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ABSTRACT: Ruthenium-based complexes are widely used as photocatalysts, as
photosensitizers, or as building blocks for supramolecular assemblies. In the field of
solar energy conversion, building light harvesting antenna is of prime interest.
Nevertheless, collecting light is mandatory but not sufficient; once collected and
transferred, the exciton has to be long-lived enough to be transferred to a catalytic site.
If Ru(II) terpyridine complexes are prime building blocks for structural reasons, the
short lifetime of their excited state prevents their use as a harvesting center in light
antennae. In this paper, we present new polynuclear assemblies, based on Ru(II)-
terpyridine units where delocalization of the excited state is combined with an antenna
effect. As a consequence, complexes C1−C3 display long-lived excited states
compared to [Ru(tpy)2]

2+, making them promising efficient antenna building blocks
to be connected to a final acceptor or a catalytic center.

■ INTRODUCTION

The synthesis of the complexes [Ru(tpy)2]
2+ (tpy or

terpyridine = 2,2′:6′,2″-terpyridine)1 and [Ru(bpy)3]
2+ (bpy

= 2,2′-bipyridine)2 in the midthirties and the first reports on
their photophysical properties3,4 have led to considerable
research over the past decades on Ru(II) polypyridyl-based
complexes.5−9 Due to their electrochemical and photophysical
properties, Ru(II) polypyridyl complexes are first-class building
blocks in the field of photo- and supramolecular chemistry.5,6,10

Among other applications, their use in light-harvesting
antennae has been nicely shown in the literature by several
groups.11−14 When building multinuclear assemblies, bis-
tridentate Ru(II) complexes are more suitable compared to
tris-bidentates, because the former ones do not show the
occurrence of stereoisomers, and thus they allow well-designed
and defined geometric patterns.5 However, bis-terpyridine
Ru(II) complexes are almost nonemissive under normal
conditions and have poor excited-state properties due to the
close proximity of the 3MLCT (metal-to-ligand charge-transfer)
state and the 3MC (metal-centered) state. Nevertheless, this
drawback may be partially overcome by an adequate design of
the ligands and the complexes.7,15 Several strategies have been
developed to stabilize the 3MLCT state or to destabilize the
3MC state, thereby increasing the 3MLCT-3MC energy gap.
Among the most promising approaches are the reduction of the
angular strain around the metal center,16−20 the incorporation
of strong σ-donor moieties onto the ligands,21−27 and the

lowering of the LUMO level.27−31 In all cases, significant
modification of the terpyridine ligand is required to achieve
increase in excited-state lifetime and quantum yields. In the
present work, the simple grafting of whole terpyridines one to
another leads to significant increases in both luminescence
quantum yield and excited-state lifetime. The robustness of the
bis-tridendate ruthenium(II) complexes allows the synthesis of
Ru(II) multinuclear complexes5,32−44 enabled by the use of
ligands with multiple terpyridine binding sites. As shown in the
literature, only multinuclear complexes32,34,35,37,40−44 with more
than two Ru(II) centers are promising candidates for the
formation of dendrimers and light harvesting systems.
Previously in our laboratory, we reported the synthesis of

new polyterpyridine ligands;45 these three ligands, L1−L3,
depicted in Scheme 1, are characterized by the presence of
nonequivalent terpyridine sites, since a central terpyridine unit,
the three pyridine cycles of which are substituted, is used to
connect lateral terpyridine moieties which are only derivatized
on the 4′ position. These ligands possess thus nonequivalent
chelation sites, which could influence the properties of the
resulting metallic assembly. Indeed, the presence of non-
equivalent metal centers could enable energy transfer between
these sites, allowing the development of molecular antenna for
example. In the aim to study the influence of the central
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terpyridine chelation site, two new ligand analogs were
synthesized (L4−L5, Scheme 2); these ligands do not possess
the central terpyridine binding site.
In this paper, five new multinuclear complexes, depicted in

Scheme 1, were synthesized and characterized by NMR
spectroscopy, high resolution mass spectrometry, cyclic
voltammetry, and absorption and emission spectroscopy.
Three of the new complexes synthesized showed convergent
energy transfer from the peripheral Ru(II) centers to the central
Ru(II) moiety.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. All solvents and reagents for the

synthesis are of reagent grade and are used without any further
purification. All solvents for the spectroscopic and electrochemical
measurements are of spectroscopic grade. 2,2′:6′,2″-terpyridine (Alpha
Aesar), RuCl3.xH2O (Acros), 1,3,5-tribromobenzene (Acros), 4,4′-
dibromodiphenyl (Acros), N-ethylmorpholine (Acros), ammonium
hexafluorophosphate (Fluorochem), Pd(PPh3)2Cl2 (Acros), Na2CO3
(Acros), Pd(dppf)Cl2 (Fluorochem), Bis(pinacolato)diboron (Fluo-
rochem), hexafluoroisopropanol (Fluorochem), K2CO3 (Acros),
KNO3 (Acros), t-BuOH (Acros), Al2O3 neutral (Acros), SiO2
(Rocc). 3,5-dibromo-1,1′-biphenyl46 and (3-([2,2′:6′,2″-terpyridin]-
4′-yl)phenyl)boronic acid47 were synthesized as previously reported.
Water is purified with a Millipore Milli-Q system. For the Ru(II)
complexes the reaction mixtures were degassed by bubbling argon
during 15 min. The precipitates were isolated by spinning at 6000 rpm
for 5 min in a Hettich Universal 320 centrifuge. NMR experiments
were performed in CDCl3 or CD3CN on a Bruker AC-300 Avance II
(300 MHz) or on a Bruker AM-500 (500 MHz) at 20 °C. The

chemical shifts (given in ppm) are measured vs the residual peak of the
solvent as the internal standard. UV−vis absorption spectra were
recorded on a Shimadzu UV-1700. Fluorescence spectra were
recorded on a FluoroLog3 FL3−22 from Jobin Yvon equipped with
an 18 V, 450 W xenon short arc lamp and an R928P photomultiplier,
excitation and emission spectra are corrected for the instrument
response. Luminescence lifetime measurements were performed after
irradiation at λ = 400 nm obtained by the second harmonic of a
Titanium:Sapphire laser (picosecond Tsunami laser spectra physics
3950-M1BB+39868−03 pulse picker doubler) at a 80 kHz repetition
rate. The Fluotime 200 from AMS technologies was used for the decay
acquisition. It consists of a GaAs microchannel plate photomultiplier
tube (Hamamatsu model R3809U-50) followed by a time-correlated
single photon counting system from Picoquant (PicoHarp300). The
ultimate time resolution of the system is close to 30 ps. Luminescence
decays were analyzed with FLUOFIT software available from
Picoquant. Transient absorption spectra were acquired using a
LP920 K system from Edinburgh Instruments. Excitation was carried
out from the third-harmonic (355 nm) of a Brillant-Quantel Nd:YAG
laser at 6 Hz. A Xe900 pulsed Xenon Lamp is used as probe source.
The photons were dispersed using a monochromator, transcripted by a
R928 (Hamamatsu) photomultiplicator and recorded on a TDS3012C
(Tectronix) oscilloscope. Combination of this equipment with an
Oxford Instrument Optistat DN cryostat was used for the luminescent
lifetime as a function of the temperature. Cyclic voltammetry was
carried out in a one-compartment cell, using a glassy carbon disk
working electrode (approximate area = 0.03 cm2), a platinum wire
counter electrode, and an Ag/AgCl reference electrode. The potential
of the working electrode was controlled by an Autolab PGSTAT 100
potentiostat through a PC interface. The cyclic voltammograms were
recorded with a sweep rate of 100 mV s−1, in dried acetonitrile or N,N-
dimethylformamide (Sigma-Aldrich, HPLC grade). The concentration

Scheme 1. Synthetic Scheme for Complexes C1 to C5a

aReaction conditions: (i) N-ethylmorpholine, H2O/isopropanol (1/1), reflux, 3 days, (ii) N-ethylmorpholine, H2O/isopropanol/HFIP (4/3/1),
reflux, 3 days.
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of the complexes was 8 × 10−4 mol L−1, with 0.1 mol L−1 tetrabutyl-
ammonium perchlorate as supporting electrolyte. Before each
measurement, the samples were purged by nitrogen. For organic
compounds, APCI mass spectra were recorded by using a Q-Extractive
orbitrap from ThermoFisher and EI mass spectra were recorded using
a TSQ7000 from Finnigan. For complexes: Matrix Assisted Laser
Desorption/Ionization Time-of-Flight (MALDI-ToF) mass spectra
were recorded using a Waters QToF Premier mass spectrometer
equipped with a Nd:YAG laser using the third harmonic with a
wavelength of 355 nm. In the context of this study, a maximum output
of ∼65 J is delivered to the sample in 2.2 ns pulses at 50 Hz repeating
rate. Time-of-flight mass analyses were performed in the reflection
mode. The matrix, trans-2-[3-(4-tert-butyl-phenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB), was prepared as a 40 mg/mL
solution in chloroform. The matrix solution (1 μL) was applied to a
stainless steel MALDI target and air-dried. Samples were dissolved in
acetonitrile to obtain 1 mg/mL solutions. Then, 1 μL aliquots of these
solutions were applied onto the target area (already bearing the matrix
crystals) and then air-dried. High resolution ESI mass spectra were
recorded using Waters Synapt G2-Si mass spectrometer. The solution
(∼10−6 mol L−1 in acetonitrile) is directly infused in the ESI source
with a typical flow rate of 5 μL min−1 with a capillary voltage of 3.1 kV,
a source temperature of 100 °C and a desolvation temperature of 200
°C. The quadrupole was set to pass ions from 100 to 2000 Th and all
ions were transmitted into the pusher region of the time-of-flight
analyzer (Resolution ∼20,000) for mass-analysis with 1 s integration
time. Data were acquired in continuum mode until acceptable average
data were obtained.
Franck−Condon Analyses for Emission Spectra. Fitting of the

steady-state photoluminescence spectra at 77K was made possible
through Franck−Condon line-shape analysis. After converting the

wavelength abscissa values to energy, the emission spectral data
(multiplied by λ2) are renormalized and fitted using eq 1
corresponding to Franck−Condon line-shape prediction taking into
account two vibration modes.
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In this equation, νm and νl are the vibrational quantum numbers for
the acceptor mode, SM and SL are the Huang−Rhys factor, also known
as the coupling factor, ℏωm and ℏωl correspond to the vibrational
energy spacing in the ground-state potential energy surface for the
corresponding vibration mode, E00 corresponds to the energy
difference between the ground and excited-state potential surfaces.
Luminescence spectra can be modeled using one or two vibration
modes, which correspond to the dominant vibration mode or an
average of vibration. Usually, transitions implying ν* = 0 to ν = 0 to 5
are sufficient to fit the experimental data. These transitions are
broadened thanks to a Gaussian distribution to take into account
solvent effects; Δν1/2 is the full-width at half-maximum of the
broadening for the transition and a normalization factor of 4 ln 2 is
added to ensure that the integrated area corresponds to the intensity of
the line that is broadened into a Gaussian distribution.

Theoretical Calculations. All calculations were performed with
the Gaussian09,48 revision E.0 suite of programs employing the DFT
method, the Becke three-parameter hybrid functional, and Lee−Yang−
Parr’s gradient-corrected correlation functional (B3LYP).49−51 All

Scheme 2. Synthetic Schemes (a) for the Ligand L4 and (b) for the Ligand L5a

aReaction conditions: (i) [Pd(PPh3)2Cl2], Na2CO3, Toluene/t-BuOH/H2O (9/2/10), 110°C, 3 days, 80%; (ii) [Pd(dppf)Cl2], KOAc, DMSO, 80
°C, 10 h, 93%; (iii) [Pd(PPh3)2Cl2], toluene/K2CO3 2 M (2/1), 100 °C, 18 h, 36%; (iv) [Pd(PPh3)2Cl2], Na2CO3, Toluene/t-BuOH/H2O (15/2/
3), 110 °C, 3 days, 19%.
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elements except ruthenium were assigned the 6-31G*(d,p) basis set.
The double- ζ quality SBKJC VDZ ECP basis set with an effective core
potential was employed for the Ru ion.52−55 No imaginary frequencies
were obtained when frequency calculations on optimized geometries
were performed. GaussView 5.0.9,56 GaussSum 3.057 and Chemissian
4.3058 software were used for data analysis, visualization and surface
plots. All calculations were performed in a MeCN solution by using
the polarized continuum solvation model, as implemented in Gaussian
09.59,60

Synthesis and Characterization. 4′,4′′′′-(5′-Phenyl-[1,1′:3′,1″-
terphenyl]-3,3″-diyl)di-2,2′:6′,2″-terpyridine (L4). To a mixture of
3,5-dibromo-1,1′-biphenyl (0.1000 g, 0.3204 mmol, 1 equiv), (3-
([2,2′:6′,2″-terpyridin]-4′-yl)phenyl)boronic acid (0.3395 g, 0.9612
mmol, 3 equiv) and Na2CO3 (0.2038 g, 1.9224 mmol, 6 equiv) was
added a solution of water/tert-butanol/toluene (42 mL, 10/2/9). The
reaction mixture was degassed by four freeze−pump−thaw cycles;
after the third cycle; when the reaction mixture was frozen the
[Pd(PPh3)2Cl2] (0.0225 g, 0.0320 mmol, 0.1 equiv) was added and
one more freeze−pump−thaw cycles was done. The reaction mixture
was heated to 110 °C during 3 days under argon atmosphere. 100 mL
of water was added to the reaction mixture and the aqueous phase was
extracted three times with 150 mL CH2Cl2. Organic layers were
combined, dried over MgSO4 and solvents were then removed under
vacuum. The off-white powder was purified by column chromatog-
raphy on neutral Al2O3 (CH2Cl2/MeOH: 98/2) and washed one time
with MeOH to afford L4 (0.1971 g, 80%) as a white powder. 1H NMR
(CDCl3, 500 MHz): δ (ppm), 8.81 (s, 4H, H3′ and H5′), 8.70 (ddd,
4H, H6 and H6″, JH6‑H5 = 4.8 Hz, JH6−H4 = 1.7 Hz, JH6−H3 = 0.9 Hz),
8.68 (dt, 4H, H3 and H3″, JH3−H4 = 7.7 Hz, JH3−H5 = 1.2 Hz), 8.19 (t,
2H, Hd, JHd−Ha (Hc) = 1.7 Hz), 7.94−7.92 (m, 3H, Ha or Hc and He),
7.91 (d, 2H, Hf, JHf−He = 1.6 Hz), 7.88 (td, 4H, H4 et H4″, JH4−H3 (H5) =
7.7 Hz, JH4−H6 = 1.7 Hz), 7.82 (ddd, 2H, Ha or Hc, JHa (Hc)−Hb = 7.7
Hz, JHa (Hc)−Hd = 1.7 Hz, JHa−Hc = 1.1 Hz), 7.77 (dd, 2H, Hg, JHg−Hh =
7.7 Hz, JHg−Hi = 1.7 Hz), 7.64 (t, 2H, Hb, JHb−Ha (Hc) = 7.7 Hz), 7.50 (t,
2H, Hh, JHh−Hg (Hi) = 7.7 Hz), 7.40 (tt, 1H, Hi, JHi−Hh = 7.7 Hz, JHi−Hg =
1.7 Hz), 7.34 (ddd, 4H, H5 and H5″, JH5−H4 = 7.7 Hz, JH5−H6 = 4.8 Hz,
JH5−H3 = 1.2 Hz). 13C NMR (CDCl3, 75 MHz): δ (ppm), 156.24,
156.02, 150.53, 149.18, 142.73, 142.36, 142.17, 141.13, 139.42, 137.12,
129.64, 129.01, 128.39, 127.67, 126.87, 126.55, 125.85, 125.79, 124.00,
121.57, 119.38. HRMS (APCI): m/z calculated for [C54H36N6 + H]+,
769.3071; found: 769.3074.
4,4′-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,1′-bi-

phenyl (1). To a mixture of 4,4′-dibromo-1,1′-biphenyl (0.5000 g,
1.602 mmol, 1 equiv), Bis(pinacolato)diboron (0.8546 g, 3.365 mmol,
2.1 equiv), KOAc (0.9438 g, 9.615 mmol, 6 equiv) and [Pd(dppf)-
Cl2].CH2Cl2 (0.1308, 0.1602 mmol, 0.1 equiv) was added anhydrous
DMSO (15 mL). The reaction mixture was degassed by three freeze−
pump−thaw cycles and heated to 80 °C under argon atmosphere for
10h. 50 mL of toluene was added and the reaction mixture is extracted
five times with 100 mL of water, the organic layer is dried over MgSO4

and solvent removed to afford 1 (0.6051 g, 93%) as a gray powder. 1H
NMR (CDCl3, 300 MHz): δ (ppm), 7.88 (d, 4H, Ha or Hb, JHa−Hb =
8.2 Hz), 7.63 (d, 4H, Ha or Hb, JHa−Hb = 8.2 Hz), 1.36 (s, 24H, Hc).
13C NMR (CDCl3, 75 MHz): δ (ppm), 135.38, 126.65, 83.98, 25.03.
MS (EI): m/z calculated for [C24H32B2O4]+, 406.2; found: 406.0.
3,3‴,5,5‴-Tetrabromo-1,1′:4′,1″:4″,1‴-quaterphenyl (2). To 1

(1.3168 g, 3.266 mmol, 1 equiv), 1,3,5-Tribromobenzene (8.226 g,
26.13 mmol, 8 equiv) and [Pd(PPh3)2Cl2] (0.2293 g, 0.3266 mmol,
0.1 equiv) was added a mixture of toluene/aqueous K2CO3 2 M (45
mL, 2/1). The reaction mixture was degassed by three freeze−pump−
thaw cycles and heated to 100 °C under argon atmosphere for 18h. 50
mL of water were added and the reaction mixture was extracted three
times with 100 mL of toluene; organic layers were combined, dried
over MgSO4 and solvents removed under vacuum. The off-white
powder was purified by column chromatography on SiO2 (CHCl3/
cyclohexane: 4/1) and washed one time with acetone to afford 2
(0.7256 g, 36%) as a white powder. 1H NMR (CDCl3, 500 MHz): δ
(ppm), 7.74−7.70 (m, 8H, Ha and Hb), 7.66 (t, 2H, Hd, JHd−Hc = 1.7
Hz), 7.65−7.62 (m, 4H, Hc).

13C NMR (CDCl3, 75 MHz): δ (ppm),

144.30, 140.50, 137.72, 132.89, 129.01, 127.80, 127.75, 123.52. MS
(EI): m/z calculated for [C24H14Br4]

+, 621.8; found: 621.6.
(L5): To 2 (0.1500 g, 0.2412 mmol, 1 equiv), (3-([2,2′:6′,2″-

terpyridin]-4′-yl)phenyl)boronic acid (0.6299 g, 1.446 mmol, 6 equiv)
and Na2CO3 (0.3067 g, 2.894 mmol, 12 equiv) was added a mixture of
water/tert-butanol/toluene (80 mL, 3/2/15). The reaction mixture
was degassed by four freeze−pump−thaw cycles; after the third cycle,
when the reaction mixture being frozen, the [Pd(PPh3)2Cl2] (0.0406
g, 0.0579 mmol, 0.24 equiv) was added, and one more freeze−pump−
thaw cycle was done. The reaction mixture was heated to 110 °C
under argon atmosphere during 3 days. 100 mL of water were added
to the reaction mixture and the aqueous phase was extracted five times
with 150 mL CH2Cl2. Organic layers were combined, dried over
MgSO4 and solvents removed. The off-white powder was dissolved in
10 mL of hot toluene and 100 mL of MeOH were added to induce the
precipitation of the desired product. The solid was washed two times
with MeOH and one time with a MeOH/CH2Cl2 (9/1) mixture to
afford L5 (0.0714g, 19%) as a white powder. 1H NMR (CDCl3/
(CF3)2CHOH:20/1, 500 MHz): δ (ppm), 8.64 (ddd, 8H, H6 and H6″,
JH6−H5 = 5.0 Hz, JH6−H4 = 1.6 Hz, JH6−H3 = 0.8 Hz), 8.49 (s, 8H, H3′
and H5′), 8.44 (d, 8H, H3 and H3″, JH3−H4 = 7.9 Hz), 8.19 (s, 4H, Hf),
8.00−7.96 (m, 14H, He, Hd, H4 and H4″), 7.93 (d, 4H, Ha or Hc,
JHa (Hc)−Hb = 7.7 Hz), 7.90−7.87 (m, 8H, Ha or Hc and Hg or Hh), 7.81
(d, 4H, Hg or Hh, JHg−Hh = 8.4 Hz), 7.68 (t, 4H, Hb, JHb−Ha (Hc) = 7.7
Hz), 7.47 (ddd, 8H, H5 and H5″, JH5−H4 = 7.5 Hz, JH5−H6 = 5.0 Hz,
JH5−H3 = 1.1 Hz). 13C NMR (CDCl3/(CF3)2CHOH:20/1, 75 MHz): δ
(ppm), 156.20, 156.00, 151.45, 148.72, 142.33, 138.53, 129.95, 128.84,
128.06, 127.74, 126.81, 126.43, 125.73, 124.64, 120.61. HRMS
(APCI): m/z calculated for [C108H70N12 + H]+, 1535,5899 ; found:
1535.8919.

[Ru3(L1)(tpy)3](PF6)6 (C1). To L1 (0.0145 g, 0.0188 mmol, 1 equiv)
and [Ru(tpy)Cl3] (0.0324 g, 0.0324 mmol, 3.9 equiv) was added a
mixture of isopropanol/water (20 mL, 1:1) and N-ethylmorpholine
(0.5 mL). The reaction medium was heated to 90 °C for 3 days and
cooled down to room temperature. An excess of aqueous ammonium
hexafluorophosphate was added to the solution and the resulting
precipitate was collected and washed with water. The solid was
purified by flash chromatography on SiO2 (acetonitrile/saturated
aqueous KNO3/water:7/1/0.5), precipitated by addition of an excess
of aqueous ammonium hexafluorophosphate and washed three times
with water to afford C1 (0.0170 g, 34%) as a dark red solid. 1H NMR
(CD3CN, 500 MHz): δ (ppm),9.72 (s, 2H, Hc or Hd), 9.69 (s, 2H, Hc
or Hd), 9.23 (s, 4H, H3′ and H5′), 8.93 (d, 2H, HB3′ and HB5′,
JHB3′ (HB5′)‑HB4″ = 8.0 Hz), 8.78 (d, 8H, H3, H 3″, HA3′ and HA5′, JH3‑H4 =
7.9 Hz, JHA3′ (HA5′)‑HA4′ = 7.9 Hz), 8.66 (d, 2H, HA, JHa‑Hb = 7.7 Hz),
8.58 (t, 1H, HB4′,, JHB4′‑HB3′ (HB5′) = 8.0 Hz), 8.51 (m, 6H, He, HA3 and
HA3″), 8.44 (t, 2H, HA4′, JHA4′‑HA3′ (HA5′) = 7.9 Hz), 8.04 (m 4H, Hb,
HB4 and HB4″), 7.96 (t, 4H, H4 and H4″, JH4‑H3 (H5) = 7.9 Hz), 7.91 (t,
4H, HA4 and HA4″, JHA4‑HA3 (HA5) = 7.9 Hz), 7.80 (t, 2H, Hf, JHf‑He (Hg) =
7.3 Hz), 7.77 (d, 2H, HB3 and HB3″, JHB3‑HB4 = 5.5 Hz), 7.71 (m, 3H,
Hg, HB6 and HB6″), 7.37 (d, 8H, H6, H6″, HA6 and HA6″, JH6−H5 = 4.7
Hz, JHA6‑HA5 = 4.7 Hz), 7.33 (m, 2H, HB5 and HB5″), 7.21 (m, 4H, H5
and H5″), 7.14 (m, 4H, HA5 and HA5″). MS (ESI): m/z calculated for
[C96H66N18Ru3P2F12]

4+, 443.82; found: 443.80, m/z calculated for
[C96H66N18Ru3P1F6]

5+, 355.06; found: 355.05, m/z calculated for
[C96H66N18Ru3]

6+, 295.88; found: 295.87. MS (MALDI): m/z
calculated for [C96H66N18Ru3P5F30]

+, 2500.11; found: 2499.99, m/z
calculated for [C96H66N18Ru3P4F24]

+, 2355.02; found: 2355.15, m/z
calculated for [C96H66N18Ru3P3F18]

+, 2210.08; found: 2210.18, m/z
calculated for [C96H66N18Ru3P2F12]

+, 2065.10; found: 2065.22.
[Ru4(L2)(tpy)4](PF6)8 (C2). To L2 (0.0200 g, 0.0185 mmol, 1 equiv)

and [Ru(tpy)Cl3] (0.0436 g, 0.0986 mmol, 5.33 equiv) was added a
mixture of isopropanol/water (20 mL, 1:1) and N-ethylmorpholine (1
mL). The reaction medium was heated to 90 °C for 3 days and cooled
down to room temperature. An excess of aqueous ammonium
hexafluorophosphate was added to the solution and the resulting
precipitate was collected and washed with water. The solid was
purified by flash chromatography on SiO2 (Acetonitrile/saturated
aqueous KNO3/water:7/1/0.75), precipitated by addition of an excess
of aqueous ammonium hexafluorophosphate and washed three times
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with water to afford C2 (0.0146 g, 22%) as a dark red solid. 1H NMR
(CD3CN, 500 MHz): δ (ppm), 9.77 (s, 2H, Hc or Hd), 9.68 (s, 2H, Hc
or Hd), 9.22 (s, 4H, H3′ and H5′), 9.13(s, 2H, He′), 8.97 (d, 2H, HB3′
and HB5′, JHB3′ (HB5′)‑HB4″ = 8.3 Hz), 8.83−8.69 (m, 16H, Ha, He, Hd′,
H3, H3″, HA3′, HA5′, HC3′ and HC5′), 8.62 (t, 1H, HB4′,, JHB4′−HB3′ (HB5′)
= 8.3 Hz), 8.54 (d, 6H, HA3, HA3″, HC3 and HC3″, JHA3‑HA4 = 8.0 Hz,
JHC3‑HC4 = 8.0 Hz), 8.41−8.41 (m, 5H, Hf′, HA4′ and HC4′), 8.33 (d,
2H, Hf, JHf−He = 8.2 Hz), 8.29 (d, 2H, Hg′, Jg′‑He′ = 8.3 Hz), 8.10 (t, 2H,
Hc′, JHc′‑Hb′(Hd′) = 7.5 Hz), 8.06−7.93 (m, 14H, Hb, H4, H4″, HA4, HA4″,
HB4, HB4″, HC4 and HC4″), 7.83 (d, 2H, HB3 and HB3″, JHB3‑HB4= 5.9
Hz), 7.78 (d, 2H, Ha′, JHa′‑Hb′= 5.4 Hz), 7.47 (d, 2H, HC6 and HC6″,
JHC6‑HC5= 5.3 Hz), 7.45−7.36 (m,12H, Hb′, H6, H6″, HA6, HA6″, HB6
and HB6″), 7.28−7.16 (m, 12H, H5, H5″, HA5, HA5″, HB5, HB5″, HC5 and
HC5″). MS (ESI): m/z calculated for [C132H90N24Ru4P2F12]

6+, 402.57;
found: 402.73, m/z calculated for [C132H90N24Ru4PF6]

7+, 345.20;
found: 345.06, m/z calculated for [C132H90N24Ru4]

8+, 302.05; found:
302.18, m/z calculated for [C132H90N24Ru4]

9+, 268.71; found: 268.48.
MS (MALDI): m/z calculated for [C132H90N18Ru4P7F42]

+, 3432.15;
found: 3432.22.
[Ru6(L3)(tpy)6](PF6)12 (C3). To L3 (0.0130g, 0.0084 mmol, 1 equiv)

and [Ru(tpy)Cl3] (0.0297 g, 0.0674 mmol, 8 equiv) was added a
mixture of isopropanol/water (20 mL, 1:1) and N-ethylmorpholine (1
mL). The reaction medium was heated to 90 °C for 3 days and cooled
down to room temperature. An excess of aqueous ammonium
hexafluorophosphate was added to the solution and the resulting
precipitated was collected and washed with water. The solid was
purified by flash chromatography on SiO2 (Acetonitrile/saturated
aqueous KNO3/water:7/2/2), precipitated by addition of an excess of
aqueous ammonium hexafluorophosphate and washed three times
with water to afford C3 (0.0049 g, 11%) as a dark red solid. 1H NMR
(CD3CN, 500 MHz): δ (ppm), 9.91 (s, 4H, Hc or Hd), 9.75 (s, 4H, Hc
or Hd), 9.30 (s, 8H, H3′ and H5′), 8.94 (d, 4H, HB3′ and HB5′,
JHB3′ (HB5′)‑HB4′= 8.2 Hz), 8.82 (d, 8H, H3 and H3″, JH3−H4= 8.0 Hz),
8.80−8.75 (m, 12H, He, HA3′ and HA5′), 8.67 (d, 4H, Ha, JHa‑Hb= 8.2
Hz), 8.57 (t, 2H, HB4′ and HB5′, JHB4′‑HB3′ (HB5′)= 8.2 Hz), 8.50 (d, 8H,
HA3 and HA3″, JHA3‑HA4= 8.0 Hz), 8.43 (t, 4H, HA4′, JHA4′‑HA3′ (HA5′)= 8.2
Hz), 8.26 (d, 4H, Hf, JHf−He= 8.2 Hz), 8.06−8.02 (m, 8H, Hb, HB4 and
HB4″), 7.95 (t, 8H, H4 and H4″, JH4−H3 (H5)= 8.0 Hz), 7.89 (t, 8H, HA4
and HA4″, JHA4‑HA3 (HA5)= 8.0 Hz), 7.77 (d, 4H, HB3 and HB3″, JHB3‑HB4=
5.8 Hz), 7.74 (d, 4H, HB6 and HB6″, JHB6‑HB5= 5.4 Hz), 7.39 (d, 8H,
HA6 and HA6″, JHA6‑HA5= 5.4 Hz), 7.36 (d, 8H, H6 and H6″, JH6−H5= 5.4
Hz), 7.33−7.31 (m, 4H, HB5 and HB5″), 7.18−7.15 (m, 8H, H5 and
H5″), 7.14−7.11 (m, 8H, HA5 and HA5″). MS (ESI): m/z calculated for
[C192H130N36Ru6]

12+, 295.71; found: 295.70.
[Ru2(L4)(tpy)2](PF6)4 (C4). To L4 (0.0160g, 0.0208 mmol, 1 equiv)

and [Ru(tpy)Cl3] (0.0244 g, 0.0554 mmol, 2.66 equiv) was added a
mixture of water/isopropanol/hexafluoroisopropanol (16 mL, 4:3:1)
and N-ethylmorpholine (0.5 mL). The reaction media was heated to
90 °C for 3 days and cooled down to room temperature. An excess of
aqueous ammonium hexafluorophosphate was added to the solution
and the resulting precipitate was collected and washed with water. The
solid was purified by a first flash chromatography on SiO2
(Acetonitrile/saturated aqueous KNO3/water:7/1/0.5), precipitated
by addition of an excess of aqueous ammonium hexafluorophosphate
and purified again by a second flash chromatography on SiO2
(Acetonitrile/saturated aqueous KNO3/water:7/2/2), precipitated by
addition of an excess of aqueous ammonium hexafluorophosphate and
washed three times with water to afford C4 (0.0263 g, 88%) as a red
solid. 1H NMR (CD3CN, 500 MHz): δ (ppm), 9.18 (s, 4H, H3′ and
H5′), 8.79−8.75 (m, 6H, Hd, HA3′ and HA5′), 8.71 (d, 4H, H3 and H3″,
JH3 H4= 8.0 Hz), 8.51 (d, 4H, HA3 and HA3″, JHA3 HA4= 8.0 Hz), 8.47 (t,
1H, He, JHe Hf= 1.6 Hz), 8.42 (t, 2H, HA4′, JHA4′ HA3′(HA5′)= 8.2 Hz),
8.30−8.26 (m, 4H, Ha or Hc and Hf), 8.22 (d, 2H, Ha or Hc,
JHa (Hc)‑Hb= 7.8 Hz), 8.00 (dd, 2H, Hg, JHg‑Hh= 7.8 Hz, JHg Hi= 1.1 Hz),
7.93 (t, 2H, Hb, JHb‑Ha (Hc)= 7.8 Hz), 7.89−7.84 (m, 8H, H4, H4″, HA4
and HA4″), 7.60 (t, 2H, Hh, JHh‑Hg (Hi)= 7.8 Hz), 7.50 (tt, 1H, Hi, JHi‑Hh=
7.8 Hz, JHi‑Hg= 1.1 Hz), 7.45 (dd, 4H, H6 and H6″, JH6−H5= 5.6 Hz,
JH6−H4= 0.7 Hz), 7.35 (dd, 4H, HA6 and HA6″, JHA6‑HA5= 5.6 Hz,
JH6−H4= 0.7 Hz), 7.13 (m, 4H, HA5 and HA5″), 7.07 (m, 4H, H5 and
H5″). MS (MALDI): m/z calculated for [C84H58N12Ru2P3F18]

+,

1873.20; found: 1873.12, [C84H58N12Ru2P2F12]
+, 1727.23; found:

1727.19. MS (ESI): m/z calculated for [C84H58N12Ru2PF6]
3+, 479.10;

found: 479.09, m/z calculated for [C84H58N12Ru2]
4+, 359.58; found:

360.07, m/z calculated for [C84H58N12Ru2]
5+, 287.86; found: 287.66.

[Ru4(L5)(tpy)4](PF6)8 (C5). To L5 (0.0150g, 0.00977 mmol, 1 equiv)
and [Ru(tpy)Cl3] (0.0243 g, 0.0553 mmol, 5.66 equiv0.) was added a
mixture of water/isopropanol/hexafluoroisopropanol (16 mL, 4:3:1)
and N-ethylmorpholine (1 mL). The reaction medium was heated to
90 °C for 3 days and cooled down to room temperature. An excess of
aqueous ammonium hexafluorophosphate was added to the solution
and the resulting precipitated was collected and washed with water.
The solid was purified by a flash chromatography on SiO2
(Acetonitrile/saturated aqueous KNO3/water:7/1/0.5), precipitated
by addition of an excess of aqueous ammonium hexafluorophosphate
and washed three time, with water to afford C5 (0.0171 g, 43%) as a
red solid. 1H NMR (CD3CN, 500 MHz): δ (ppm), 9.20 (s, 8H, H3′
and H5′), 8.82 (s, 4H, Hd), 8.77 (d, 8H, HA3′ and HA5′, JH3′‑H4′ = 8.1
Hz), 8.72 (d, 8H, H3 and H3″, JH3−H4 = 8.1 Hz), 8.53 (s, 2H, He), 8.49
(d, 8H, HA3 and HA3″, JHA3‑HA4 = 8.1 Hz), 8.43 (t, 4H, HA4′,
JHA4′‑HA3′ (HA5′) = 8.2 Hz), 8.34 (d, 4H, Hf, JHf−He = 1.0 Hz), 8.29 (d,
4H, Ha or Hc, JHa (Hc)‑Hb = 7.7 Hz), 8.25 (d, 4H, Ha or Hc, JHa (Hc)‑Hb =
8.2 Hz 8.16 (d, 4H, Hg or Hh, JHg‑Hh = 8.2 Hz), 8.02 (d, 4H, Hg or Hh,
JHg‑Hh = 8.2 Hz), 7.95 (d, 4H, Hb, JHb‑Ha (Hc) = 7.7 Hz), 7.85 (t, 16H,
H4, H4″, HA4 and HA4″, JH4−H3 (H5) = 8.1 Hz), 7.45 (d, 8H, H6 and H6″,
JH6−H5 = 5.4 Hz), 7.35 (d, 8H, HA6 and HA6″, JHA6‑HA5 = 5.4 Hz), 7.14−
7.09 (m, 8H, HA4 and HA4″), 7.08−7.03 (m, 8H, H4 and H4″). MS
(MALDI): m/z calculated for [C168H114N24Ru4P7F42]

+, 3888.34;
f o u n d : 3 8 8 8 . 4 3 . M S ( E S I ) : m / z c a l c u l a t e d f o r
[C168H114N24Ru4P2F12]

6+, 526.91; found: 527.09, m/z calculated for
[C168H114N24Ru4PF6]

7+, 431.08; found: 431.22, m/z calculated for
[C168H114N24Ru4]

8+, 359.20; found: 359.20.

■ RESULTS AND DISCUSSION
Synthesis of the Multiterpyridine Analogs. As stated in

the Introduction, the synthesis of the multiterpyridines L1, L2,
and L3 has been developed recently in our laboratory. We first
focused on the synthesis of ligands L4 and L5, analogs of
ligands L1 and L3, respectively, where the central terpyridine
binding site is absent. The analogs of the ligand L1, i.e. L4
(Scheme 2a), were obtained by a Suzuki cross-coupling
reaction between the 3,5-dibromobiphenyl46 and the (3-
([2,2′:6′,2″-terpyridin]-4′-yl)phenyl)boronic acid.47 Concern-
ing the ligand L5, a different synthetic route was developed
(Scheme 2b). First a Miyaura cross-coupling reaction61

between 4,4′-dibromobiphenyl and bis(pinacolato)diboron in
anhydrous conditions gave the pinacolate ester 1, which was
then reacted with an excess of 1,3,5-tribromobenzene via a
Suzuki-reaction in order to give predominantly the intermediate
2. A quadruple Suzuki-reaction using the intermediate 2 and
the (3-([2,2′:6′,2″-terpyridin]-4′-yl)phenyl)boronic acid gave
the desired tetradentate ligand L5. All multiterpyridine analogs
and new intermediates have been characterized by 1H and 13C
NMR spectroscopy and high resolution mass spectrometry
(Figure S1−S12).

Synthesis of the Multiterpyridine Ru(II) Complexes.
With the five ligands L1−5 in hand, we focused on the
synthesis of multinuclear Ru(II) complexes (Scheme 1). The
paramagnetic precursor [Ru(tpy)Cl3] was synthesized by
refluxing 2,2′:6′,2″-terpyridine with RuCl3 in ethanol according
to the literature.62 The complexes C1−C3 were synthesized by
refluxing the appropriate ligand with [Ru(tpy)Cl3] in the
presence of N-ethylmorpholine as reducing agent in a water/
isopropanol mixture, yielding a deep red mixture.36 Concerning
complexes C4 and C5, the extremely low solubility of the
ligands L4 an L5 in isopropanol does not allow the formation
of the complexes according to previous conditions. The use of
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hexafluoroisopropanol (HFIP) as an additive for the solvent
mixture allows the solubilization of the ligands and thus the
synthesis of the complexes. At the end of the reaction, addition
of saturated aqueous ammonium hexafluorophosphate led to
the precipitation of a red solid, which was purified by flash
chromatography on silica with an acetonitrile/saturated
aqueous KNO3/water mixture as eluent. Due to their large
positive charge, the complexes tend to be partially absorbed on
the silica, which led to complexes loss during the purification
and low yields. The yield of complexation and purification
varies from good to low (88−11%), with the complexes
without the central chelating site (C4 and C5) having better
yield than the others (C1−C3), in agreement with previous
reports42,63 which showed that the more closely positioned the
binding sites are, the lower the yield. Furthermore, the yield of
the synthesis also decreases as the number of Ru(II) centers
increases.

1H NMR Characterization of the Complexes. Thanks to
the use of terpyridine ligand as chelation moiety, no
stereoisomers are generated during the reaction, easing the
characterization of all the complexes by 1H NMR spectroscopy.
All peaks in the 1H NMR spectra were fully assigned. The
assignment of the different peaks was realized by performing
1H−1H COSY spectra and comparison to the free ligand
(Figure 1). The signals of all tepyridine units are impacted by
the complexation of the Ru(II). The most noticeable effect of

the complexation of the Ru(II) center to a terpyridine core is
the necessity for the tpy ligand to switch from a trans to a cis
conformation;36 in trans conformation, the lone pair of the
nitrogen atom deshields the 3′ and 5′ protons, whereas that is
not the case in the cis conformation. For the complex C1, the
protons 3′ and 5′ of the two chemically nonequivalent
terpyridines (blue and red Figure 1) are downfield of 0.31
and 0.15 ppm, respectively; for the two different terpyridine
units of the ligand L1 this downfield is 0.94 (Hd) and 0.39
(H3′,5′) ppm. The other noticeable effect of the complexation is
the upfield of the protons 6 and 6″; for the ancillary terpyridine
this upfield is −1.37 and −1.01 ppm, and for the ligand L1 this
upfield is −1 ppm. It is interesting to note that the proton Ha of
the ligand L1 shows only an upfield of −0.15 ppm which is
surprisingly small. The same observation may be done for the
complexes C2, C3, C4, and C5. The comparison between the
1H NMR spectra of the complexes C1 and C3 shows only small
changes (Figure 2); only the protons He and Hf are upfield
when we switch from the complex C1 to C3, and the proton Hg
disappears. The same observations are made for complexes C4
and C5.

Mass Characterization of the Complexes. All the
complexes were also characterized by mass spectrometry
using both available ionization sources, i.e. matrix assisted
laser desorption/ionization (MALDI) and electrospray ioniza-
tion (ESI). First, the MALDI-ToF technique allows for all our

Figure 1. 1H NMR (500 MHz, 298 K) spectra of (a) the ligand 2,2′:6′,2″-terpyridine in CDCl3, (b) complex C1 in CD3CN, and (c) ligand L1 in
CDCl3.
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complexes (except the complex C3) the observation of the
singly charged ions, corresponding to the entire complex having
lost only one PF6

− counterion. Nevertheless, it is worth
noticing that other singly charged ions having lost multiple
PF6

− are also observed in the mass spectra. Indeed, during the
MALDI process, free electrons can be produced in the plume
and capped by multiple charged ions,64 inducing some
reduction reactions, and, as a consequence, detect those
complexes singly charged but presenting different number of
hexafluorophosphate counterions (Figure S23−S31). On the
other hand, ESI allows, for all the complexes, the detection of
multicharged complexes with a variable number of hexafluor-
ophosphate counterion losses (Figures S24, S26−S27, S29, and
S31). All the different complexes have been characterized by
using both techniques, confirming the success of the syntheses.
Electrochemical Measurements. The results of the cyclic

voltammetry are reported in Table 1. The complexes C1−C5
show a single reversible oxidation wave corresponding to the
Ru(II)/Ru(III) oxidation process(es) for all the Ru(II) centers,
which thus all occur at the same potential, similar to the one of
the reference complex [Ru(tpy)2]

2+. The presence of one single
oxidative process for multinuclear complexes is indicative of
weak intermetal interactions between the different Ru(II)

centers. In reduction, a different behavior can clearly be
observed for the different complexes. Indeed, although
complexes C4 and C5 exhibit two reduction waves at similar
potentials as for the complex [Ru(tpy)2]

2+, the situation is
different for complexes C1−C3. In these cases, a new reduction
wave at a less negative potential is detected; this reduction wave
is attributed to the reduction of the bridging terpyridine unit.
The electrochemical measurements reveal thus two different

behaviors. (i) Complexes C4 and C5 have electrochemical
properties similar to that of the reference complex [Ru(tpy)2]

2+

and could thus be considered as simple polynuclear assemblies
of the reference unit [Ru(tpy)2]

2+. (ii) On the contrary, for

Figure 2. 1H NMR (500 MHz, 298 K) spectra in CD3CN of (a) C1 and (b) C3.

Table 1. Oxidation and Reduction Potentiala

Complex EOx
b ERed

c

C1 +1.39 −0.64 −0.96 −1.30
C2 +1.39 −0.69 −0.94 −1.33
C3 +1.39 −0.69 n.d. n.d.
C4 +1.35 −1.01 −1.27
C5 +1.43c −1.01 −1.26
[Ru(tpy)2]

2+ +1.37 −1.03 −1.27
aE1/2(V) vs Ag/AgCl.

bIn acetonitrile. cIn DMF.
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complexes C1−C3 the multiterpyridine bridging ligand induces
the appearance of a new reduction wave at higher potential; the
resulting complexes possess thus clearly distinct properties
compared to the reference complex. Thanks to these
observations, we could expect that complexes C1−C3 will
present different photophysical properties.
UV/Visible Spectroscopy. The absorption spectra of

complexes C1−C5 and the reference [Ru(tpy)2](PF6)2 are
shown in Figure 3, and the maxima of absorption and the molar

extinction coefficient are gathered in Table 2. The intense and
sharp bands localized in the UV part of the spectra are
attributed to ligand-centered (LC) π−π* transitions on the
terpyridine ligands and the multitepyridine bridging ligands.
The broad bands in the 400−650 nm visible region correspond
to a metal-to-ligand charge-transfer (MLCT) transition
between the Ru(II) ions and the ancillary ligands. Complexes
C4 and C5 and the reference complex [Ru(tpy)2]

2+ depict a
very similar shape for this band, with the maxima of the MLCT
band being only a little bit red-shifted for complexes C4−C5 in
comparison to [Ru(tpy)2]

2+ and the molar extinction
coefficient increases with the number of Ru(II) centers (Figure

3). In contrast, the MLCT transition for complexes C1−C3 is
not only slightly red-shifted in comparison to the reference
[Ru(tpy)2]

2+, but a bathochromic shoulder can be observed for
the MLCT band. As for previous complexes, the molar
extinction coefficient increases with the number of Ru(II)
centers.
The central terpyridine coordinating site in the ligands L1,

L2, and L3 seems thus to have considerable effects on the
MLCT transition of the resulting complexes. The bathochromic
absorbance of the MLCT of C1−C3 suggests that a less
energetic transition involving the central terpyridine coordinat-
ing site is present; for these complexes it can thus be stated that
a more bathochromic transition corresponding to the MLCT
transition between the different Ru(II) centers and the
multiterpyridine bridging ligand is at stake. The similarity
between the absorption spectra in the visible part of complexes
C4−C5 and the [Ru(tpy)2](PF6)2 is in agreement with the
crucial role played by the central terpyridine unit for complexes
C1−C3. For all the complexes, the quasi linear relationship
between the number of Ru(II) centers and the absorption
coefficient for the MLCT absorption bands demonstrates that
each chromophore is responsible for the absorption cross
section; for polynuclear systems, this is consistent with the
small electronic interaction between the different metallic
centers.65,66

Emission Spectroscopy. The luminescence of the
complexes in nitrile solvents was studied at 77 K in frozen
media (Figure 4) and at 298 K (Figure 5). We checked that the
emission properties of complexes C1−C5 are independent with
the wavelength of excitation and we demonstrated that the
emission is solely due to our complexes and not an impurity by
recording excitation spectra, which matched the absorption
spectra of our complexes (see S38−S40).
At 77 K, all the complexes are luminescent. Complexes C4

and C5 have a maximum of emission at 624 nm, slightly red-
shifted compared to the emission of reference [Ru(tpy)2]

2+, the
maximum of luminescence of which is located at 600 nm
(Table 2). The increase of the number of Ru(II) centers from
C4 to C5 has no influence over the maxima of emission. In
contrast, for complexes C1−C3, the emission at 77 K is more
bathochromic and the red-shift compared to [Ru(tpy)2]

2+

increases with the number of Ru(II) centers. The presence of
only one emission band for complexes C1, C2, and C3 is very
interesting. Indeed, complexes C1 and C3 possess two types of
Ru(II) centers whereas complex C2 presents three types of
Ru(II) centers. If there were no interaction between Ru(II)
centers, the emission spectra would present at least two (or

Figure 3. Absorption spectra in acetonitrile solution at 298 K. Inset:
molar extinction coefficient of the maximum of the UV−visible MLCT
band as a function of the number of Ru(II) centers of the different
complexes.

Table 2. Luminescence Properties of Complexes C1−C5 and Reference [Ru(tpy)2](PF6)2 in Nitrile Solvents

Absorption Luminescence

298 Ka,b 298 Ka 77 Ke

Compound λmax (nm) εmax (M
−1 cm−1) λex (nm) λmax (nm) τ (ns)c Φem

a,d 10−4 kr
a λmax (nm) τ (μs)

C1 497 41000 500 682 101.1 [119.2] 0.0014 1.4 670 12.0
C2 489 55500 500 684 81.9 [88.1] 0.0012 1.5 672 9.4
C3 495 83000 500 685 94.1 [101.2] 0.0016 1.7 678 8.2
C4 483 27500 480 639 624 10.6
C5 484 62500 480 639 624 4.8
[Ru(tpy)2]

2+ 475 11600 476 625 ≤5 × 10−6f 600 10.9

aAir-equilibrated acetonitrile solution. bOnly the absorption band in the visible region is indicated. cIn brackets values for dearated acetonitrile
solution. d[Ru(bpy)3]Cl2 in air-equilibrated acetonitrile used as reference (ϕem = 0.018) and excitation at 450 nm; uncertainty over the measures is
estimated to be 20%. eButyronitrile rigid matrix. fData taken from ref 28.
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three) emission bands, one (or two) for the peripheral Ru(II)
centers (similar to the complexes C4 and C5), and one for the
central Ru(II) moiety. As a consequence, the presence of only
one emission band for complexes C1−C3 suggests some
interaction between the Ru(II) centers, which is in agreement
with the absorption data.
At room temperature, it is well-known that [Ru(tpy)2]

2+ is
almost non-luminescent.5 Complexes C4−C5 are also charac-
terized by a negligible luminescence (Figure 5); a moderate
increase of the intensity of this residual emission can still be
observed from C4 to C5, as the number of Ru(II) centers
increases. Very interestingly, complexes C1−C3 are lumines-
cent at 298 K; the presence of the central Ru(II) center
increases the luminescence of the polynuclear complexes by 2
orders of magnitude compared to [Ru(tpy)2]

2+, as shown by
the quantum yields of emission (Table 2).
Analysis of the Luminescence Profile. A detailed

analysis of the shape of the emission spectra at 77K allows
more information on the excited-state properties to be obtained
by an approach developed by Meyer.67−71 For all the
complexes, a Franck−Condon line-shape analysis using a
model with two modes of vibration was used. The results of
the fitting of the experimental data are gathered in Table 3;
Figure 6 shows the fitting for the complex C1 (fitting for other

complexes are presented in Figure S42−S46). The values
obtained for the energy of the vibration modes allow
distinguishing for each complex a medium frequency vibrational
mode (ℏωM) associated with C−C or C−N vibration of the
ligand, and a low frequency vibrational mode (ℏωL)
corresponding to a metal−ligand bound stretching. These
two modes of vibration are associated with Huang−Rhys
factors (SM and SL), associated with the reorganization energy
of the electronic states. E00 is the energy of the 0−0 transition,
and fwhm is the bandwidth at half-maximum of the vibronic
band.
Complexes C4−C5 display a similar behavior to the

reference complex [Ru(tpy)2]
2+, which is consistent with the

assumption that these complexes are only polynuclear
assemblies of the reference unit [Ru(tpy)2]

2+. For complexes
C1−C3 the very low displacement parameter SM/L indicates
that the energy curve of the excited state is slightly displaced
with respect to the ground state. This was attributed to efficient
electron delocalization over the accepting ligand, which induces
small changes in the C−C and C−N bond.72 For complexes
C1−C3 the delocalization of the 3MLCT state over the
triterpyridine bridging ligand lowers the direct nonradiative
deactivation from the 3MLCT excited state to the ground state
as previously reported.72−77

Luminescence Lifetime. The lifetimes of luminescence of
all the complexes at 77 K in a rigid matrix and for the
complexes C1−C3 at 298 K are reported in Table 2. In all
cases, the luminescence signal decays as a monoexponential. At
77 K, the lifetimes span over 12.0 and 4.8 μs, typical values for
Ru(II) complexes with terpyridine ligands.5 At 298 K only the
lifetime of the complexes C1−C3 can be measured due to the

Figure 4. Normalized emission spectra in butyronitrile rigid matrix at
77 K.

Figure 5. Emission spectra in acetonitrile solution at 298 K, [complex]
= 10−5 mol L−1. The inset is an expansion of the main graph showing
the weak emission of C4, C5, and [Ru(tpy)2]

2+.

Table 3. Emission Parameters from Franck−Condon Line-
Shape Analysisa

Complex
E00

(cm−1)
ℏωM
(cm−1) SM

ℏωL
(cm−1) SL

fwhm
(cm−1)

C1 14960 1220 0.09 530 0.25 670
C2 14690 1240 0.06 590 0.20 700
C3 14800 1320 0.08 590 0.26 680
C4 16120 1190 0.26 400 0.60 610
C5 16140 1190 0.27 380 0.68 600
[Ru(tpy)2]

2+ 16680 1290 0.23 440 0.56 530
aAt 77 K in butyronitrile rigid matrix, no parameters were constrained
(or fixed) for the fitting calculations.

Figure 6. Franck−Condon line-shape analysis of the luminescence
spectrum of C1 at 77 K. The green line is the luminescence C1, and
the dashed gray line is the fitting.
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low luminescence of the other complexes. Unexpectedly, the
lifetimes at 298 K for the complexes C1−C3 are quite long for
classical Ru(II) bis-terpyridine complexes; once again, the
presence of only one lifetime component for these complexes
which have two or three nonchemically equivalent Ru(II)
centers indicates that only one of them accounts for the
radiative deactivation. The comparison of complexes C1−C3
with complexes C4−C5 suggests that this behavior is induced
by the central Ru(II) on the bridging ligands.
In order to gain more information on the deactivation

pathways of the excited state, we studied the dependence of
luminescence lifetime as a function of temperature (Figure 7);

since the seminal work of van Houten and Watts,78 it is well-
known that the variation of luminescence lifetime as a function
of the temperature can be interpreted thanks to the following
equation:

∑τ = + + −Δk k A e1/ r nr i
E RT[ /( )]i

(2)

where kr and knr are the radiative and vibrational nonradiative
rate constants, considered to be constant in the range of
temperature studied, and Ai and ΔEi, the parameters of
thermally activated deactivation pathways involved in the decay
of the emissive excited state. Such temperature-dependent
deactivation can correspond to the shift to another high-energy
3MLCT excited state or a nonemissive 3MC state.
Complexes C4−C5 have a behavior similar to that of the

reference complex [Ru(tpy)2]
2+. The nonluminescence at 298

K is due to an efficient population of the 3MC state due to the
low energy activation (ΔE1 ≈ 1600 cm−1) for the
3MLCT−3MC transition; the nonradiative deactivation from

the 3MC state to the ground state is thus the prevailing pathway
of deactivation in this case. At lower temperature, thermal
access to the 3MC is disfavored and therefore the direct
radiative and nonradiative deactivation (kr and knr) pathways
become dominant, allowing the detection of luminescence of
the complexes.
The fittings of the data of complexes C1−C3 require the use

of a biexponential expression, meaning that there are at least
two thermally activated deactivation pathways accessible for
these complexes.80 This fact is well-known for polypyridyl
Ru(II) complexes,81 and it is due to the presence of upper lying
accessible 3MLCT.72,79−82 In [Ru(bpy)3]

2+, the excited 3MLCT
state corresponds in fact to a manifold of three undiscernible
3MLCT states and a fourth 3MLCT, which can only be seen at
low temperature, localized ≈700 cm−1 above the three former
ones.74,81,82 In our case, we can clearly identify a similar pattern
for the excited states of complexes C1−C3 (Table 4).
In conclusion, these temperature dependent measurements

allowed us to determine that, for complexes C1−C3, thermally
activated relaxation pathways imply: (i) a relaxation through the
3MC state, which correspond to the high energy activation
(ΔE1 = E# ≈ 4000 cm−1) [The Ai factor corresponds to an
Arrhenius-type preexponential factor (A1 ≈ 1015 s−1) for an
irreversible 3MLCT-3MC transition.]; (ii) a population of a
high 3MLCT excited state (ΔE2 = ΔG ≈ 700 cm−1) in
equilibrium with the emissive 3MLCT state [In this case, the Ai

factor corresponds to the rate constant for the deactivation of
this high-energy 3MLCT (A1 ≈ 107 s−1).] Photophysical
schemes for C1 and C4 summarizing the deactivation pathways
of excited states are depicted in Scheme 3.

Transient-Absorption Spectroscopy. Complexes C1−
C3 were studied at room temperature by nanosecond transient
absorption spectroscopy (due to the short lifetime of the
excited states of C4−C5 and [Ru(tpy)2]

2+, they cannot be
studied by transient absorption in this time scale). The
transient spectra for C1 (Figure 8) show the bleaching of the
ground state around 500 nm, with a lifetime of 95 ns. A positive
transient absorption band appearing beyond 600−620 nm and
a lifetime of 99 ns are also observed. The lifetimes of these two
features are consistent with the luminescence lifetime of the
complex (101 ns); a similar behavior was observed for
complexes C2−C3 (see Figures S47−S48).
Previous works have shown that for mononuclear Ru(II)

terpyridine complexes, a positive transient absorption spectrum
can be observed around 600 nm,83 whereas in the case of
polynuclear Ru(II) terpyridine complexes, the transient
absorption is red-shifted in the 600−900 nm region;72,75

these transients have been attributed to the absorption of
excited states delocalized over the polyazaaromatic bridging
ligand. Our observations are consistent with literature, and we

Figure 7. Luminescence lifetime of complexes C1−C5 in butyronitrile
as a function of temperature. Data fitted according to the van
Houten−Watts equation.78

Table 4. Kinetic Parameters for the Excited-State Decay in Acetonitrile Solution

Complexes k0 (s
−1) A1 (s

−1) ΔE1 (cm
−1) A2 (s

−1) ΔE2 (cm
−1)

C1 1.3 × 105 9.9 × 1014 3850 6.2 × 107 650
C2 2.6 × 105 1 × 1016 4200 1.9 × 108 800
C3 2.6 × 105 3.1 × 1016 4550 7.8 × 107 650
C4 1.1 × 105 1.8 × 1012 1650
C5 2.9 × 105 1.6 × 1012 1650
[Ru(tpy)2]

2+a 1.1 × 105 1.9 × 1013 1500

aFrom ref 79.
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can safely assert that for C1−C3, the 3MLCT excited state is
localized over the bridging ligand.
It should be noted that energy transfer processes between the

different metallic centers are taking place in the femtosecond
time scale and therefore are not observed here.76,84−86

Theoretical Calculations. In order to better understand
the photophysical behavior of our complexes, theoretical
calculations were undertaken on the complex C1 (Tables
S1−S3 and Figures S49−S51). The Kohn−Sham electron
density illustrations of the molecular orbitals of the HOMO
and the LUMO for the complex C1 are shown in Figure 9 and
Figure S49 in the SI, along with the molecular orbital (MO)
contribution tabulated in Table S1 in the SI for the frontiers
orbitals.
As expected from the electrochemical and photophysical

data, the composition of the HOMO orbital is mostly Ru based
(overall 68%) with a minor contribution of the bridging ligand
(20%); the LUMO is mostly localized on the main bridging
ligand, with a contribution of roughly 89%. Detailed DFT
calculations were performed on the first reduced state of the
metal complex C1; as supposed previously, the first reduced

state is also localized on the bridging ligand. The experimental
and the theoretical potential for the first reduction are in good
agreement (calculated: 3.69 eV, experimental: 3.76 eV).
The simulated absorption spectrum is depicted in Figure

S51, and the different contributions are listed in Table S3. The
calculations show that the MLCT band is constituted of two
different 1MLCT transitions from the different Ru(II) to the
bridging ligand, as postulated from the experimental data.

Discussion. Two different behaviors are observed for the
five new complexes synthesized. Complexes C4 and C5 can be
considered as simple polynuclear assemblies of the reference
complex [Ru(tpy)2]

2+, like other polynuclear complexes
reported in the literature.,32,34,35,37,40−43 with no additional
electrochemical or photophysical properties compared to the
[Ru(tpy)]2+ unit. The situation is very different for complexes
C1−C3. Indeed, for these complexes, thanks to the
inequivalent central terpyridine binding site of their constituting
ligands L1−L3 differing from the peripheral ones, novel
interesting properties arise in the polynuclear assemblies, which
do not correspond to the classic [Ru(tpy)]2+.

Antenna Effect. The presence of only one type of emitting
level for a polynuclear complex in which nonequivalent
chromophores are present suggests the occurrence of an
antenna effect. This effect corresponds to an energy transfer
process from the peripheral to the central unit. We postulate
that complexes C1−C3 behave according to this principle.
Indeed, the UV−visible spectra and the theoretical calculations
have shown that the broad absorption band in the visible region
implies at least two different MLCT transitions: one from the
peripheral Ru(II) to the bridging ligand, and one less energetic
from the central Ru(II) to the bridging ligand (Scheme 4). The

Scheme 3. Photophysical Schemes for Complexes C1 and C4

Figure 8. Transient absorption spectra at 298 K of the complex C1
upon excitation at 355 nm.

Figure 9. Kohn−Sham electron density illustration of the molecular
orbitals of the HOMO and LUMO for C1 in the (S = 0) ground state.
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presence of only one emission band with a monoexponential
decay, at 77 K as well as 298 K, suggests that emission takes
place from a single type of excited state, implying energy
transfer processes.
The characteristics of the luminescence of complexes C1−

C3, compared to C4−C5, where only peripheral Ru(II) units
are present, provide information on the direction of the energy
transfer taking place within the polynuclear assemblies. At 77 K
the bathochromic shift of the emission from C4−C5 to C1−C3
indicates that the peripheral Ru(II) entity is not emissive in the
later compounds. The luminescence of C1−C3 at 298 K, in
contrast to the nearly nonluminescence of C4−C5, suggests
that in the former compounds it is the central Ru(II) centers
which are emissive. The close match between the absorption
and the excitation spectra allowed us to rule out the presence of
any impurities but also indicates that the energy transfer from
the peripheral to the central Ru(II) unit has 100% efficiency,86

as only one luminescence band is detected. We suggest that the
energy transfer takes place through a Dexter mechanism as
previously shown for polymetallic antenna.5 Based on the
maxima of luminescence of the complexes C1−C3 and their
analogs C4−C5, we can estimate the driving force for the
energy transfer from peripheral to central Ru(II) to be
approximately −0.12 eV at 298 K. In the case of C1, the two
equivalent peripheral Ru(II) centers transfer their energy to the
emissive central Ru(II) center. Among the three peripheral
Ru(II) centers of C2, two are chemically equivalent. Along the
same train of thought, it is likely that the three peripheral
Ru(II) centers transfer their energy to the central Ru(II)
moiety (see Figure S52). Indeed, the similarity of the emission
profiles between C2 and C1 supports this assumption (Figures
4 and 5). The behavior of C3, which can be seen as the
assembly of two C1 subunits, is similar to that of C1; energy
transfer is taking place from the peripheral Ru(II) centers to the
two equivalent central Ru(II) centers (see Figure S53). The
fact that the photophysical properties of C1 and C3 are quasi
identical confirms the absence of interaction between the two
emissive central metallic moieties.87

Excited-State Properties. Very interestingly, the lumines-
cence lifetime and quantum yield of complexes C1−C3 are
quite long and high, respectively, for Ru(II) terpyridine

complexes in contrast to C4−C5, which have properties similar
to [Ru(tpy)2]

2+. The electrochemical analysis of complexes
C1−C3 shows the presence of a new reduction wave at higher
potential than for C4−C5 and [Ru(tpy)2]

2+, assigned to the
reduction of the central bridging ligand; in agreement with
theoretical calculations, we suggest that the LUMO is thus
localized over the central tpy ligand for these complexes. In
contrast, for all the complexes, the oxidation of Ru(II) arises at
similar potentials, and therefore, the HOMO is supposed to be
localized on the Ru(II) centers, which are equivalent. In the
excited state, the transient absorption shows the reduction of
the bridging ligand and the bleaching at 500 nm suggests an
oxidation of the Ru(II) to Ru(III) for C1−C3. The
correspondence between the lifetimes of the two processes
suggests that the lowest-lying excited state is a metal-to-ligand
charge-transfer transition from the central Ru(II) center to the
bridging ligand.
Analysis of the luminescence profile shows that the excited

state for C1−C3 is strongly delocalized over the bridging
ligand. The evolution of the luminescent lifetime with
temperature allows us to have a better insight into the
photophysics of our complexes. In the case of C4−C5, like for
[Ru(tpy)2]

2+, the main deactivation pathway of the excited
3MLCT state is the thermal population of a nonluminescent
3MC state, making these complexes almost nonluminescent at
room temperature. For complexes C1-C3, the stabilization of
the LUMO localized over the central ligand lowers the energy
of the 3MLCT state, hence increasing the activation energy
required for the 3MLCT-3MC transition; i.e. from approx-
imately 1600 cm−1 for C4−C5 to 4000 cm−1 for C1−C3. As a
consequence, the thermal population of the 3MC state is less
efficient, allowing the 3MLCT state to deactivate radiatively.
We were also able to evidence the equilibrium with another
3MLCT state in this case. The different information gathered in
this study allowed us to suggest a photophysical scheme
presented in Scheme 4 for complex C1. Similar photophysical
schemes are suggested for complexes C2 and C3 (presented in
SI, Figures S52−S53).

■ CONCLUSIONS

The complexes C1−C3 combine two interesting properties: an
antenna effect and a delocalization of the excited state. By an
adequate design of the bridging ligand an efficient convergent
energy transfer from the peripheral to the central Ru(II) center
with a driving force of −0.12 eV is induced. Afterward the
delocalization of the 3MLCT excited state of the energy
acceptor results in a substantial increase of the luminescence
lifetime and quantum yield by 2 orders of magnitude in
comparison with the reference complex [Ru(tpy)2]

2+. The
result of the synergetic combination of both effects is the
formation of a polymetallic molecular antenna made of
terpyridine Ru(II) complexes with improved photophysical
properties. The comparison of the complexes C1 and C3 with
their analog complexes C4−C5 without the central Ru(II)
center confirms of the importance of the latter for the
improvement of the photophysical properties. For the five
complexes, the main pathway of deactivation at 298 K is the
thermal population of the 3MC; the electron delocalization in
complexes C1−C3 increases the energy barrier for the thermal
population of 3MC, hence increasing the radiative deactivation.
The benefical effect of the delocalization of the excited state in
binuclear Ru(II) terpyridine complexes was previously under-

Scheme 4. Qualitative Energy Diagram and Suggested
Mechanism of the Antenna Effect in C1
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lined by Sauvage and co-workers.72 Although, to the best of our
knowledge, it is the first time that the delocalization of the
excited state is combined with an antenna effect for polynuclear
Ru(II) terpyridine complexes. As a consequence, complexes
C1−C3 are promising building blocks to connect to a final
acceptor or a catalytic center.
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