m, 8H, Ar-H), 741 (d, ] = 6.3 Hz,
2H, Ar-H), 7.18 (d, ] = 6.3 Hz, 2H, Ar-H), 2.60 (m, 4H, CH,).
BC NMR (CD;CN, 63 MHz), §/ppm: 158.3, 158.0, 152.9,
149.8, 147.1, 146.9, 146.7, 138.7, 138.5, 134.7 (t, ] = S Hz),
134.5 (t, ] = 5§ Hz), 133.6, 132.9, 132.8, 131.9, 131.1, 130.7,
130.3, 130.1, 130.0, 128.5, 1284, 126.4, 125.2, 125.1,28.1 (t, ]
=24 Hz, CH,). *'P NMR (CD;CN, 121.5 MHz), §/ppm: 60.0
(s, dppe-P). ESI+ (CH,CN), m/z (M = 8%, relative intensity):
556 ([M?*], 100). UV—vis (CH,;CN), A/nm (&/M™' cm™):
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226 (76 300), 255 (54 600), 286 (81 000), 329 (25 500), 427
(15 800), 460 (13 500). 9-(PF),. Reactants: 5-(PF), (262 mg,
0.25 mmol), tert-BuOK (64 mg, 0.57 mmol), [Ni(dppv)Cl,]
(130 mg, 0.25 mmol). Yield: 52% (182 mg, 0.13 mmol). Anal.
Calcd for CqgH,,F,NgNiPRuS,: C, 49.73; H, 3.17; N, 6.00.
Found: C, (49.57); H, (3.14); N, (6.07). '"H NMR (CD;CN,
300 MHz), §/ppm: 8.75—8.37 (m, 6H, Ar-H), 8.24—8.03 (m,
SH, Ar-H), 7.94 (m, 2H, Ar-H), 7.87—7.74 (m, 9H, Ar-H),
7.66—7.34 (m, 18H, Ar-H), 7.28—7.14 (m, 2H, Ar-H), 7.05—
6.65 (m, 2H, Ar-H), 2.05 (s, 2H, PCH). *C NMR (CD;CN,
75.5 MHz), §/ppm: 158.3, 158.1, 158.0, 157.9, 152.9, 150.0,
148.4, 148.0, 147.5, 146.8, 139.1, 138.9, 138.7, 138.5, 134.3 (t, ]
= 6 Hz), 133.6, 133.5, 133.0, 131.8, 130.9, 130.7, 130.6, 130.3
(t, J = 5 Hz), 128.5 (t, ] = 8 Hz), 126.4, 1254, 125.3, 125.2,
125.1, 30.1 (PCH). 3'P NMR (CD;CN, 121.5 MHz), §/ppm:
68.0 (s, dppv-P). ESI+ (CH;CN), m/z (M = 9%, relative
intensity): 555 ([M**], 100). UV—vis (CH;CN), A/nm (¢/M™*
cm™'): 208 (77 500), 231 (59000), 254 (44 400), 286 (74
500), 432 (17700), 444 (17600), 462 (15600). 10-PF,.
Reactants: 6-PF4 (150 mg, 0.15 mmol), tert-BuOK (38 mg, 0.34
mmol), [Ni(dppe)Cl,] (78 mg, 0.15 mmol). Yield: 53% (109
mg, 0.08 mmol). Anal. Caled for CgzH,FeIrN,NiP;S,: C,
53.58; H, 3.45; N, 4.17. Found: C, 53.09; H, 3.44; N, 4.19. 'H
NMR (CD;CN, 250 MHz), /ppm: 8.68 (dd, J = 8.5 Hz, ] =
1.4 Hz, 2H, Ar-H), 7.95 (m, 4H, Ar-H), 7.90—7.39 (m, 23H,
Ar-H), 7.35 (dd, ] = 5.9 Hz, ] = 0.9 Hz, 3H, Ar-H), 6.98 (m,
3H, Ar-H), 6.86 (m, 3H, Ar-H), 6.73 (ddd, ] = 74 Hz, ] = 5.9
Hz, ] = 1.3 Hz, 2H, Ar-H), 6.31 (dd, ] = 7.4 Hz, ] = 0.9 Hz, 2H,
Ar-H), 2.59 (m, 4H, CH,).">C NMR (CD,CN, 62.9 MHz), 5/
ppm: 168.5, 151.8, 150.3, 148.6, 146.9 (t, ] = 10 Hz), 145.8,
145.2, 139.2, 135.1, 134.8 (t, J = S Hz), 134.5 (t, ] = 5 Hz),
132.8, 132.7, 132.3, 131.1, 130.6, 130.2, 130.0, 127.0, 125.8,
124.3, 123.5, 120.6, 23.9 (CH,). *P NMR (CD,CN, 121.5
MHz), §/ppm: 60.0 (s, dppe-P). ESI+ (CH;CN), m/z (M =
107, relative intensity): 1199 ([M*], 100). UV—vis (CH,CN),
A/nm (e/M™' cm™): 256 (70 700), 272 (66 600).

11-PF,. Reactants: 6-PF¢ (150 mg, 0.15 mmol), tert-BuOK
(37 mg, 0.34 mmol), [Pt(phen)Cl,] (68 mg, 0.15 mmol).
Yield: 60% (113 mg, 0.09 mmol). Anal. Calcd for
Cy6H3oF(IrN,PPtS,: C, 43.74; H, 2.39; N, 6.65. Found: C,
43.64; H, 2.38; N, 6.57. 'H NMR (CD,CN, 300 MHz), &/
ppm: 8.78 (m, 2H, Ar-H), 8.27 (m, 2H, Ar-H), 8.09 (m, 4H,
Ar-H), 7.78 (m, 6H, Ar-H), 7.67 (m, 2H, Ar-H), 7.57 (m, 2H,
Ar-H), 7.19—6.96 (m, 6H, Ar-H), 6.88 (m, 2H, Ar-H), 6.55 (m,
2H, Ar-H), 6.43 (m, 2H, Ar-H). ESI+ (CH,CN), m/z (M =
117, relative intensity): 1118 ([M*], 100). UV—vis (CH,CN),
A/nm (e/M™' em™): 196 (76 300), 226 (61400), 262 (61
100), 317 (22 800), 371 (12 400), 449 (5700), 532 (2200).

B RESULTS

Synthesis. Our initial investigations revealed difficulties in
isolating phenanthroline-5,6-dithiol probably due to a zwitter-
ionic species at acid base equilibrium in solution (Scheme 1).
After removal of benzyl groups in Bn,-1 with AICI; in toluene
according to a protocol of Shatruk et al.'® we could isolate
crude H,-1 in low yields. Reaction of H,-1 with [(CH;),TiCl,]
in the presence of NEt; delivered the titanocene complex
[(CsH;),Ti(S,S-1)], 2, with free nitrogen donor sites.
Titanocene was chosen due to its halophilicity, which was
thought to allow a trans-metalation with thiophilic metal
centers like group 10 halogenides after coordination of a second
metal ion at the diimine moiety. The identity of 2 was proven
by full standard characterization (NMR, mass-spectrometry)
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Scheme 1. Synthesis of the Phendt® dithiolato Complex 2
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including single-crystal X-ray diffraction (Figure 1). The
bonding parameters including the envelope structure of the

Figure 1. Molecular structure of 2 in the crystal with thermal ellipsoids
set at 40% probability. Hydrogen atoms have been omitted for clarity.
Selected bond lengths [A] and angles [°]: Til—S1 2.417(1), Til—S2
2.391(1), C1-S1 1.752(4), C2—S2 1.741(4), C1—-C2 1.387(5), C1—
C2-S2 121.3(3), C2—C1-S1 119.9(3), S1—S2 3.170(2), S1-Til—S2
82.5(4).

chelate ring (foldin% about the S—S axis 44.24°) match those of
related complexes” like [(CsH;),Ti(S,CsH,)]. No z—x
interactions are observed between adjacent phen planes
(plane angle 86.2°). Unfortunately, all attempts to form
dinuclear complexes with Ru(II) or Ir(Ill) resulted in an
untimely cleavage of the titanocene moiety.

Therefore, we changed our strategy and prepared N,N’-
phenanthroline complexes at first and removed the thiol
protective groups subsequently (Scheme 2). We chose the
cyanoethyl protective group, which can be removed with tert-
BuOK leading to acrylonitrile and the desired potassium
thiolato salt. The derivative (NC—C,H,),-1, 3, is easily
accessible in large scale according to Hudhomme et al.™
However, the use of DMF as solvent as described by Zuo et
al.** and others allows for a simple nucleophilic substitution of
sodium 2-cyanoethylthiolate for the bromido substituents in
Brophen at ambient temperature and without need of any
catalyst. The phenanthroline-5,6-disulfide 3 was isolated
analytically pure by column chromatography and characterized
by 'H and "*C NMR spectroscopy. Derivative 3 revealed to be
a reliable starting material in the formation of Ru(II) and Ir(III)
complexes using published procedures.'****> The Ru(1II)
complex [(CsH)Ru(PPh,)(N,N'-3)](PFy), 4-PF,;, was ob-
tained straightforwardly from [(CsHs)Ru(PPh;)(CH;CN),]-
(PF¢). The Ru(Il) complex [(bpy),Ru(N,N’-3)](PFs), 5-
(PFg), and the Ir(IlI) complex [(ppy),Ir(N,N’-3)](PFq), 6-
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Scheme 2. Synthesis of Dinuclear Phendt*~ Complexes: (i)
[(dppe)NiCL,]; (ii) [(dppe)NiCl, or (dppv)NiCl,; (iii)
[(phen)PtCl,]
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PF,, were obtained using either [(bpy),RuCL]-2 H,O in
refluxing ethanol or [(ppy),IrCl], at room temperature,
respectively, after addition of aqueous KPFy to ethanolic
solutions. All complex cations were detected by ESI mass
spectrometry and conclusively characterized by NMR spec-
troscopy. The unequivocal assignment of aromatic signals is
based on 2D NMR methods (Figures S1—S11). As expected,
coordination of the Ru(bpy), and Ir(ppy), moiety led to a high
field shift of the phen proton at 2-position (9.22 ppm in 3 to
8.53 ppm in 5** and to 8.36 ppm in 6%). Interestingly, the
opposite is observed for the (C;H;)(Ph;P)Ru complex 4* with
the corresponding resonance being observed at 9.61 ppm.
Accordingly, the downfield shift of approximately 0.4 ppm
induced by coordination is overcompensated by the highfield
shift of about 1.2 ppm due to the anisotropy effects in the
polypyridine complexes 5> and 6*. As an example, the identity
of complex 6-PF4 was proven by X-ray diffraction analysis
(Figure 2). Complex 6" displays the expected distorted
octahedral coordination with trans configuration of the pyridine

Figure 2. Molecular structure of 6* in the crystal with thermal
ellipsoids set at S0% probability. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [A] and angles [°]: Ir1-Cl1S
2.009(3), Ir1=N1 2.137(3), Ir1—N2 2.048(3), C6—S1 1.812(4), C6—
C6%1.375(9), C6%—C6—S1 121.92(14), S1-S1* 3.292(2).
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N atoms. The C6—S1 bond distance of 1.812(4) A is
significantly larger as compared with the titanocene dithiolate
complex 2 displaying C1—S1 and C2—S2 values of 1.752(4)
and 1.741(4) A, respectively. Accordingly, the large bite angle
indicated by an intramolecular S,S’ distance of 3.292(2) A in 6"
is substantially reduced in the dithiolato complex 2 with
3.169(2) A.

According to Scheme 2 complexes 4-PF4 to 6-PFy allow
removal of the cyanoethyl groups by tert-BuOK in DMF
without decomposition of the complex core. Subsequently, the
resulting anionic or neutral products were directly reacted with
[Ni(dppe)Cl,] {dppe = C,H,(PPh,),}, [Ni(dppv)CL,] {dppv =
C,H,(PPh,),} or [Pt(phen)Cl,]. The crude products are
subjected to chromatographic purification leading to the pure
dinuclear complexes 7-PF4 to 11-PF4. ESI mass spectrometry
revealed the correct masses of the complex cations, whereas
elemental analyses confirmed the overall complex composition.
In addition, the *'P NMR resonances at 60.0 ppm for 8-(PF),
and 10-(PFy), and at 68.0 ppm for 9-(PF), are observed in the
expected range. In '"H NMR, the phen protons at 2- and at 4-
position serve as a probe for the dithiolate coordination of
Ni(II) or Pt(II) by significant highfield shifts, which amount to
0.6 to 0.7 ppm for the protons at 4-position and to 0.45 for that
at 2-position (Figure S10). Although all complexes are obtained
in crystalline form from solution, solely single crystals of 7-PF
allowed a satisfying structure elucidation by X-ray diffraction
analysis. A related X-ray diffraction experiment with the Ir/Ni
complex 10-PF; can at least serve as a proof of identity (Figure
S13). The molecular structure of the complex cation 7% is
depicted in Figure 3, and metrical parameters are given in the
figure caption.
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Figure 3. Molecular structure of 7% in the crystal with thermal
ellipsoids set at 50% probability. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [A] and angles [°]: Rul—P1
2.3010(7), Rul—N1 2.0723(19), Rul—N2 2.1007(18), Nil—S1
2.1517(6), Nil—S2 2.1572(6), Nil—P2 2.1659(6), Nil—P3
2.1516(6), C11-S2 1.746(2), C12—-S1 1.744(2), C11-CI12
1.369(3), S1—Ni—S2 92.30(2), P2—Ni—P3 86.76(2).

The solid state structure of complex 7 proved unambigu-
ously the p—x*-N,N’-k>-S,S'-coordination mode of phendt*~
coordinating Ru(II) by the diimine chelate and Ni(II) by the
dithiolate moiety. The latter NiS, core of 7" resembles related
group 10 ene-1,2-dithiolate complexes.*® The Ni—S1 and Ni—
S2 bond lengths are on the short end of range for
Ni(dppe)dithiolate complexes, whereas the C11—C12 bond
and the C11-S2/C12—S1 bonds represent double and single
bonds, respectively, underscoring the ene-1,2-dithiolate charac-
ter of the bridging phendt ligand in 7*. However, the C11-S2
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and C12—S1 distances are again distinctively shorter compared
to the cyanoethyl derivative 6. In addition, the dithiolene
chelate ring plane, which is literally planar, and the Nil—P2—P3
plane show a twist angle of 18.38° indicating a distinct
distortion from the square planar coordination at Ni. The
intermetallic Nil/Rul distance amounts to 8.29 A.

UV—vis Absorption Spectroscopy. Generally, compar-
ison of the UV—vis absorption spectra of the mono- and
dinuclear complexes, respectively, shows that the predominant
features are associated with the Ru or Ir chromophore.
However, a closer inspection of the spectra provides some
insight in contributions from both complex centers (Figure 4).
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Figure 4. UV—vis absorption spectra. Top: [Ru(bpy),(phen)]**
(black), 5** (blue), 8" (red), 9** (magenta); bottom: Ir complexes
6" (black), 10" (red) and 11" (blue); all complexes are PF4~ salts
dissolved in CH;CN.

Assignment of the absorption bands can be carried out in
analogy to a multitude of published Ru(bpy), and Ir(ppy),*’
complexes and associated TD-DFT calculations.”'** In the
visible range, the spectra of the mononuclear Ru(II) complex 5-
(PFg), and even the dinuclear Ru(II)/Ni(II) complex 8-(PF),
exhibit a high similarity with the spectrum of the prototype
complex [Ru(bpy),(phen)](PF¢),, indicating a restricted
influence of substitution in S,6-position on the electronic
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structure of phenanthroline. However, the two bands associated
with metal-to-ligand-charge transfer (MLCT) transitions to bpy
and the phen-type ligand, respectively, swap the intensity
maxima going from mononuclear [Ru(bpy),(phen)](PF), and
5-(PF¢), (450 nm) to dinuclear 8-(PFg), (425 nm). The UV
range of the spectra is dominated by spin allowed ligand
centered ("LC) z,7* transitions at 286 nm, whereas two such
high energy bands are observed for [Ru(bpy),(phen)](PFy),.
In comparison with the phen complex, the absorption bands are
broader for all sulfur-substituted derivatives at the low energy
slope, which is attributed to conjugation effects with sulfur lone
pairs of 3. The additional intensity increase for the dinuclear
complex 8-(PF), in the 300 to 400 nm range (weak shoulder
at 330 nm) is probably caused by underlying CT transitions
associated with the bridging ligand 1>~ (vide infra). Similar
conclusions were drawn for a related dinuclear Ru—Ni-complex
with a phenanthroline diimine-Schiff base bridging ligand.*®
In comparison, the UV—vis absorption spectra of the Ir(III)
complexes depicted in Figure 4 are relatively featureless, which
can be attributed to a blue shift of the MLCT bands because of
the higher energy of the phendiyl groups and an increased
manifold of accessible transitions as a result of the stronger
spin—orbit coupling of Ir(IIl). Consequently, the absorptivity
in the visible region is weak compared to related Ru(II)
polypyridine systems. One strong absorption band with maxima
at 252 nm (6-PF;) and 255 nm (10-PF4) extends to
approximately 500 nm with shoulders of decreasing absorptiv-
ity. The predominant description is based on the assignment of
three absorption regions: (i) spin-allowed ligand centered
(*LC) transitions between 240 and 280 nm, (ii) less intense
absorption shoulders in the region of 280 to 430 nm, attributed
to spin-allowed 'MLCT transitions with increasing ,7* mixing
with increasing energy, and (iii) weak absorptions around 450
to 520 nm attributed to spin-forbidden *MLCT transitions.
Comparison of the spectra of mononuclear 6-PF4 and 10-PFq
reveals a distinct intensity increase in the near UV and blue
spectral range for the latter. In addition, the low energy tail of
the spectra of 10-PFj is red-shifted by ca. 3000 cm™" to 600 nm.
These observations point to some electronic interaction
between the Ir complex core and the Ni-complex moiety as
similarly concluded above for the Ru/Ni complex 8-(PFy),.
However, relating to the extension of the low energy range in
the dinuclear complexes, the appearance of bands correspond-
ing to d—d or dithiolate S-7 to phen #* transitions, that were
reported for related Ni(dppe) dithiolate complexes® at about
600 nm with very low extinction coefficients (ca. 100 M™
cm™'), has to be considered. The absorption spectra of 10" in
CHCI, reveal in contrary to those of 6* a small band with a
maximum of about 200 M~' cm™ at 595 nm (Figure S23). In
CH,CN and CH,Cl,, no such pronounced absorption band
was observed, but an extension of the red wing and a slight
absorption increase in the region 550 to 650 nm were observed.
The existence of such d-d or dithiolate S-7 to phen #*
transition is further supported by the absorption spectrum of
the Pt complex 11-PF; in acetonitrile, which clearly shows a
shoulder at 530 nm matching the absorption of 583 nm
reported for [(phen)Pt(tdt)] (tdt = tolueneditholate) in
dichloromethane and the solvatochromic behavior of this
charge transfer band.** Thus, the respective redshift of the low
energy transitions going from mononuclear 6-PF4 to 10-PFq
might be attributed to such transitions in the Ni complex core.
In addition, for the Ru complex pair 5-(PF;), and 8-(PF),,
some mixing of Ni into the relevant frontier orbitals of the Ru
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phenanthroline chromophore is evident by the influence of the
particular phosphane ligand at Ni on the individual spectra.
Although the dppe complex 8>* shows below 405 nm a slightly
higher intensity compared to the dppv complex 9°*, the
opposite holds true above that intersection (Figure 4, top).
Luminescence Behavior. Steady state emission spectros-
copy in solution revealed for both, mono- and dinuclear
complexes with Ru(bpy),- and Ir(ppy),-moieties a red
photoluminescence at ca. 620 nm in acetonitrile (Figure Sa).
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Figure 5. Normalized emission spectra (I(4,,,,) = 1) for (a) 5-(PF),,
8-(PF),, 6-PF; and 10-PF in degassed CH;CN, and (b) for 6-PF,
10-PF,, 11-PF4 in degassed CH;CN, and 11-PFy in air-equilibrated
CH,CN.

Effective quenching by O, supports a *MLCT emissive state,
which is characteristic for complexes of this type. The
determined quantum yield for the Ru complex 5-(PF), of
0.13 and the PL lifetime of 2.3 us are relatively large compared
to many other Ru-complexes.* However, there are also a few
examples exhibiting similar or even higher quantum yields and
they are also accompanied by relatively long lifetimes of up to
2.5 us.*? For the dinuclear complexes, a substantial
luminescence quenching is observed related to the mono-
nuclear ones. Remarkably, the PL intensity quenching is more
effective by a factor of about 20 in the Ru/Ni complex 8-(PFy),
as compared with the Ir/Ni complex 10-PF,. The quantum
yield ¢@p, of 0.091 for 6-PF in degassed CH;CN (Table 2) is
significantly reduced in the dinuclear complexes 10-PF¢ and 11-
PF4 to 7% and 8% of its original value, respectively. However,
the quantum yields of the Ru complexes 5-(PF), and 8-(PFy),
under the same conditions are at a ratio of 0.13 to 0.0005.
Hence, only 0.4% of the primary luminescence is observed in
the dinuclear Ru/Ni complex.

Variation of the solvent polarity with the mononuclear
complex 6-PFy resulted only in a slight shift of the
luminescence maximum (Table 2 and Figure S21) and an
increase of quantum yield ¢p; from 0.091 in CH;CN to 0.20 in
CH,Cl,. Dinuclear 10-PF4 exhibits a similarly slight solvent
dependence and a marginal solvent influence on the quantum
yield ratio 10-PF4/6-PF4 of 7%. The obvious quenching effect
on the emission by the sulfur coordinated Ni atom can
alternatively be attributed either to an electron transfer, an
energy transfer or a substantial change of the CT states.

To get insight into the quenching mechanism, time-resolved
photoluminescence measurements were performed. The life-
times for the emission band of the mononuclear complex 6-PF
in different solvents (Table 2, e.g, 7p, = 490 ns in CH;CN)
match those of related Ir(ppy), complexes. However, the
dinuclear Ir/Ni complex 10-PF4, shows surprisingly a
comparable lifetime (7, = 440 ns in CH;CN). Hence, the
thermally equilibrated excited state responsible for the emission
in dinuclear 10-PFy is obviously separated from the deactivation
channel causing the photoluminescence quenching. Test series
with mixtures of 6-PF4 and 10-PF4 proved the genuine
emission of 10-PF; and ruled out, that the residual emission
of 10-PF might be traced back to impurities of 6-PF (Figures
S15 and S16). The similarity of the determined lifetimes and
the difference in quantum yields disclose the existence of a
second, much faster deactivation channel. According to the
time resolution used in our experiments, the deactivation
process proceeds with a time scale <200 ps (k> 5 X 10°s™"). In
contrast, the lifetime of the dinuclear Ru/Ni complex 8-(PFy),
with 7p, = 400 ns in CH;CN (Table 2 and Figure S18) is
considerably decreased related to the mononuclear complex 5-
(PFg), with 7p = 2.3 us. This observation is nicely reflected by
the higher intensity quenching efficiency of the Ni center in the
Ru complex as compared to the Ir complex.

The Pt(II) phen complex 11-PF; was synthesized with the
idea in mind that according to investigations by Eisenberg Pt
diimindithiolato complexes, in contrast to corresponding Ni
complexes, are known to show emission in solution.*® If the
photoluminescence quenching in 10-PF is based on a very fast
triplet triplet energy transfer by the Dexter mechanism, the
Pt(II) complex might show emission from a platinum based
excited triplet state. Steady state luminescence measurements
with 11-PF4 show indeed an additional red emission band II

Table 2. Photoluminescence Maxima, Lifetimes, and Quantum Yields for the Mono- and Dinuclear Ru and Ir Complexes 5-
(PFy),, 8-(PFy),, 6-PF,, and 10-PF,, and Maxima and Quantum Yields of 11-PF (1. = 388 nm)

Az TpL PrL
5-(PFs),
CH,CN (deg.) 625 nm 2.3 ps (£0.2 ps) 0.13 (+0.02)
CH;CN (air-equ.) 165 ns (+20 ns) 0.010 (+0.001)
6-PF,
CHCI, (deg.) 615 nm 640 ns (+£60 ns) 0.17 (+0.02)
CHCI, (air-equ.) 160 ns (+15 ns) 0.043 (+0.005)
CH,Cl, (deg.) 615 nm 660 ns (+£70 ns) 0.20 (+0.03)
CH,Cl, (air-equ.) 185 ns (420 ns) 0.053 (+0.006)
CH;CN (deg.) 625 nm 490 ns (+50 ns) 0.091 (+0.014)

CH,CN (air-equ.)

11-PF,

CH,CN (deg.)

CH,CN (air-equ.)

80 ns (10 ns)

0.015 (+0.002)

I
ﬂ'max

~625 nm (sh)

625 nm
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Ao TpL PrL
8-(PFy),
620 nm 400 ns (+40 ns) 0.0005 (0.00006)
80 ns (+10 ns) 0.00009 (+0.00001)
10-PF
600 nm 650 ns (+70) 0.011 (+0.002)
150 ns (£15 ns) 0.004 (+0.001)
605 nm 715 ns (£70) 0.014 (+0.002)
185 ns (420 ns) 0.004 (+0.001)
620 nm 440 ns (+40 ns) 0.0064 (+0.0007)
65 ns (£10 ns) 0.0009 (£0.0002)
Agm (/]I+II
670 nm 0.0072 (+0.0008)
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0.0012 (+0.0003)



Inorganic Chemistry

with a maximum of 670 nm (Table 2, Figure Sb). The
maximum of the emission band I for 11-PF4 apparent by a
shoulder at 625 nm in degassed CH;CN remains practically
unaltered compared with mononuclear 6-PF; and the Ni(dppe)
system 10-PF4 Thus, the red emission band II at 670 nm
originates most likely from the Pt chromophore. For the related
mononuclear complex [Pt(phen)(tdt)] (tdt = toluenedithio-
late) an emission of 674 nm at 77 K (C;H,CN) and of 730 nm
in CH,Cl, solution with @p; of 0.00067 was reported.* In air-
equilibrated CH;CN solution the emission spectrum of 11-PFq
is dominated by the 625 nm Ir originated emission band,
revealing an obviously stronger O, quenching effect for the 670
nm emission band.

Electrochemistry. Electrochemical characterization was
performed in order to determine the excited state redox
potentials. Generally, cyclic voltammetry of the mononuclear
complexes 4-PF4 to 6-PF4 and the dinuclear complexes 7-PFg
to 11-PF,, respectively, display a similar behavior (Figure 6).

100
75—-
50—-
25—-

04

i110C A

25 4
.50 -

-75 4

-100 e

L B
30 -25 -20 -15 -10 -05

E/Vvs. Fc/Fc*
200
150
100—-
:( 50—-
5
= 01
.50_.
-100-

-150

L B B B e e LI B B e e

. ——
-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5
E/V vs. FclFc’

-2,5

Figure 6. Cyclic voltammetry. Top: [CpRu(PPh;)(phen)]* (black), 4"
(blue) and 7* (red); bottom: [Ru(bpy),(phen)]** (black), 5** (blue),
8" (red), all are PF4 salts and were measured in CH;CN.

The oxidation and reduction potentials are given in Table 3.
For all the complexes the first reduction in the range —1.7 to
—2.0 versus Fc is due to reduction of the phenanthroline
system. The E, ;, values of the Ni(dppe) complexes 7, 8**, and
10" are nearly identical, whereas the alternative reduction of the
Ni center is excluded by EPR spectroscopic evidence.
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Reduction of 8> by Na-naphthalide in THF afforded
paramagnetic 8". The X-band EPR spectrum in methyl-THF
glass at 77 K shows one broad signal, which is best simulated
with a slight anisotropy (g = 1.988 and g, = 2.002, Figure
S12). The weak g value anisotropy and the lack of hyperfine
coupling to phosphorus rule essential contributions of Ni out.*
Unfortunately, for the mononuclear complexes with the neutral
ligand 3, the determination of E,,, values is impeded, because
the signals are irreversible. This behavior can be attributed to
the reductive removal of the cyanoethyl groups under these
conditions.

In contrast, the first oxidation process, which is assigned to
the oxidation of the metal centers Ru"/Ru and Ir''/1r", gives
rise to reversible signals for the mononuclear complexes at
+0.57 to +0.99 V versus Fc. In the cyclic voltammetry of the
dinuclear complexes 7-PF¢ to 11-PF,, an additional oxidation
process is observed at lower potential (+0.32 to +0.48 mV vs
Fc). These processes are irreversible in the cyclic voltammetry
time scale, rendering the following original oxidation of the
metal centers (Ru, Ir) irreversible as well. Because these
processes are observed exclusively in the dinuclear complexes,
this oxidation is assigned to the metal dithiolate moiety.

The excited state potentials were calculated using the well-
defined E,/, values of the dinuclear complexes for the ligand
reduction and of the mononuclear complexes for the Ru/Ir
oxidation as well as the zero—zero energy E,, values. Ey, was
obtained here either from the intersection of absorption and
emission spectra at room temperature or from the maximum of
low temperature emission spectra (Figure S22, Table S1). The
Ey, value of 2.33 eV (532 nm) for 6-PF is very similar to Eg,
for the related Ir(IIT)-complex [(ppy),Ir(bpy)]PFs (2.36 eV),**
and hence it is also used as an estimate for 10-PF4. Thus, the
resulted excited state potentials amount to +0.61 and —1.46 V.
The smaller Ey, value of 226 ¢V (549 nm) for the Ru
complexes 5-(PFg), and 8-(PFg), lead to the respective
potentials of 0.52 and —1.27 V. Comparison with the ground
state potentials of 8-(PF4), and 10-PF, discloses an electron
transfer from the *MLCT thermally equilibrated excited state to
be debatable. Particularly, it must be taken into account that the
oxidation potential of the NiS, complex moiety is not well-
defined due to the irreversible CV signal. Comparison of E* =
—1.46 V for 6-PFy representing the reducing power of the
photoactivated Ir"V-phen™ system with redox potentials of
related [Ni(dppe)(dithiolate)]”~" complexes (E ~ —2.3 V)
render an electron transfer to the Ni complex moiety
impossible. In contrast, the reverse electron transfer in 10-
PF is much more likely, because the potentials of E* = +0.61 V
representing the oxidation power of photoactivated Ir'-phen™
and the ground state potential of E = +0.45 V for 10-PF are
comparable. However, an exergonic electron transfer from the
Ni dithiolate moiety to Ir/Ru can be neither taken for granted
nor excluded by the available electrochemical data.

Electronic Structure. Studies on the electronic structure
and prediction of the vertical transition energies by density
functional theory (DFT) and TD-DFT calculations are a
challenge because of the strong spin orbit coupling of Ir and as
a result of the presumable coupling of two metals. Because
several theoretical investigations on [(ppy),Ir(phen)] type
complexes have already appeared, ™" we focus on the effect
of Ni coordination at the dithiolate unit on the electronic
structure at the Ir chromophore and the bridging ligand itself.
Accordingly, we compare the dinuclear cation 10" with
[(ppy).Ir(H,-1)]*, 6a*, serving as a C, symmetric model for
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Table 3. Redox Potentials (V vs Fc/Fc*) Measured in CH;CN*

E,, (ground state)

reduction

[(CsH;)(PPhy)Ru(phen)] (PFq) —1.96
4-PF,

7-PF -1.77
[(bpy),Ru(phen)](PFy), -1.73
5-(PFe), (-1.49)
8-(PFq), —1.74
[(ppy).Ir(phen)](PEs) ~1.76
6-PF (-1.52)
10-PF, -1.72
11-PF; (-1.20)

E* (excited state)

oxidation reduction? oxidation®
+0.57
+0.62
(+0.32)
+0.86
+0.99
(+0.47)
+0.88
+0.87
(+0.45)

(+0.48)

127 (-1.12)
+0.52 (+0.38)

—1.46 (-1.52)
+0.61 (+0.61)

“Values in brackets indicate irreversible signals and represent peak potentials at 100 mV-s™' scan rate. bE#(Ru#/1 )= EL/Z(RuH/ LY + Eg,.
E*(Ru*) = B ) (Ru™) — Egp; (Ego determined by the interception method, in brackets: Eq, determined from the low temperature spectra).

Table 4. Energies (E in €V)* and Composition (%)? of Frontier Molecular Orbitals of 6a* and of the Ir/Ni complex 10*

6a” 10*
B Ir PPy H,-1 E Ir PPy CoHgN, GC,S, Ni
L+3 —291 4.01 95.26 0.73 —-2.32 3.62 93.43 2.26 0.61 0.01
L+2 -3.00 423 94.54 123 —-2.42 3.96 92.97 1.26 0.39 0.70
L+1 —4.00 1.30 0.00 98.70 —2.66 2.07 1.92 73.06 21.55 0.36
L —4.08 2.50 0.60 96.90 -2.99 241 0.84 95.14 161 0.00
H —9.33 32.82 65.50 1.68 —8.31 0.28 0.06 16.3 73.68 3.86
H-1 —9.94 3.77 95.22 1.00 =871 34.92 63.33 1.74 0.01 0.00
H-2 -10.17 11.77 87.51 0.72 -9.24 0.09 0.18 17.62 62.12 19.81
H-3 —10.27 19.85 59.81 20.34 —9.36 4.66 94.49 0.74 0.06 0.02
“CAM-b3lyp functional. *Mulliken population analysis (MPA).
6". To account for the pronounced CT character of the —0.301, respectively) and for the C atoms attached to it
transitions we used the functionals CAM-b3lyp** and lc-blyp™* (—0.142 and —0.174, respectively). According to NBO analysis,
with corrections for the coulomb interaction. The accuracy of the charge distribution in the Ir complex moiety is not affected
the geometry description is raised going from b3lyp over CAM- by the coordination of a second divalent metal ion given an
b3lyp to the lc-blyp functional (deviations 1.4 to 3.1%, 0.9 to equal overall complex charge.
2.1%, and 0.2 to 0.6%, respectively, relating to all Ir—=N bond Subsequently, TD-DFT calculations with 6a” and 10" were
lengths, Table S2). performed. As expected, the character of the different
As expected, the frontier orbitals of 6a* (Figures S24 and transitions is consistentty MLCT, however, reflecting the
$25) resemble those of [(ppy),Ir(phen)]* and related systems covalent Ir—C bonds the charge-donating states are highly
with HOMO and HOMO-n (n = 1-3) displaying a major mixed with a substantial 7-contribution of the phenyl system
contribution from the phendiyl z orbitals and a smaller (see particularly HOMO—1, Table 4). Compared with the
proportion of Ir(5d) orbitals, whereas LUMO and LUMO+1 popular b3lyp functional, the calculated transitions for 6a* are
represent 77* orbitals of phen (Table 4). Thiol substitution at distinctively higher in energy by approximately S500 cm™" using
the 5,6-position decreases the HOMO/LUMO gap only the CAM-b3lyp (Tables S3 and S4) and by 10000 cm™" using
marginally. Although the composition of the LUMO and the lc-lyp functional. The experimental maximum for 6*
LUMO-+1 is almost unaltered in the dinuclear complex 10, the observed at 252 nm falls between the maxima of 272 nm
dithiolene moiety with the lone pairs at sulfur forms now the calculated with CAM-b3lyp and of 235 nm obtained with lc-lyp
HOMO and the HOMO-2 penetrating the orbital scheme of (Figure S29). For the sake of clarity, the following discussion
the mononuclear complex leaving Ir-based HOMO-1 and make use of the values obtained with the CAM-b3lyp
HOMO-3 (Figures 7 and S25). As a consequence, the energy functional; Table S comprises data of both for comparison.
gap between the highest Ir-based orbital (HOMO in 6a* and The singlet singlet transitions for 6a* with HOMO to LUMO/
HOMO-1 in 10*) and the LUMO is increased by 8.9% for LUMO+1 MLCT character are calculated to 405 and 363 nm,
10". In contrast, the energy difference between the ppy-based however, with very low oscillator strength f. The lowest strong
LUMO+2 and the Ir-based HOMO (6a*) or HOMO-1 (10%), transition with f > 0.1 at 335 nm is clearly associated with Ir to
respectively, is slightly decreased in the dinuclear complex. In ppy MLCT. The respective singlet triplet transition energies
addition, inspection of the orbital contributions in Table 4 encompass the range between 533 and 361 nm (Ic-blyp) with a
reveals a distinct separation of both complex centers. Although narrower scope calculated with the CAM-b3lyp functional.
the contribution of the Ir(ppy), moiety to the HOMO amounts According to similar results of Kiihn et al. and others*® on
to 0.28%, the corresponding share of the C,S,Ni(dppe) moiety related Ir-based complexes, a reconsideration of the common
in the HOMO-—1 adds up to 1.75%. A comparison of natural assignment of bands was suggested. The weak bands in the
bond orbital (NBO) charges discloses significant differences range of 380—530 nm should rather be assigned to singlet
between 6a" and 10" solely for the S atoms (+0.042 and triplet MLCT transitions, whereas the respective singlet singlet
8868 dx.doi.org/10.1021/ic4031206 | Inorg. Chem. 2014, 53, 88598873
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L+2
(-1.60, -1.29)

L+2
(-0.85, -0.73)

(-1.87, -1.51)

(-7.05, -6.82) (-6.88, -6.79)
H-1 (
H-1
(-7.91, -7.55) (:7.25. -7.15)
82+ 10+

Figure 7. Essential frontier Kohn—Sham orbitals of the Ru complex
8>* (left) and the Ir complex 10" (right) using continuum solvent
models; orbital energies (eV) in brackets (first number CH,CL,,
second number CH;CN).

transitions are below the 388 nm limit used for irradiation in
our luminescence measurements. This assignment is corrobo-

rated by the distinct decrease in absorptivity above 400 nm.
However, the combination of TD-DFT with range separated
functionals used provides apparently somewhat too high
transition energies with the CAM-b3lyp seeming more
appropriate.

Corresponding calculations with the dinuclear complex 10*
revealed two essential facts. At first, the apparent increase of
intensity observed between 300 and 400 nm going from
mononuclear 6* to dinuclear 10" can be attributed to additional
transitions, which are assigned to dithiolene-7 to phen-7* ILCT
transitions (Table 6). Particularly, the explicit HOMO to
LUMO/LUMO+1 transitions calculated at 406 and 367 nm,
fall in the range, which shows a significant intensity gain in the
experimental UV—vis absorption spectrum of 10" compared
with mononuclear 6*. The MLCT transitions in the Ir
chromophore identified for 6a” are only marginally affected
by coordination of the second metal ion. For instance, the
crucial Ir to ppy MLCT transition is calculated to 339 nm for
10" compared with 335 nm for 6a*. The calculations did not
deliver any evidence for transitions with metal metal CT
character. Within the Ni complex moiety, S-7 to Ni CT
transitions are calculated to 500 nm and Ni d-d transitions to
477 nm, however, both with very small oscillator strength.

In order to get more information on the excited states, the
lowest triplet state of 10" was calculated. Interestingly, using
the optimized singlet geometry, we found a triplet state
localized at the NiS, moiety to be the lowest in energy (Figure
S$26). Consideration of solvation (CH;CN, polarized continu-
um model) as well as both solvation and anion contact (PF¢~)
did not have substantial influence on the character of this triplet
state (Figure S27). A geometry optimization of this open shell
triplet system resulted a tetrahedral coordination at Ni being
22.5 kcal/mol more stable compared with the triplet state at
ground state geometry. In turn, this tetrahedral triplet state is
calculated to be 18.5 kcal/mol less stable than the singlet
ground state. A tetrahedral coordination geometry at Ni for the
triplet state is in reasonable accordance with a simple ligand

Table S. Selected Vertical Singlet Singlet and Singlet Triplet Transitions for 6a* As Calculated in Vacuo with Different
Functionals, Assignment of the Transitions within the Kohn—Sham Orbital Scheme

le-blyp
A/nm (f)* dominant component(s)

'B 293 (0.18) L+2<H (66%) 'B

'A 283 (0.08) L<H-3 (30%) A
L<H-4 (37%)

'B 276 (0.08) L+1<H-3 (21%) 'B
L+1<H—4 (41%)

A 253 (0.14) L<H-6 (62%)

A

'B 239 (0.22) L+2+H-2 (11%) 'B
L<H-7 (15%)

'A 234 (0.22) L+1<H-5 (51%) 'A

°B 533 L+1<H—4 (34%)” 3B

°B 454 L+3<H-1 (22%)® ’B
L+2<H (17%)°

A 453 L+2<H-1 (28%)° A
L+3<H (13%)°

A 361 L—H—4 (22%)* 3B
L<H-3 (20%)°

“Limit f > 0.05. bTransitions are highly multi configurational.
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CAM-b3lyp
A/nm ()¢ dominant component(s) CT-type
335 (0.10) L+2«<H (86%) ppy<Ir
333 (0.09) L<H-3 (39%) phen<Ir
L<H-4 (31%)
311 (0.10) L+1<H—4 (52%) phen<Ir
L+1<H-3 (27%)
phen<Ir
274 (0.09) L+2<H-1 (49%) mtenm
273 (0.09) L+2<H-2 (28%) ppy<Ir
L+3«<H-1 (21%) mter
293 (0.06) L+1<H-5 (62%) phen«Ir
503 L+1<H—4 (42%) phen<Ir
437 L+3<H-1 (25%) ppy<Ir
L+2«<H (30%)
435 L+2<H-1 (34%) ppy<Ir
L+3<H (23%)
410 L<H (90%) phen«Ir
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Table 6. Selected Vertical Singlet Singlet and Singlet Triplet Transitions for 10* As Calculated in Vacuo with Different
Functionals, Assignment of the Transitions within the Kohn—Sham Orbital Scheme

le-blyp
A/nm (f)* dominant component(s)
'A 331(0.11) L<H (88%) 'A
'B 315(0.07) L+1<H (80%) 'B
'B 294 (0.16) L+3<H-1 (69%) 'B
'B 262 (0.12) L<H-2 (45%) 'B
L<H-6 (13%)
'A
A 254 (0.31) L+1<H=-2 (65%)
°B 691 L+4<H-10 (47%) °B
B 553 L+1<H (59%) B
A
’B 454 L+2<H—4 (17%)°
A 453 L+2<H-3 (27%)"

“Limit f > 0.05. “Transitions are highly multi configurational.

CAM-b3lyp
A/nm (f)° dominant component(s) CT-type
406 (0.06) L<H (96%) phen<Sz
367 (0.06) L+1<H (87%) phen<Sz
339 (0.09) L+2<H-1 (82%) ppy<Ir
306 (0.05) L<H-2 (51%) phen<Sz
L<H-6 (21%) phen<Ir
292 (0.32) L<H-5 (32%) phen«Ir
phen«<Szx
902 L+4<H-9 (61%) ded (Ni)
543 L+1<H (76%) phen<Sz
472 L<H (84%) phen«<Sx
ppy<Ir
ppy<Ir

field consideration for a Ni(Il), S = 1 system. In summary,
although the most intense calculated singlet singlet transition in
the Ir chromophore is of ppy < Ir CT character the most
stable triplet state of the system is located at the Ni complex
core. These results are in full agreement with a Dexter energy
transfer mechanism.

For comparison, related calculations were performed with
the Ru complexes [(bpy),Ru(H,-1)]**, 5a®*, and 8. The
results are in line with published calculations on [Ru(bpy),]**
and particularly [Ru(bpy),(phen)]**.* The most striking
difference between the Ir and the Ru complexes applies to
the order and energy gaps between the lowest unoccupied
orbitals. Although in the [Ir(ppy),(phen)]*" complexes, the
phen #* orbitals are lower in energy than the ppy 7%, the
opposite holds true for bpy #* and phen #* in the
[Ru(bpy),(phen)]** complexes. Interestingly, this difference
is most distinctive in the dinuclear complexes 8** and 10"
(Figure 7). In the Ru complex 8>*, the LUMO and LUMO+1,
which are bpy-based, lie approximately 0.25 eV lower in energy
than the LUMO+2, which is phendt-based. As discussed above
(Table 4), this is in clear contrast to the Ir complex 10*. In
accordance, spin density in the geometry optimized triplet state
of the mononuclear Ru complex 5a** is clearly located at Ru
and the bpy ligand, whereas a strong contribution of the phen
ligand H,-1 is evident in the corresponding Ir complex 6a*
(Figure S28).

B DISCUSSION

The UV—vis absorption measurements supported by related
DFT calculations uncover a rather additive behavior of both
complex centers in dinuclear phendt*” complexes. This
observation is in line with related dinuclear complexes with
the shorter bis(pyrimidine) bridge with respect to the UV—vis
absorption spectra, but it does not apply for the luminescence
behavior.*® For the Ir complexes, the salient result of our
luminescence measurements is the inconsistency of a significant
luminescence intensity quenching and the invariance of
lifetimes for the corresponding emitting states going from
mononuclear Ir to dinuclear Ir/Ni complex. Even though the
75% increase of absorptivity for 10-PF relative to 6-PF, at 388
nm is attributed to Sz to phen-7* transitions, which do not lead
to emissive states, the drop of quantum vyields cannot be
attributed solely to this effect. From this behavior, it can be
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inferred that the quenching mechanism interferes with the
deactivation from the initially populated '"MLCT or *MLCT to
the final emitting *MLCT, state (Figure 8). Accordingly, the

EnT
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Figure 8. Qualitative energy diagram for charge transfer states in 8**
(top) 10" (bottom) upon excitation.

observed luminescence quenching for the dinuclear complex
10-PF; to 7% of the value determined for the mononuclear Ir
complex 6-PF is attributed to an effective energy transfer by
the Dexter mechanism from higher [Ir(ppy),(phendt)] to
[Ni(dppe)(phendt)] states. The latter are known to deactivate
by nonradiation processes.’” Low-temperature luminescence
measurements at 90 K show only a partial luminescence
recovery for the dinuclear complexes in butyronitrile glass
relating to ambient temperature solution and the mononuclear
prototypes (Figure $22). This behavior is rather consistent with
a Dexter energy transfer. The time resolution of our
luminescence measurements delivers a lower time limit of
200 ps for this energy transfer. Detailed examinations on the
relaxation dynamics of related Ir complexes showed time limits
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of <1 ps for the intersystem crossing (ISC) and <10 ps for the
T, < T, conversion.”” Similar observations of an incomplete
luminescence quenching were reported by Eisenberg for related
phenantholine diolate complexes as well as by Shatruk for a
tetrathiafulvalene fused Ru phenathroline system.'® In contrast,
the Ru/Ni complex 8-(PFy), exhibits a rather reasonable
relation between strong quenching effect and determined
excited state lifetime. Obviously, the energy transfer from the
equilibrated *MLCT state to the Ni complex moiety is effective
for M = Ru. The observed difference between the Ru/Ni and
the Ir/Ni system cannot be traced back to their electrochemical
behavior because the excited state redox potentials of the
dinuclear Ru/Ni and Ir/Ni complexes do not show significant
differences. In addition, the low temperature luminescence
measurements are comparable for Ru/Ni and Ir/Ni complexes
with Ej, values being higher in energy for the latter. Finally, a
completely different quenching mechanism like the population
of 3dd states as discussed by Hauser et al. for Ru(II)
complexes™ is unlikely, because the calculations do not provide
any evidence of a drastic change of the diimine ligand field
strength by coordination of Ni** on phendt. However, the
different luminescence behavior of the Ru(bpy),”* and
Ir(ppy)," could be attributed to differing orbital contributions
to the emissive state. According to the frontier orbital ordering,
the emissive state in the Ir complex 10" is predominantly
localized at the phendt bridging ligand with the additional
charge acting as a barrier for the energy transfer. A presumed
localization of the emissive state on the bpy ligands in the Ru
complex 8" could serve as a rationale for an accessible energy
transfer path.

An essential alteration of the electronic structure of the
original '"MLCT and *MLCT excited states in 6" by nickel
dithiolate orbital contributions in 10" can be ruled out by the
high similarity of UV—vis absorption spectra between mono-
and dinuclear Ru(II) and Ir(Ill) complexes, respectively. This
perception is supported by the results of TD-DFT calculations
showing a restricted influence of the dithiolato bound Ni" on
the chromophore at Ir. In addition, we have no indication of
any charge separation by a single electron transfer. A small
influence of solvent polarity on the emission wavelength and
particularly on the quantum vyield is rather not consistent with
changes of the molecular charge distribution associated with a
single electron transfer. Furthermore, the notion of an energy
transfer is consistent with the observation of an additional
emission at 670 nm for the Ir/Pt complex 11-PF,. According to
investigations by Eisenberg and Pilato this emission is typical
for Pt dithiolate complexes. However, absorptions based on
direct Sz to phen-7* transitions cannot be ruled out as a source
for the additional emission observed. Attempts to isolate
mononuclear Pt(II) dithiolato complexes with 1>~ bearing a
free diimine donor site in analogy to complex 2 serving as
standard for quantitative measurements were not successful so
far.

B CONCLUSION

Dinuclear complexes with phenanthroline-S,6-dithiolate bridg-
ing different metals are easily accessible by a consecutive
coordination strategy. The use of cyanoethyl protective groups
at the thiol function allows coordination of Ru" and Ir'" at the
diimine donor unit. These mononuclear diimin complexes are
stable enough to allow for removal of the cyanoethyl groups
and subsequent coordination of a second metal like Ni'" or Pt".
All dinuclear complexes are obtained in crystalline form and in
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high purity. The adaption of the facile procedure to various
derivatives or metal combinations seems promising.

According to our photophysical and electrochemical
investigations, the drastic drop of the luminescence quantum
yield going from mononuclear Ru" or Ir'"" complexes to the
dinuclear congeners can be attributed to a very fast Dexter
energy transfer. Energy transfer from the equilibrated *MLCT
state turned out to be more efficient in [Ru(bpy),] than in
[Ir(ppy),] complexes. Reasonably, this difference can be
attributed to a higher barrier in the Ir complex due to the
predominant phendt-based emissive state. Generally, the
ditopic ligand phenanthroline-5,6-dithiolate constitutes the
basis for a very fast electron transfer path depending on the
redox potentials of the metal complex fragments linked to it.
Alternative complex units at the dithiolate like bis(dithiolene)
moieties showing a redox potential between both limits given
by the photoactivated complex center should allow the
reduction of the S-coordinated metal. For such a system, a
total luminescence quenching is expected, because the excited
electron in the thermally equilibrated excited state is no longer
a barrier but rather on the transfer path. Further work with
different metals and varying redox potentials is directed to
substantiate or to disprove the conception concluded from our
results. In addition, transient absorption spectroscopy will be
tackled to provide conclusive evidence on the very fast energy
transfer processes.
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