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Expanding the Coordination Cage: A Ruthenium(II)-Polypyridine Complex

Exhibiting High Quantum Yields under Ambient Conditions
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A mononuclear ruthenium(II) polypyridyl complex with an enlarged terpyridyl coordination cage was synthesized by the
formal introduction of a carbon bridge between the coordinating pyridine rings. Structurally, the ruthenium(II) complex
shows an almost perfect octahedral N6 coordination around the central RuII metal ion. The investigation of the
photophysical properties reveals a triplet metal-to-ligand charge transfer emission with an unprecedented quantum
yield of 13% and a lifetime of 1.36 μs at room temperature and in the presence of air oxygen. An exceptional small
energy gap between light absorption and light emission, or Stokes shift, was detected. Additionally, time-dependent
density functional theory calculations were carried out in order to characterize the ground state and both the singlet and
triplet excited states. The exceptional properties of the new compound open the perspective of exploiting terpyridyl-like
ruthenium complexes in photochemical devices under ambient conditions.

Introduction

Ruthenium(II)-polypyridyl complexes certainly belong to
one of the most thoroughly investigated classes of coordina-
tion compounds, since they offer a variety of technologically
relevant properties, namely, photophysical, redox, and charge-
transfer characteristics.1 These properties have prompted the
use of ruthenium(II) complexes as photosensitizers across

diverse light-driven applications such as artificial photosynth-
esis,2 photocatalytic production of hydrogen,3 dye-sensiti-
zed solar cells,4 photon-induced switches,5 and molecular
machines and devices.6 Although they exhibit a unique com-
bination of photoactivity in the visible spectral range with
excellent structural stability, a key drawback of ruthenium
(II)-polypyridyl complexes is their photophysical perfor-
mance under ambient conditions. In particular, the high
sensitivity of the photoexcited triplet metal-to-ligand charge
transfer state (3MLCT) to quenching by oxygen is a limitation
which is responsible for hampering the technological break-
through of several promising research strategies. Any mean-
ingful photochemical applicationwould require the complexes
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to operate under such conditions, for example, in light-driven
motors and engines or in artificial light-harvesting antennae.7

Particularly illustrative is the case of [RuII(tpy)2]
2+ (tpy=

2,20:60200-terpyridine) and its analogues. This family of com-
plexes has attracted a lot of scientific attention. If substituted
at the 40 position, the topology of such bis-chelated com-
plexes permits the formation of linear rodlike supramolecular
arrays.8 The occurrence of multiple diastereomers is pre-
vented due to the inherent D2h symmetry of this class of
compounds, converse to the use of bidentate ligands such as
2,20-bipyridine.9 While their photoexcited triplet states are
strongly luminescent at low temperatures, the excited states
are drastically constrained to very short lifetimes and very
low quantum yields at room temperature.10 Considerable
scientific effort to resolve this situation has led to improve-
ments of the photophysical characteristics at room tempera-
ture under inert conditions.11 Nonetheless, the oxygen
quenching is still an open issue.
In the present work, we report on the synthesis and

structural andphotophysical characterizationof a newhighly
luminescent ruthenium(II) bis(terpyridyl)-like complex exhi-
biting unprecedented photophysical properties. Schemati-
cally, these results were achieved by the formal enlargement
of the RuIIN6 coordination cage ; a concept which was
introduced into bis-terdentate ruthenium(II) chemistry in

2004 by Åkermark et al.12b The enlargement caused a
significant extension of the room-temperature excited state
lifetime (τem(298 K)=18 ns;Φem(298 K)=0.002; N2 purged
sample) as well as the quantum yield in comparison to the
practically non-emissive [Ru(tpy)2]

2+ complex.12 The topic
was further pursued by Hammarstr

::
om and co-workers,

which very recently resulted in a widely recognized Ru
(dqp-COOEt)2 dye (dqp-COOEt: 4-ethylcarboxylate-di-2,6
(quinolin-8-yl)pyridine; τem(298 K)=5.5 μs, Φem(298 K)=
0.07; Ar purged sample).12a,12f However, to the best of our
knowledge, this is the first report on a ruthenium(II)-bis-
terdentate complex that (i) combines relatively long excited
state lifetimes with high room-temperature quantum yield
(τem(298 K)=3.3 μs, Φem(298 K)=0.3; Ar purged sample)
and (ii) additionally is functional under ambient conditions
(τem(298 K)=1.36 μs, Φem(298 K)=0.13; air-equilibrated
sample).

Results and Discussion

The enlargement of the coordination sphere was achieved
by the introduction of two additional carbon bridges between
the aromatic pyridine groups of the terdentate ligand
(Schemes 1 and 2). During the coordination reaction of the
ruthenium(II) metal ion, these methylene groups are con-
verted into carbonyl functionalities by oxygen-mediated
ligand oxidations. The resulting complex was structurally
characterized by 1H NMR, 13C NMR, and MALDI-TOF
mass spectroscopy; single-crystal X-ray diffraction; elemen-
tal analysis; and complementary electrochemical studies. The
photophysical properties were determined by UV-vis spec-
troscopy, emission spectroscopy, and resonance Raman
spectroscopy. The lifetime of the excited state was obtained
by time-resolved emission spectroscopy. Ab initio (time-
dependent) density functional theory (DFT/TDDFT) calcu-
lations on the ground state, the singlet excited states, and
the triplet excited states were carried out to characterize
complex 1.
The bis-methylene-elongated terpyridine-like ligand L

was synthesized following reported literature procedures.13a

The reaction of L with the precursor RuII(DMSO)4Cl2
(DMSO=dimethyl sulfoxide)14 at 100� in dimethylforma-
mide leads to the coordination of two ligands to one RuII

metal ion accompanied by simultaneous oxidation of the
methylene groups of the ligand L to the corresponding
diketone ligand LKet (Scheme 2). Column chromatography
(SiO2, acetonitrile/water, KNO3) yielded the pure complex

Scheme 1. Retrosynthetic Depiction of the Extension of the Terpyr-
idine Coordination Sphere
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[RuII(LKet)2](NO3)2 (1 3 2NO3) as a red solid in 10% yield.
Neither working under exclusion of oxygen nor at higher
reaction temperatures nor under microwave heating yielded
complex 1. The uncoordinated compound, LKet, could also
be obtained directly fromL through its oxidation by SeO2.

13b

However, attempts to react LKet directly with RuII(DM-
SO)4Cl2 failed to yield complex 1. Apparently, the coupled
metal ion coordination/ligand oxidation reaction operates
synergetically, as has recently been found also for activated
positions in the ligand backbone of other Ru-polypyridyl
compounds.15

The proton NMR spectroscopy of 1 exhibits six signals in
the aromatic region representing the different pyridine pro-
tons in a symmetrical arrangement of the two coordinated
ligands in d6-DMSO solution. The 13C NMR spectrum
confirms the absence of a CH2 group and the presence of
a CdO group (184 ppm 13C) in addition to the expected
eight signals of the pyridine rings.16 MALDI-TOF mass
spectrometry of the PF6 salt of 1 shows the molecular
peak at 679 mmu in accordance with a molecular formula
of C34H22N6O4Ru+, representing the singly reduced [Ru
(LKet)2]

+ cation. Red block-shaped single crystals of 1 sui-
table for single-crystal X-ray diffraction were obtained using
a layering technique from a mixture of methanol and diiso-
propyl ether and exhibit the monoclinic space group P21/c.
Eight formula units of complex 1 are included in the unit cell
togetherwith 20molecules ofmethanol.Rather unexpectedly
for the class of bis(terpyridyl)ruthenium(II) compounds, an
asymmetric unit consisting of both R and β helical enantio-
mers was detected. The emergence of stereoisomerism is
attributed to the helical folding of the more flexible ligand
LKet around the ruthenium(II) metal ion (Figure 1).17 Unlike
2,20:60200-terpyridine, the two peripheral pyridine rings of
each LKet ligand twist out of the plane of the central pyridine
ring into an almost perpendicular arrangement. Indeed, the

quasi-planes of the peripheral pyridine rings of the two
coordinated ligandsLKet vary from76.7� to 81.1�. The central
pyridine rings of both ligands are coordinated at the RuII ion
in an almost coplanar arrangement, rendering an angle of
15.5� between the juxtaposed ring planes. The six nitrogen
donor atoms of the coordination sphere construct an almost
perfect octahedron around the metal ion. The lengths of the
RuII-N bonds are almost identical, and the N-RuII-N
angles hardly deviate from the ideal values (see Table 1). It is
further noteworthy that the carbonyl groups are turned out
of the plane of the neighboring aromatic pyridine rings
occupying an up-down configuration with respect to the
central pyridine ring. The CdObond lengths of 1.21 Å of the
ketone groups suggest that there is no long-range conjugation
present within the coordinated ligand. The experimental
findings have been confirmed byDFT calculations (Table 1).
The electronic absorption spectrum of complex 1 is

remarkably structured (red curve in Figure 2, Table 2). In
the region from200 to 350 nm, theUVspectrum isdominated
by strong absorption bands. At lower energies in the visible
range, peaks with maxima at 432 and 522 nm as well as
shoulders at 500 and 562 nm are observed.
In order to assign these bands, TDDFT calculations were

performed to generate the theoreticalUV-visible absorption
spectrum (black bars in Figure 2). The details of the theore-
tical UV-vis spectrum can be found in Table S2 (Support-
ing Information). The high-energy bands are attributed to
ligand-centered (LC) transitions of the LKet ligands. The
transitions in the visible region between 2.33 eV (531 nm)
and 3.15 eV (394 nm) are assigned to different singlet metal-
to-ligand-charge-transfer bands (1MLCT). The two lowest-
lying states (1B3,

1B1) are interesting for later discussion
and were characterized in more detail (see Figure 3 and
Table S2).

Scheme 2. Synthesis of Complex [RuII(LKet)](A)2 (1 3 2A
-) (A- =

NO3
- or PF6

-) Involving the Ligands L and LKet

Figure 1. Representation of the single-crystal X-ray diffraction study of
[RuII(LKet)2](NO3)2 (compound 1 32NO3) showing the helical twist of the
LKet ligands (C, black, gray; N, blue; O, red) around the ruthenium(II)
metal ion (orange).Hydrogen atoms, anions, and cocrystallizedmethanol
solvent molecules are omitted for clarity. Thermal ellipsoids are shown at
the 50%probability level. The inset on the top right highlights theRuIIN6

quasi-octahedron (green polygon) with its NRuIIN angles close to the
ideal values of 90� and 180� (see Table 1).
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The lowest singlet transition (2.33 eV, 531 nm) is char-
acterized as a highest occupied molecular orbital to lowest
unoccupiedmolecular orbital (HOMOfLUMO) transition
and was assigned to the experimentally observed shoulder
(2.21 eV, 562 nm) in the absorption spectrum. The stronger
second-lowest absorption (2.46 eV, 504 nm) is characterized
as the HOMO-1 f LUMO transition and was assigned to
the experimental absorption band at 2.38 eV (522 nm).
Regarding the involved molecular orbitals, both transitions
have strong 1MLCT character.
The following seven transitions are determined to be

of 1MLCT nature and basically refer to the various transi-
tions from HOMO-2, HOMO-1, and HOMO to LUMO,
LUMO+1, and LUMO+2 (see the Supporting Informa-
tion).
The investigation of the emission of 1 at room tempera-

ture shows a very intense luminescence band centered at
λem=608nm (in acetonitrile) with a shoulder around 700nm
(blue line in Figure 2 and Table 5). The energy of the
emission band is independent of the excitation wavelength.
The wavelength of the luminescence band depends on the
solvent, as can be seen from Figure S11 of the Supporting
Information. The Stokes shift ; defined as the gap
between the maximum of the lowest-energy absorption

band and the maximum of the emission;is 0.34 eV
(86 nm), which is unprecedentedly small for a ruthenium
polypyridyl complex.18

Low-temperature emission has been measured in a
butyronitrile matrix, and the resulting spectra were sub-
mitted to a spectral Franck-Condon analysis. The fitting
procedure according to a two-mode model reported by
Woodruff et al.19a afforded six parameters such as the 0-0
transition energy E00, the Huang-Rhys factors Sm and SL,
the corresponding high-frequency (νM) and low-frequency
(νL) “acceptor” modes, as well as the full width at half-
maximum (fwhm).19-22 The acceptor modes νM and νL
are estimated to be 1407 cm-1 and 590 cm-1. Vibrations
corresponding approximately to these modes are observed
in the resonance Raman spectrum (see Figure S2, Support-
ing Information). Normal coordinate analysis data for [Ru-
(tpy)2]

2+ attribute the higher energy mode to a ring C-C
stretching mode and the lower energy mode to a ring
deformation mode.19e

The Huang-Rhys factors SM=0.26 and SL= 0.55 of the
[Ru(LKet)2]

2+complex are considerably smaller than those of
the reference systems (see Table 3) and thus confirm a smaller

Table 1. Selected Bond Lengths and Angles of Complex [RuII(LKet)2](NO3)2
(1 3 2NO3) Obtained from Singl-Crystal X-Ray Diffraction and DFT (B3LYP/
def2-SVP) Geometry Optimizationa

single-crystal X-ray diffraction DFT

bond bond length, Å bond length, Å

Ru-N1 2.067(3) 2.116
Ru-N2 2.043(3) 2.087
Ru-N3 2.082(3) 2.116
Ru-N4 2.063(3) 2.116
Ru-N5 2.049(3) 2.087
Ru-N6 2.074(3) 2.116
C6-O1 1.214(4) 1.211

angle deg deg

N1-Ru1-N2 89.58(12) 89.26
N1-Ru1-N3 177.77(12) 178.52
N2-Ru1-N4 90.62(12) 90.74
N2-Ru1-N5 179.19(12) 180.00

a Standard deviation values are presented in parentheses.

Table 2. UV-Vis Absorption Properties of [RuII(LKet)2](PF6)2 (1)
a

absorption 1LC 1MLCT

λ (nm) 266 331 432 500 522 562
ε (l mol-1 cm-1) 34256 12188 4769 5428 6425 2604

aThe UV-visible spectra were measured in a 1�10-5 molar solution
in air-equilibrated acetonitrile.

Figure 2. Absorption and emission spectra of [RuII(LKet)2](NO3)2
(1 3 2NO3) in acetonitrile at room temperature in air-equilibrated solu-
tions: experimental UV-vis spectrum [1�10-5M] (red line), uncorrected
emission spectrum [5�10-6M] (blue line), and theoretical B3LYP/def2-
SVP absorption spectrum (bars).

(18) Although there are many definitions for the term “Stokes Shift” and
it most often is related to fluorescence to and from the same electronic
transition, we used this term for the difference between the absorption
maximum wavelength of the 1MLCT;centered at 522 nm;and the emis-
sion wavelength maximum at 608 nm.
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displacement between the excited and ground state structures
upon excitation.19d As a consequence, the influence of vibra-
tional coupling on the photochemistry has to be small.20-22

These results are strongly supported by TDDFT calculations
on the triplet excited states (Table S3, Supporting Informa-
tion). Inspection of the temperature-dependent emission
spectra (Figure S13, Supporting Information) suggests that
the room-temperature emission is still dominated by the 0-0
transition. The vibrational coupling to other excited states is
considered to be small, which is in agreement with the
observed small nonradiative decay rates for the present
system.
Analyzing the triplet spectrum (TDDFT) shows that the

lowest seven excitations between 2.20 and 2.78 eV are all
dominated by 3MLCT. The two lowest vertical triplet excita-
tions are nearly identical. They are found at 2.20 and 2.25 eV
(seeTable S3 in the Supporting Information). Comparison to
the measured emission at 2.04 eV (608 nm) strongly indicates
that these states are the emissive triplet states. These two
triplet states as well as the two lowest excited singlet states
were geometry optimized using the TDDFTmethod.Neither
for the excited singlet nor for the excited triplet states a
significant geometry change was observed compared to the
ground state structure leading to the lowest vertical triplet
emission at 1.92 eV (Tables 4 and Table S1, Supporting
Information). The so-calculated small geometrical relaxation

of the excited states supports strongly the experimental
findings of the comparatively small Huang-Rhys factors.
Furthermore, a Stokes shift of 0.54 eVwas extracted from the
calculations, which is in reasonable agreement with the
experimental value of 0.34 eV (Table 4).
The quantum yield of 1 at room temperature in an argon-

purged acetonitrile solution of 30% ((3%) is remarkably
high for a bis-terdentate complex, which compares well
with values found for some tris-1,10-phenanthroline com-
plexes.23 Under aerated conditions at room temperature,
the quantum yield of 13% ((2%) is notably high for this
class of compounds (Φem in Table 5). At 77 K, in a
propionitrile/butyronitrile glass, complex 1 exhibits a quan-
tum yield of 41% ((6%) in the presence of air oxygen, which
within experimental error is unchanged in the absence of air
oxygen at 43% ((6%). These values are similar to those
found for [Ru(tpy)2]

2+ at 48% under inert conditions.10 It is
also noteworthy that, although the emission band sharpens
when the temperature is decreased, the position of the
emission maximum of 1 remains unchanged within the error
of the measurement (λem = 613 nm at 77 K; Figure S12,
Supporting Information).Unusually small changes were also

Figure 3. Graphical representation of the (a)LUMO+2, (b)LUMO+1, (c)LUMO, (d)HOMO, (e)HOMO-1, and (f)HOMO-2orbitals determined at
the B3LYP/def2-SVP level. The HOMO, HOMO-1, and HOMO-2 are t2g-like metal-centered d orbitals and transform according to the irreducible
representations a, b2, and b3, respectively, inD2 symmetry. The coordinate system is chosen such that twoN atoms lie on the z axis, while fourN atoms lay
basically in the xy plane on the angle bisectors of the x and y axes.

Table 3. Parameters Obtained from Spectral Fitting Procedure on Low-Tem-
perature Emission Spectra

complex E00/cm
-1 SM SL νM/cm-1 νL/cm

-1 fwhm/cm-1

Ru(Lket)2
2+a 16574 0.26 0.55 1407 591 642

Ru(tpy)2
2+b 16820 0.70 1.2 1250 350 575

Ru(bpy)3
2+c 17380 0.95 1.10 1400 400 575

aDetermined at 77 K in butyronitrile. bDetermined at 77 K in 4:1
EtOH/MeOH (v/v) from ref 19f. cDetermined at 77 K in 4:1 EtOH/
MeOH (v/v) from ref 19g.

Table 4. Calculated B3LYP/def2-SVP Emission and Excitation Energies in
Comparison to Experimental Results

TDDFT, eV experimental, eV

triplet vertical excitation 2.20a

triplet vertical emission 1.92b 2.04
ΔEabs-em (Stokes) 0.54 0.34
singlet vertical excitation 2.46c 2.38
singlet vertical emission 2.36d

aTriplet spectrum at the ground-state geometry. bAt the optimi-
zed 3A geometry. cAt the ground-state geometry. dAt the optimized
1B1 geometry.

(23) Alford, P. C.; Cook,M. J.; Lewis, A. P.;McAuliffe, G. S. G.; Skarda,
V.; Thomson, A. J. J. Chem. Soc., Perkin Trans. II 1985, 705.
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reported previously for other ruthenium(II)-polypyridine
complexes.20e,20g

At room temperature, the excited triplet state of 1 exhibits a
lifetimeof 1.36μs underambient (air-equilibrated) conditions,
which is to our knowledge the longest lifetime measured for a
ruthenium(II)-polypyridyl complex. After the acetonitrile
solution is purged with argon to remove oxygen, the lifetime
increases to 3.30 μs. Comparable long lifetimes under inert
conditions have been reported before where either the ligand
consisted of a terdentate six-membered ring chelator,12 sub-
stituted tris-1,10-phenanthroline complexes were used,23 or
the ligand contained substituents which promote excited
states with 3LC character.24

The radiative and nonradiative decay rate constants, kr
and knr, can be estimated from photophysical parameters
according to eqs 1 and 2, assuming that the efficiency of
intersystem crossing is unity.7a,7f,20g

kr ¼ φem

τ
ð1Þ

knr ¼ 1-φem

τ
ð2Þ

Nonradiative decay via triplet energy transfer to O2 is
commonly observed for ruthenium-polypyridyl complex-
es.7f,9d The low-temperature measurements of 1 (Table 5)
show that air oxygen has surprisingly little impact on the
lifetime or quantum yield of 1. As expected, the nonradia-
tive decay rate at room temperature increases in the
presence of O2.
The analysis of the luminescence decay at both room

temperature and 77 K allows for a single exponential fit of
the experimental curve; that is, the light emission after a
minimum time delay of 10 ns (accuracy of the measurement
setup) occurs from a manifold of states. The time-dependent
occupation of a possible energetically separated state can be
excluded by kinetic depopulation experiments (Table 5). The
deactivation via a 3MC state appears to be suppressed due to
high octahedral geometry, as has been found in similar
systems.12f

In order to elucidate the redox behavior of 1, its electro-
chemistry was studied in acetonitrile solution versus Ag/
AgCl (Table 6). All observed reductions and oxidations

are well-resolved and reversible. The Ru2+/Ru3+ redox
couple is observed at E1/2 = +1.525 V, which is strongly
shifted in comparison to [Ru(tpy)3]

2+(E1/2=+1.3 V).25 This
indicates a strong π-acceptor capacity of the LKet ligand.
Correspondingly, four well-resolved and reversible ligand-
based reductions were observed commencing at E1/2 =
-0.91 V. In comparison, the first reduction potential of
[Ru(tpy)2]

2+ occurs at approximately E1/2 = -1.24 V.25

The large anodic shift in the reduction potentials for 1 is
attributed to the presence of the four strongly electron-
withdrawing carbonyl groups in the LKet ligands. Conse-
quently, the metal ion is comparatively difficult to oxidize,
and the ligand-centered reductions of 1 are facilitated.
According to existing models of the photophysical beha-

vior of Ru-polypyridine complexes, the excitation-emis-
sion process starts with singlet excitation from a metal-
centered orbital to a π*-ligand orbital (1MLCT).21 Subse-
quently, a singlet-triplet conversion (3MLCT) via inter-
system crossing occurs.22 It is commonly accepted that the
luminescence of Ru-polypyridine complexes occurs from
3MLCT states except when another low-lying ligand-based
state is present.20,24 The character of the lowest singlet and
triplet excited states of the presented TDDFT calculations
agrees well with this model (Table 4, Tables S2 and S3,
Supporting Information). In order to exclude 3LC transitions
at low energies, electrochemical experiments and additional
calculations have been carried out. The analysis of the
electrochemical data of complex 1 supports our assign-
ment as a 3MLCT state. By calculatingΔEredox=|ΔEred|+
|ΔEox|, the character of the lowest electronic transitions
can be derived. For complex 1, ΔEredox = 2.43 V was
obtained, which lies between analogous values obtained
for the [Ru(tpy)2]

2+complex [ΔEredox=2.54 V] and the [Ru
(dqp)2]

2+complex [ΔEredox=2.41 V] (dqp=2,6-di(quino-
lin-8-yl)-pyridine), both referenced to emit from 3MLCT
states.10d,12,25

Table 5. Comparison of the Emission Characteristics (Lifetimes, τem; Quantum Yields, Φem; Wavelengths, λem; Radiative Decay Constants, kr; and Nonradiative Decay
Constants, knr) of [Ru(tpy)2]

2+ and [RuII(LKet)2](PF6)2 (1 3 2PF6)

[Ru(tpy)2]
2+a [Ru(LKet)2](PF6)2

b

conditionsc τem Φem λem (nm) τem (μs) Φem λem [nm] kr (s
-1) knr(s

-1)

RT A 1.36 0.13 608 9.6� 104 6.4� 105

D 0.25 ns a <5�10-6 d 629a 3.30 0.3 608 9.1� 104 2.1� 105

77 K A 6.17 0.41 613 6.65� 104 9.6� 104

D 10.6μs a 0.48e 598a 6.43 0.43 613 6.65� 104 8.9� 104

aRef 10d. bRoom-temperature measurements in acetonitrile, 77 K measurements in a propionitrile/butyronitrile (4:5) glass. cA, aerated conditions
using ambient air saturation; D, deaerated conditions using Ar purged solutions. dRef 10e. eRef 10f.

Table 6. Electrochemical Oxidation and Reduction Potentials of [RuII(LKet)2]
(PF6)2 (1 3 2PF6), [Ru(tpy)2]Cl2, and [Ru(bqp)2](PF6)2 in Voltsa

E1/2 (ox) E1/2 (red)

1*2PF6 +1.525 -0.908 -1.084 -1.407 -1.657
Ru(tpy)2

b +1.30 -1.24 -1.49
Ru(dqp)2

c +0.71 -1.73 -1.90

aThe values for 1 3 2PF6 were determined in a 1�10-3 M solution in
acetonitrile with 0.1 M Bu4NBF4 as an electrolyte vs a Ag/AgCl couple
under ambient conditions (air, room temperature). bFrom ref 25. cFrom
ref 12f.

(24) (a)Goze, C.; Sabatini, C.; Babieri, A.; Barigelletti, F.; Ziessel, R.Eur.
J. Inorg. Chem. 2008, 8, 1293. (b) Pellegrin, Y.; Quaranta, A.; Dorlet, P.;
Charlot, M. F.; Leibl, W.; Aukauloo, A. Chem.;Eur. J. 2005, 11, 3698. (c)
Charlot, M. F.; Pellegrin, Y.; Quaranta, A.; Leibl, W.; Aukauloo, A.
Chem.;Eur. J. 2006, 12, 796. (d) Liu, Y.; Hammitt, R.; Lutterman, D.
A.; Thummel, R. P.; Turro, C. Inorg. Chem. 2007, 46, 6011.

(25) Beley, M.; Collin, J.-P.; Sauvage, J.-P.; Sugihara, H.; Heisel, F.;
Miehe, A. Dalton Trans. 1991, 3157.
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Furthermore, we performed additional computational
studies, where the central Ru2+ ion of the complex was
replaced by Mg2+, Zn2+ and Ir3+ ions, while the ligand
sphere was kept fixed. In the first case, no metal d-electrons
can interact with the ligand and the pure ligand to ligand
triplet transitions are observed around 2.7 eV. For the other
two systems, the lowest vertical triplet excitations dominated
by ligand to ligand transitions were found in the same energy
range. With this knowledge in mind, the triplet spectrum of
complex 1 was revised and the lowest 3LC states were
identified about 2.8 eV, which lies in the same energy range
(Introduction).
The effect of increased temperature on 1 is not as dramatic

as observed previously for the parent [Ru(tpy)2]
2+ system,

where the strong emission from this complex at 77 K is
almost completely extinguished at room temperature
(Table 5). For comparison, the complex [Ru(tpy-py)2]

2+

(tpy-py = 40-(4-pyridyl)-2,20:60,200-terpyridine) yields under
ambient conditions rate constants kr of 1.33�104 s-1 and
knr of 3.3�108 s-1 (no data available for [Ru(tpy)2]

2+).11f As
can be seen in Table 5, the nonradiative decay rate under
ambient conditions of complex 1 (knr = 6.4� 105 s-1) is
smaller by nearly 3 orders of magnitude, making 1 a promis-
ing candidate for light conversion applications.
The observed unusually small Stokes shift, the small

nonradiative decay rates, the small experimentally obtained
Huang-Rhys factors and electrochemical data, as well as
small geometrical relaxations seen in TDDFT calculations
are all consistent with each other and clearly indicate that
only minor structural changes between the ground state and
the emissive excited triplet states take place in 1.However, the
solvent and temperature independence as well as weak
oxygen dependence could also be evidence of significant
3LC contribution to the emission of this complex. Although
the computational data suggest a 3MLCT character for the
emission arising from complex 1, a contribution of a 3LC-
type of emission cannot be completely excluded from the
present analysis.
In conclusion, we have reported on the controlled de-

sign, the synthesis, structural characterization, and photo-
physical and electrochemical properties of a new member
of the Ru(II)-terpyridine family, the bis-(2,6-bis(2-pyri-
dylcarbonyl)-pyridine) ruthenium(II) complex 1, exhibit-
ing almost perfect octahedral N6 coordination. At room
temperature, molecule 1 exhibits an unusually small Stokes
shift with a very intense luminescence band centered at 608
nm. Closer inspection of the photophysical properties
reveals highly efficient population and radiative depopu-
lation of the excited states of 1. All experimental and
theoretical results strongly support an emission from one
or more 3MLCT states. The high quantum efficiency (30% /
13%) under deaerated/ambient conditions is (i) an exam-
ple of how the photophysical properties of this class of
photosensitizers can be improved by systematic molecular
design, which (ii) may open the way to broader use as active

units in light-driven devices under application-like ambi-
ent conditions.26,27

Experimental Section

General Methods.
1H and 13C NMR spectroscopic data

were recorded with a Bruker DPX 300 spectrometer with the
solvent-proton signal used as an internal standard. Infrared
spectra were recorded using KBr-pressed pellets with a Perkin-
Elmer Spectrum GX FT-IR spectrometer. MALDI-TOF MS
data were acquired with a Voyager-DE PRO Bio spectrometry
workstation. Resonance Raman microscopy was conducted on
a Horiba Jobin YvonHRLabrammicroscope, using a coherent
argon ion laser to excite at 458, 488, and 514 nm; 1% w/w of 1
dispersed in KBr-pressed pellets was used for Raman studies.
Electronic absorption spectroscopy was conducted on a Varian
Cary 50 scan UV-vis spectrophotometer. Cyclic voltammetry
was carried out using a CH instrument model 660 electroche-
mical workstation. A conventional three-electrode cell arrange-
ment was used. This was comprised of a platinum working
electrode (2 mm φ) polished and electrochemically cleaned as
described previously, an Ag/AgCl nonaqueous reference elec-
trode, and a platinum wire counter electrode.28 The complexes
were dissolved in acetonitrile with 0.1 M tetrabutylammonium
tetrafluoroborate as the supporting electrolyte. The working
electrodewas polished using 0.05mmalumina. The solutionwas
degassed for 30 min with N2, and a gas blanket was maintained
over the solution surface during all experiments. Steady-state
emission spectra were recorded on a Varian Cary Eclipse
luminescence spectrophotometer. Luminescence lifetimes and
77 K emission spectra were measured as described previously
using the third harmonic (355 nm, 30 mJ/pulse) of a continuum
Surelite Q-switched Nd:YAG laser for excitation; emission was
detected in a right-angled configuration to the laser using an
Andor model M20 gated intensified CCD coupled to an Oriel
model MS125 spectrograph.29 This configuration allows a
complete emission spectrum (spectral width 250 nm) to be
obtained within times as short as 10 ns. The gate width, that
is, the exposure time of the CCD,was nevermore than 5%of the
excited state lifetime. The step size, that is, the time between the
acquisitions of discrete spectra, was typically 5% of the excited
half-life. For 77 K studies, the complex was dissolved in
proprionitrile/butyronitrile mixture (4:5 v/v). Quantum yields
were measured using the comparative method of Williams
et al.30 Low-temperature luminescence spectra were recorded
with a Fluorolog-3 fluorescence spectrometer (Jobin Yvon) in
butyronitrile. Franck-Condon analysis was carried out on the
20 K, 50K, and 77 K emission spectra using the IGOR software
from Wavemetrics and the equation described by Woodruff et
al.19a The analysis was done over seven vibrational quanta, and
a two-mode model was applied.

All fine chemicals were purchased in the highest available
grade from Sigma-Aldrich, Fluka, ABCR, or Roth and were
used as received without further purification. The solvents used
for spectroscopy were of spectroscopic grade and were used
without further purification unless otherwise stated.

Synthesis. A total of 100 mg (206 μmol) of Ru(DMSO)4Cl2
was dissolved in 30mLof dimethylformamide. A total of 135mg
(515 μmol) of 2,6-bis(2-pyridylmethyl)pyridine (L)13 was added,
and the mixture was heated overnight to 100�. The mixture was
allowed to cool down and the solvent removed in a vacuum. The
dark brown residue was purified by column chromatography
with a mixture of acetonitrile, water, and aqueous potassium
nitrate solution on silica gel and afforded 16 mg (20 μmol, i.e.,
10% yield) of a dark red solid.16 Red-colored single crystals of
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Weber, H.; Arnold, A.; Evers, F. Small 2008, 4, 2229. (b) Osorio, E. A.;
Bjornholm, T.; Lehn, J.-M.; Ruben, M.; van der Zant, H. S. J. J. Phys.:
Condens. Matter 2008, 20, 374121.

(28) Forster, R. J.; Faulkner, L. K. J. Am. Chem. Soc. 1994, 116, 5444.
(29) McNally, A.; Russell, N. R.; Keyes, T. E. Dalton Trans. 2006, 1729.
(30) Williams, A. T. R.; Winfield, S. A.; Miller, J. N. Analyst 1983, 108,
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the nitrate salt from amixture ofmethanol and diisopropylether
were obtained which were suitable for single-crystal X-ray
diffraction.31,32

DFT Calculations. All calculations were performed with the
program package TURBOMOLE33 using DFT. The B3LYP
functional34 was used together with the def2-SVP (split valence
plus polarization) and def2-TZVP (triple-ζ valence plus polar-
ization) basis sets.35 For Ru, the effective core potential of
Andrae et al.36 was employed. The geometry of the ground state
was obtained at the B3LYP/def2-SVP level inD2 symmetry. The
minimum structure was confirmed by a force-constant calcula-
tion using the AOFORCEmodule.37 Convergence criteria were
set to 10-7 hartree for the energy change and to 10-5 hartree/

bohr for the norm of the gradient. Excited states were optimized
with the corresponding criteria of 10-6 hartree and 10-4 hartree/
bohr using the EGRAD module.38 The calculation confirmed
that the investigated d6Ru2+ground-state complex has low spin
character. Vertical excitation energies were calculated using
TDDFT using the ESCF module.38a It is well-known that
TDDFT tends to underestimate charge-transfer excitation
energies39,40 due to spurious self-interaction.41 In particular,
this is seen when nonhybrid GGA functionals are used.42 Since,
for the investigated molecule, strong charge-transfer transitions
were expected,we usedBecke’s hybridB3LYP functional, which
has been shown to be applicable for this type ofmolecule.12a For
all calculations (ground and excited states), fine quadrature
grids of size m4 were employed.42
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