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Abstract

Different strategies to improve the excited state properties of polypyridinic complexes by varying ligand structure and molecular
geometry are described. Bidentate and tetradentate ligands based on fragments as dipyrido[3,2-a:2 0,3 0-c]phenazine, dppz, and pyraz-
ino[2,3-f][1,10]-phenanthroline, ppl, have been used. Quinonic residues were fused to these basic units to improve acceptor properties.
Photophysical studies were performed in order to test theoretical predictions.
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1. Introduction

Transition metal complexes with polypyridines have been
widely studied in the last decades mainly because of their
special photophysical, photochemical and electrochemical
properties. The importance of metal complexes containing
polypyridine ligands, such as 1,10-phenanthroline (phen)
and 2,2 0-bipyridyl (bpy) in studies related to solar energy
conversion, molecular electronic and light emitting devices,
etc., has been well documented [1]. Although RuðbpyÞ2þ3 has
concentrated much attention and undoubtedly belongs to
one of the most studied compounds in chemical literature
[2], research has also expanded to heteroleptic type com-
plexes such as [Ru(bpy)2(N–N)]2+ (with N–N = polypyrid-
inic ligand) and Ru(bpy)2X2 (with L = Cl�, NCS�) and
also to d6 metal (e.g., Os(II) [3a] and Re(I) [3b]) polypyrid-
inic complexes in general.

From a basic point of view, in the last years our group
has been interested in understanding the processes that
occur after light excitation of these type of complexes,
and therefore those that govern excited state behaviour
and decay. One of the main goals has been to analyze the
factors that enhance excited state lifetime. Two main
aspects were considered: the nature of the acceptor ligand

and the geometry of the complex. In this article, part of this
work is reported.

2. Acceptor ligand

There is abundant literature on metal to ligand charge
transfer (MLCT) excited states in d6 polypyridinic com-
plexes, and much progress has been achieved in the
understanding of variables such as electronic structure
and medium effects [4]. An important molecular feature
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4 There is some confusion in regard to the abbreviation of nomenclature
for some of these ligands. dpq0 has also been denominated ppb (Ref. [8])
while ppl has been called DPQ (Ref. [9]) and dpp 0 was formerly named ppz
(Ref. [10]).
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in these excited states is the acceptor ligand, the ultimate
ligand of residence for the excited electron. In heteroleptic
chelates, this is the ligand having the lowest p* acceptor
level [5]. Manipulation of the acceptor ligand can be used
to control excited state lifetime.

2.1. Influence of the acceptor ligand properties on the

lifetime: energy gap law

Most polypyridyl complexes of Ru(II), Os(II), and Re(I)
are sufficiently weak emitters that lifetimes are dominated
by nonradiative decay, i.e., the lifetime (s) value is mainly
governed by the non-radiative rate constant, knr:

s�1 � knr. ð1Þ
Nonradiative decay from MLCT states to the ground state
is typically dominated by energy loss into a series of med-
ium-frequency ring stretching vibrations with energy spac-
ing between 1000 and 1600 cm�1 [5,6]. It is usually
considered that these vibrations can be approximated as
a single averaged mode of quantum spacing �hxM and elec-
tron-vibrational coupling constant SM. This latter term is
related to the change in equilibrium displacement between
ground and excited state, DQe, and the reduced mass M by

SM ¼
1

2

Mx
�h
ðDQeÞ

2. ð2Þ

In the limit where E0, the energy gap, is E0� SM�hxM, and
�hxM� kBT, knr varies with E0 according to the energy gap
law, Eq. (3). The complete development of the energy gap
law is reported elsewhere [5,6]. For practical reasons, it can
be shown that the main contribution to knr arises from a
linear term, the energy gap term, and therefore the energy
gap law can be approximated to:

ln s�1 � lnknr / �
cE0

�hxM

. ð3Þ

Analysis of lifetimes based on the energy gap law is valid
only for nonradiative decay from the lowest MLCT state
or states. The relationship between knr and the energy
gap E0 given in Eq. (3), has been shown to be valid for
MLCT decay in many cases, not only for Ru(II) polypyri-
dine compounds, but also for Os(II) and Re(I) [7]. For the
latter metal ion, tricarbonyl polypiridinic complexes have
been mostly studied [7b]. Nevertheless, the acceptor ligand
appears in two different ways in Eq. (3). One is the energy
gap E0 mentioned above. The other is the extent of excited
state distortion, as measured by DQe, Fig. 1a [7g]. Accord-
ing to Eq. (2), DQe relates to SM, which in turn relates to
the c parameter in Eq. (3) through:

c ¼ ln
E0

SM�hxM

� �
� 1. ð4Þ

These parameters dictate the magnitude of vibrational
wave function overlap between m0M ¼ 0 levels in the excited
state and mM = 0,1,2, . . . levels in the ground state, Fig. 1b.
A small overlap will contribute to diminish knr and there-
fore increase s. In the limit where the energy gap law is va-
lid, overlap diminishes as E0 increases. Nevertheless,
overlap also diminishes as SM decreases. Therefore, a com-
bination of rigidity and delocalization may help to obtain
enhanced lifetimes. The larger the molecular framework
where the electron can delocalize in the excited state, the
less displacement changes in local C–C and C–N bonds will
be observed. Consequently, DQe will be smaller, as well as
knr. Rigidity also diminishes DQe with the same effect.

A role for ligand rigidity and SM has been found in
comparing osmium complexes with bpy and phen as
acceptor ligands. [Os(bpy)3]2+* and [Os(phen)3]2+* have
comparable energy gaps (E0 � 13,400 cm�1), but knr for
the bipyridine complex is approximately four times that
of the phenanthroline complex in acetonitrile at 298 K
[5,11]. Franck–Condon analysis of emission spectra dem-
onstrated that Sphen < Sbpy, i.e., DQe phen < DQe bpy, reflect-
ing the enhanced rigidity in phenanthroline as the
acceptor, arising from the chemical link between the pyr-
idyl ligands [5].

In this line of thought, ligands (N–N) = dpp 0, ppl, dpq 0

and dppz, Fig. 2a, where chosen as acceptor ligands.4 They
were used in complexes of type [Ru(N–N)3]2+, [Ru(bpy)2

(N–N)]2+ and [Re(N–N)(CO)3L]+/0, with L = Cl�, OTf�

or substituted pyridines. Table 1 summarizes some spectro-
scopic results.

From Table 1, it can be observed that as the number of
rings in the acceptor ligands is increased, the energy gap
(considering E0 � Eem) decreases. For example, for the
[Ru(bpy)2(dpp)](PF6)2 and [Ru(bpy)2(dpq)](PF6)2 com-
plexes, where dpp and dpq are the corresponding acceptor
ligands, Eem varies from 15,152 to 13,055 cm�1. The
decrease in the energy gap occurs because of stabilization
of the lowest p* acceptor level, as shown by electrochemical
measurements: �0.96 V for the dpp complex and �0.75 V
for the dpq complex (vs. SCE in acetonitrile) [7i–k]. The
Ru3+/2+process remains nearly constant for both
complexes [5]. A similar tendency can be observed when
comparing [Ru(bpy)2(dpp 0)](PF6)2 and [Ru(bpy)2(dpq 0)]
(PF6)2. More dramatic effects emerge when [Ru(bpy)2

(dpp)](PF6)2 and [Ru(bpy)2(dpp 0)](PF6)2 are compared.
Although the energy gap (reflected in Eem) diminishes from
the complex with dpp to the complex with dpp 0, the lifetime
is strongly enhanced, from 216 to 1214 ns, due to the
enhanced delocalization possibilities in the latter. The same
tendency, although less dramatic, is observed when com-
paring [Ru(bpy)2(dpq)](PF6)2 and [Ru(bpy)2(dpq 0)](PF6)2.
A combination of rigidity and delocalization may account
for the enhanced lifetimes. Delocalization plays a role, as
evidenced by the decrease in emission energies. Neverthe-
less, the bipyridine versus phenanthroline comparison
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Fig. 1. (a) E0 and DQe energy gap law parameters, (b) vibrational wave function overlap.
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mentioned above for Os2+ complexes, suggests that the
additional bond linking the ring systems in dpp 0 and dpq 0

may play a role as well, diminishing DQe, and consequently
SM and knr.

For the Re(N–N)(CO)3Cl series of complexes reported
in Table 1, the decay is governed by the E0 parameter.
The additional ring in dppz in regard to ppl stabilizes the
p* level: the energy gap and consequently the lifetime
diminishes, following the energy gap law. Nevertheless,
when N–N = Me2dppz, the lifetime is notably enhanced
compared to that of N–N = dppz. Variables different to
the energy gap law could be responsible of the mentioned
behaviour. Specifically, it has long been discussed that in
Re(I) polypyridyl complexes there is an interplay between
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Fig. 2. (a) Ligand structures and (b) molecular skeleton for the quinonic acceptor ligands Aqdpp, Aqphen and Nqphen.

Table 1
Ground and excited state parameters for Ru2+ and Re+ polypyridyl complexes at 298 K

Complex kabs (nm) kem (nm) s (ns) /em Eem (cm�1) Reference

[Ru(bpy)3](PF6)2 452 620 910 0.062 16,129 [1a,1c]
[Ru(dppz)3](PF6)2 442 618 770 – 16,181 [8l]
[Ru(ppl)3](PF6)2 455 606 519 0.039 16,502 [7h]
[Ru(Meppl)3](PF6)2 453 602 584 0.033 16,584 [7h]
[Ru(eppl)3](PF6)2 455 603 517 0.037 16,584 [7h]
[Ru(bpy)2(dpp)](PF6)2 464 660 226 0.049 15,152 [7j,7k]
[Ru(bpy)2(dpp 0)](PF6)2 466 678 1214 – 14,749 [10a]
[Ru(bpy)2(dpq)](PF6)2 516 766 71 – 13,055 [7j,7k]
[Ru(bpy)2(dpq 0)](PF6)2 536 828 327 – 12,077 [10a]
[Ru(bpy)2(ppl)](PF6)2 454 630 955 0.022 15,873 [7h]
[Ru(bpy)2Meppl](PF6)2 455 630 995 0.062 15,873 [7h]
[Ru(bpy)2(eppl)](PF6)2 460 647 930 0.068 15,456 [7h]
Re(bpy)(CO)3Cl 370 633 50 0.0035 15,798 [7b,7i]
Re(ppl)(CO)3Cl 380 628 83 – 15,924 [13f]
Re(dppz)(CO)3Cl 378 649 38 0.001 15,408 [7i]
Re(Me2dppz)(CO)3Cl 387 640 913 0.0086 15,625 [7i]
Re(dpp)(CO)3Cl 406 700 <20 0.00014 14,286 [7b]
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lowest lying MLCT and ligand localized 3p–p* excited
states [8b,8c]. In the case of Re(X2-dppz)(CO)3Cl (X = H,
CH3, Cl), it was demonstrated that 3p–p* lie lowest, but
low energy MLCT states can be populated at room temper-
ature and dominate emission and excited state decay
[8d,8e]. Lifetime is deeply enhanced when 3p–p* transitions
are involved, and this may be the case in Re(Me2dppz)
(CO)3Cl. It must be commented at this point that Black-
man and co-workers [8h] report an extremely long lived
excited state (2 ls) for [Cu(11-Br-dppz)(PPh3)2](BF4). The
emission spectra suggest a MLCT origin for it, as they
are completely quenched in methanol.
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Summing up, delocalization and rigidity permit to
enhance excited state lifetime, even at the cost of a smaller
energy gap. The subsequent work mainly concentrated on
two of these ligands, dppz and ppl. Taking into account
that these type of ligands are additionally interesting from
the perspective of their electronic structure [8h,8g], a deeper
study of this aspect was considered.

2.2. Electronic structure in the dppz and ppl ligands

The ligand dppz, is widely discussed in the literature [8]
while references for ppl are rather scarce [9]. These ligands
are easily obtained through a condensation reaction of the
type shown in Scheme 1 [9a,12].

The ligand dppz can be considered to be constituted by
two fragments, 2,2 0-bipyridine and phenazine, Scheme 2. In
the same way, ppl can be considered as based on the 2,2 0-
bipyridine and quinoxaline fragments.

Bringing the fragments together results in an electronic
rearrangement in the ground state that is reflected in the
1H NMR resonances. All the protons of the bipyridine
fragment shift low field. The effect is mostly evident for
the ortho and para protons. Specifically, for both ligands
the ortho proton is shifted low field in 0.74 ppm in regard
to free bpy. In the case of the para proton, the displacement
is 1.85 ppm for ppl and 1.89 ppm for dppz. The enhanced
effect is due to the proximity of the pyrazine nitrogen, wich
of its anisotropy generates a favorable magnetic field for
the resonance of the mentioned protons. The greater effect
observed for the second is attributed to an electronic rear-
rangement produced by the presence of an additional ring.
This electronic reorganization is also observed in phenazine
N

N O

O

+

NH2

NH2

NH2

NH2

Scheme
and quinoxaline fragments: on going from the free frag-
ment to the full ligand, a displacement from 8.85 to
9.0 ppm is observed for ppl, and from 8.25 to 8.36 ppm
and 7.83–7.93 ppm for dppz. To analyze the effect of a sub-
stituent in the pyrazine (dppz) and quinoxaline (ppl) frag-
ments, a study was carried out with substituents of donor
or acceptor capacity [9a,17b].

The presence of a substituent on the * marked position
on dppz, Scheme 2, causes a loss in symmetry as compared
to unsubstituted dppz [17a]. The magnetic inequivalence
thus introduced affects the phenazine fragment protons
and the bpy protons, although to a different extent. The
phenazine protons close to the substituent are more
affected, as expected. As the donating properties of the sub-
stituent increase a high field displacement is observed, fol-
lowing the trend:

NO2 < COOH < H < CH3 < NH2.

For the protons at both sides of the substituent position,
a very good correlation was observed between the protons
chemical shift and the calculated total charge on the carbon
atoms bound to the protons. The variation of the chemical
shifts of these protons by varying R was interpreted as an
electronic effect, induced by the electron withdrawing or
electron donating capacity of the substituent. No such cor-
relation was observed for the meta proton, pointing out
that its behaviour must arise from different effects than
merely electronic. An effect due to the anisotropy of the
neighboring phenazine ring heteroatomic N atom was
invoked. A similar trend was observed for R–ppl ligands,
with R representing the substituent on the * position
(Scheme 2) of the ligand [9a]. As expected, the signal corre-
N
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sponding to the quinoxaline proton is strongly affected by
the nature of the substituent. If R = Me, its shielding is
enhanced (0.2 ppm) compared to ppl, whereas if
R = COOMe, this proton is manifestly unshielded
(0.8 ppm) due to the electron-acceptor properties of the
ester group.

The properties of the dppz ligand suggest that on reduc-
tion it tends to form a radical anion with the charge located
on the phenazine portion of the ligand, as pointed out by
Kaim and co-workers [8k,8l], Gordon and co-workers
[8h], and others. EPR studies on this ligand corroborate
this hypothesis [13c]. The excited state of dppz complexes
also shows interesting effects, as described in Section 2.1
for the rhenium complexes of substituted dppz. Complexes
with ligands such as dppz and ppl show other attractive
properties, e.g., light switch effects [8f], applicability in
organic light emitting devices (OLEDs) [8j], or DNA inter-
calation [8i]. The light switch effect, i.e., luminescence in
aprotic solvents or when bound to DNA, and non-emission
in water, was observed for [Ru(bpy)2dppz]2+, and its
behaviour reinterpreted by Meyer and Papanikolas. Their
study supports also the view of bpy and phenazine differen-
tiated states associated with the dppz ligand. The bpy frag-
ment is associated with a ‘‘bright’’ state similar in
properties than the MLCT state in RuðbpyÞ2þ3 . The ‘‘dark’’
state would be mainly located on the phenazine portion.
The light switch effect, formerly thought to be driven by
hν
L L-M+QM

Scheme
a state reversal of two MLCT states on the ligand, was
interpreted as being due to the dark level being always low-
est. The light switch effect would be a result of a competi-
tion between energetic factors that favor the dark state and
entropic factors that favor the bright state. Very recently, a
theoretical study for the same complex was reported [17c].
It was found that the solvent effects are critical in under-
standing the nature of the excitations. A state reversal
between a dark 3p–p* level and 3MLCT between Ru and
dppz was again invoked.

Considering their special properties and potentiality,
dppz and ppl were taken as basic structures to build more
sophisticated ligands, as described in the following
paragraphs.

2.3. Enhanced acceptor properties in dppz and ppl type

ligands

One additional step to achieve long-lived excited states
was to obtain bidentate chelating ligands with substituents
that posses strong acceptor capacity. Therefore, the synthe-
sis of ligands that incorporate quinonic groups in non-
coordinating positions was carried out. The idea is that
the presence of the acceptor groups should help to separate
the positive and negative centers, and therefore, difficult
back charge recombination after MLCT excitation,
Scheme 3.
Q-LM+Q

3.
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There are examples in the literature of bpy type ligands
substituted with deactivating quinonic groups [14]. When
these ligands are coordinated to Ru(II) or Re(I), an excited
state quenching process is observed with little, if any, emis-
sion. The formation of a charge separated excited state
explains this behaviour. The ligands cited, all show a pen-
dant quinonic group, joined to the bpy framework through
a single bond. In order to add delocalization and rigidity,
the ligands designed in our group used dppz or ppl as base,
with the quinonic fragment fused to the molecule. The
ligands synthesized were 2,3-di(2-pyridyl)naphtho[2,3-
f]quinoxaline-7,12-quinone, Aqdpp [13a], 12,17-dihydro-
naphtho [2,3-h]dipyrido[3,2-a;20,30-c]phenazine-12,17-dione,
Aqphen [13b,13c], and dipyrido[3,2-a;2 0,3 0-c]-benzo[3,4]-
phenazine-11,16-quinone, Nqphen [13d], Fig. 2b.

The ligands can be visualized as a polypyridinic frag-
ment (dpp, dppz and ppl, respectively) ‘‘fused’’ with a qui-
nonic tail. Aqphen is therefore more rigid than Aqdpp, in
the same way as discussed for dpp and dppz above.
Nqphen has the property of being more linear than the
other two.

The general synthetic method to obtain Aqdpp,
Aqphen and Nqphen is based on a similar condensation
reaction as that described in Scheme 1 for dppz and
ppl. The condensation was verified in all cases by the dis-
appearance of the carbonyl tension bands of the corre-
sponding dione (at �1700 cm�1), and the NH tensions
of the condensing diamino compound (�3500 cm�1).
NMR characterization and elemental analysis permitted
to verify the nature of the ligands. In the case of Aqphen,
the insolubility of the ligand generated a badly resolved
1H NMR spectrum. The neutral (Aqphen)Re(CO)3Cl
compound permitted a better resolution. In the spectrum
for Aqdpp the pyridyl ligand signals superimpose with the
quinone ring protons. Nevertheless, the structural differ-
Fig. 3. Electronic distributions for the HOM
ence between the more rigid and delocalized Aqphen
and the more flexible Aqdpp can be clearly observed on
the quinoxaline fragment. Both, Aqdpp and Aqphen,
show the same effect observed than the one described
for dppz. For Aqdpp and Aqphen, the UV–Vis absorp-
tion spectrum is dominated by the characteristic anthra-
quinone absorption bands [13e] between 380 and
400 nm. In Nqphen the corresponding bands are dis-
placed to higher energies. The molecular structure of
Aqdpp was determined by X-ray diffraction [13a]. The
anthraquinone–diazine entity is quite planar with a max-
imum deviation of 0.138(4) Å from the best mean plane.
The pyridine groups, are oriented out of plane with dihe-
dral angles of 57.0(2)� between each other and angles of
132.8(1)� and 144.4(2)� with respect to the pyrazine ring.
Theoretical structural and electron density calculations
where also performed. Semiempirical methods at PM3
level permitted to obtain the molecular structure in the
gas phase. Close similarity to the crystal structure was
observed, except that the anthraquinonic part in the cal-
culated structure (gas phase) is considerably more bent
at the central ring than in the crystal, with a distortion
angle of 35.8�. Nevertheless, both structures show that
the –C@O groups of the quinonic region are out of plane.
Regarding the electronic distribution in the molecular
frontier orbitals, the HOMO shows high electronic den-
sity on the pyrazine fragment of the ligand, while in the
LUMO the electronic density lies mainly on the quinonic
region of the anthracene fragment. Only one pyridyl
ligand has some contribution to the HOMO, Fig. 3. As
can be seen also in Fig. 3, the HOMO and LUMO of
Aqphen have a similar pattern, although in the latter case
a strong contribution to the HOMO from the phenan-
throline part of the ligand is observed. In the case of
Nqphen a similar pattern is exhibited, although in this
O and LUMO for Aqdpp and Aqphen.
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case an enhanced contribution of the pyrazine region to
the LUMO is observed.

The acceptor properties of the ligands are evidenced by
cyclic voltammetry, where reduction processes at a less neg-
ative potential than that normally observed for bpy or
phen type ligands, occur. Two distinct reductions were
observed in this region for Aqdpp and Aqphen. The first
(–0.64 V for Aqdpp and �0.5 V for Aqphen) is reversible,
and was attributed to the formation of the semiquinone,
while the second (�0.86 V for Aqdpp and �0.8 V for
Aqphen) is irreversible and probably related to the forma-
tion of the dianion. In Nqphen it is difficult to separate
both processes, and a broad reduction signal at �0.708 V
was detected. These assignments are supported by EPR
measurements. The Aqphen ligand was chemically reduced
with potassium t-butoxide in DMSO [13c]. The splitting
observed in the EPR spectrum corresponds to a quinone-
based reduction with the unpaired electron interacting with
one hydrogen of the pyrazine region of the molecule, H8,
and a pair of equivalent hydrogens of the benzene ring
close to the quinonic region (H9 and H12), Fig. 4a. The
simulated spectrum is shown in the inset. This simulation
gave aH = 0.51 mT, a2H = 0.15 mT and a2H = 0.21 mT.
The EPR spectrum shown for Aqphen is notably different
than that for dppz [13c]. The ligand dppz can be visualized
as the polypyridinic fragment of Aqphen, without the qui-
Fig. 4. EPR spectra for (a) Aqphen�� and (b) Nqphen��, in DMSO.
nonic portion. For the reduced dppz, the interaction
between the added electron and two equivalent nitrogen
atoms on the phenazine portion of the ligand was detected,
with a coupling constant of 0.56 mT. The EPR for reduced
Nqphen, Fig. 4b [13f], shows very little resolution and
broad bands. Based on the mentioned electrochemical
results, where a single broad signal was observed for the
reduction to semiquinone and subsequently to the dianion,
indicating the proximity of the potential of both reduction
processes, the low defined pattern observed was attributed
to the presence of an equilibrium between the paramag-
netic semiquinone and the diamagnetic dianion. The simul-
taneous presence of a paramagnetic and a diamagnetic
species would be responsible for the broadening and lack
of resolution observed. The model fragment for Nqphen
is ppl. The EPR of ppl�� shows a characteristic pattern
for a system with a high degree of delocalization, with
the added electron interacting with all the nuclei of the
ligand. Nevertheless, the coupling constants indicate that
the pyrazinic region, especially the pyrazine nitrogens, con-
centrate a higher electronic density than the rest of the mol-
ecule [13f]. The results are in agreement with the HOMO
orbital description given above.

Rhenium complexes of the type fac-[(AL)Re(CO)3L]+/0,
with AL = Aqphen or Nqphen, and L = Cl�, OTf�, or a
substituted pyridine, were obtained and characterized
[13b–d]. A full identification of a charge separate state
was achieved for fac-[(Aqphen)Re(CO)3py-PTZ]+ [13c],
with py-PTZ = 10-(4-picolyl)phenothiazine, a known
donor molecule [15]. The complex fac-[(Aqphen)Re
(CO)3py-PTZ]+ shows no emission. It must be mentioned
that, with the sole exception of fac-[(Aqphen)Re
(CO)3(OTf)], which displays a very weak emission at
525 nm in 1,2-dichloroethane at 298 K with s < 20 ns, all
the compounds of the type fac-[(Aqphen)Re(CO)3L]+/0,
with L = Cl�, 4-ethylpyridine, etc., show no emission.
Considering that the corresponding model complexes fac-
[(dppz)Re(CO)3L]+/0 emit [16], this behaviour can be inter-
preted as a preliminary evidence of the quenching acceptor
properties of Aqphen. The transient absorbance difference
(TA) spectrum of fac-[(Aqphen)Re(CO)3py-PTZ]+ is
shown in Fig. 5.

At 20 ns, three new features are evident, with a decay of
s = 300 ns (k = 3.33 · 10�6 s�1), independent of the moni-
toring wavelength. First, a signal at 560 nm can be
observed. This feature is also present in the TA spectra
of the corresponding complexes with L = OTf� and 4-Et-
py. It was assigned to a p! p* transition localized on
the reduced Aqphen [13c], since an absorption band at this
same wavelength appears in the spectrum of electrochemi-
cally generated Aqphen�� [13b]. Characteristic bands for
PTZ�+ were also detected in the TA spectrum of fac-
[(Aqphen)Re(CO)3py-PTZ]+ at 475 and 510 nm. With the
TA analysis, the electronic movement on the ligands in
the excited state(s) is therefore evidenced. Complementa-
rily, ground state and time-resolved infrared (TRIR)
absorption difference spectra for fac-[(Aqphen)Re



Fig. 5. Transient absorption difference (TA) spectra for fac-[(Aqphen)Re(CO)3py-PTZ]+ in 1,2-DCE from 0 to 300 ns at 20 ns intervals [13c].
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(CO)3py-PTZ]+ shed light on electronic aspects related to
the rhenium metal center. In the ground state spectrum,
m(CO) bands appear at 2040, 1938 and 1932 cm�1, assigned
to A 0(1), A 0(2) and A00 in pseudo-C3v symmetry. A quinone
band appears at 1678 cm�1. In the TRIR difference spec-
trum, the m(CO) bands are shifted to 2034, 1935 and
1917 cm�1, and the quinone band to 1560 cm�1. The slight
shift of the m(CO) is much smaller and in opposite direction
than the one observed for MLCT bands. The small shifts in
the photochemical transient show that the electron density
at the metal is relatively unperturbed compared to the
ground state [20]. In this way, the presence of a charge sep-
arate state in the excited state was fully proved. The PTZ
fragment introduces a new step to the mechanism proposed
in Scheme 3. Specifically, the presence of a donor produces
an excited state with the charges separated at a longer dis-
tance. Therefore, longer lived excited states are expected.
This strategy is shown in Scheme 4.

One important point is that for the series of complexes
fac-[(L-L)Re(CO)3py-PTZ]+, with (L–L) = bpy, dppz and
Aqphen, the recombination constant is 4.0 · 107 s�1,
9.1 · 106 s�1 [21], and 3.3 · 106 s�1, respectively. The effect
of delocalization and rigidity on going from bpy to dppz,
and the additional fused quinonic moiety in Aqphen
D QLM
hν

M L Q-D+

Scheme
prove therefore their role in enhancing the excited state
lifetime.

3. Geometry of the complex

3.1. cis vs. trans geometry in [Ru(N–N)2L1L2]0,n+type

complexes

As mentioned in the former paragraphs, ruthenium
polypyridyl complexes of the type [Ru(N–N)2L1L2]n+ (N–
N) = 2,2 0-bipyridine, 1,10-phenanthroline, or similar,
L1 = L2, or L1 5 L2, have been widely studied. Most of
the work reported until now is related to [Ru(N–
N)2L1L2]0,n+ complexes having cis geometry, reflecting a
definite preference of cis over trans geometry. The unstabil-
ity of the trans isomers was already attributed in earlier lit-
erature to the expected unfavorable interaction of the a
hydrogens in the opposing bidentate ligands [18a,18f].
The idea seemed to be well founded in the light of the rel-
ative little amount of examples of trans complexes.

When obtained in trans geometry, complexes generally
show a significant distortion of the coordination sphere
in the N4 equatorial plane. Two main types of distortion
have been found experimentally: [18a–d] the twisted and
D QL-M+

L Q-D M+

4.
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the bowed configurations. In the twisted configuration, each
N–N is planar, but twisted out from the equatorial plane of
the hexacoordinated metal. In the bowed geometry each N–
N ligand is bent, i.e., the ligand loses planarity, and the
equatorial plane is distorted in such a way as to minimize
the opposing hydrogen interactions.

The thermal substitution reactions of photochemically
generated trans-Ru(bpy)2(OH)2 appears to offer the most
general and efficient synthetic route to obtain trans com-
plexes. The electronic spectra of the complexes obtained
show a general trend: [18a] the MLCT charge-transfer
bands for the trans isomers appear at lower energies than
those of the corresponding cis isomers. The Ru(III)/Ru(II)
reduction potentials also show a consistent trend in that the
trans isomers are oxidized at similar or less positive poten-
tials than the corresponding cis isomers. Both of these
observations suggest a stabilization of the dp levels and a
lowering of electron density at the Ru(II) center in the cis

isomers relative to those in the trans isomers. A similar
behaviour was observed for complexes obtained with the
more rigid phen instead of bpy [18b].

3.2. Advantages of trans-geometry in [Ru(N–N)2L1L2]0,n+

type complexes

If the goal is to obtain long lived charge separate states
following MLCT excitation, the incorporation of donor
and/or acceptor substituents is a logical strategy.
A
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Scheme 5 shows in a pictorial way the incorporation of
donor (D) and acceptor (A) substituents on opposite (N–
N) ligands for the cis and trans derivatives.

After light excitation through a MLCT band, a charge
separate state should emerge, with the acceptor center bear-
ing a negative charge, and the donor a positive. The photo-
chemically produced redox equivalents are closer in the cis

than in trans complexes. Therefore, through space back elec-
tron transfer is slowed down in trans complexes compared to
the cis, and thus the corresponding excited state lifetime
should enhance. The advantage of acquiring the trans geom-
etry for these types of complexes makes itself evident.

Before discussing the way to favor trans geometry, it
must be mentioned that a route for the preparation of axial
asymmetrically functionalized trans-[Ru(bpy)2L1L2]n+

complexes was demonstrated. In it, pyridyl ligands bearing
substituents in position 4 were sequentially introduced. For
example, L1 = Et-py (donor) and L2 = COOEt-py (accep-
tor) were used [18d]. A more sophisticated type of chromo-
phore-quencher complexes was subsequently synthesized
and studied [18e]. Scheme 6 shows one example. The bulk-
iness of the axial ligands may contribute to maintain trans
configuration. Nevertheless, visible light irradiation of the
complexes led to photochemical decomposition. The pres-
ence of low lying photochemically reactive ligand field
states was assigned as the possible reason for this decompo-
sition. As a result, significant formation of charge sepa-
rated states by electron transfer was not observed.
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Returning to the understanding of the cis–trans problem
in [Ru(N–N)2L1L2]0,n+ complexes, and to the challenge to
obtain a trans-complex, two approaches were undertaken.
First, a theoretical study on [Ru(phen)2L2]n+ complexes
was done, in order to understand the probable reasons
for the preference of cis over trans geometry, and to deduce
conditions that experimentally could favor the trans isomer
formation. Second, and based on this, strategies to obtain
trans complexes based on tetradentate ligands were pro-
posed and experimentally tested.

3.3. Theoretical approach [18c]

The origin of the distortion in the equatorial N4 plane
of trans-[Ru(phen)2L2]n+ type complexes was analyzed.
The potential energy surface for complexes with different
L ligands was explored. Starting from different initial
geometries, the optimization procedure5 led to the two
experimentally observed distorted geometries (twisted

and bowed) already mentioned, as well as to the abso-
lutely planar configuration. Based on theoretical calcula-
tions, the latter is not a ground state geometry but a
transition state, explaining in this way the absence of this
configuration in experimentally characterized trans com-
plexes. It should correspond to a connecting path among
the twisted and the bowed distorted structures. The bowed

configuration is more stable than the twisted in most
cases, although the energy difference between both ground
state minima is rather small. The energy barrier to go
from one form to the other is also low, at least in the
gas phase, but is sensitive to the axial ligand used.
Regarding NH3 or NH2OH, higher barriers are obtained
for L = F� and Cl�. To understand fully the tendency
observed for the barrier, and to understand the preference
of trans complexes to adopt a distorted geometry, calcula-
tions were performed in order to separate different possi-
ble contributions to the barrier. An interaction between
the axial NH3 type ligands with the equatorial a hydro-
gens was invoked as the origin of the barrier lowering
for this ligand. The role of the metal was also analyzed.
The results show that although the repulsion between
the equatorial a,a 0 hydrogens definitely is an important
factor to explain the preference for a distorted geometry
in these complexes, its importance seems to have been
overestimated in the literature, disregarding the other
cited contributions.

Having understood the possible reasons for trans com-
plexes to distort from planar geometry, the cis–trans prob-
lem was energetically studied. The total energy difference
between the more stable trans geometry (bowed), and the
5 Geometry optimizations were performed by using PM3(tm) semi-
empirical methods as implemented in the Spartan package [19a]. Equilib-
rium geometries were checked for some cases by means of DFT ab initio
calculations (B3LYP) and by comparison with crystallographic data,
when available. More recently, all geometries were optimized using DFT
methods (B3LYP, LACVP* basis set) as implemented in Titan [19d].
corresponding cis, DEtrans–cis was calculated. DEtrans–cis

shows a dependence on the L ligand field strength, repre-
sented by Jorgensen’s f ligand field parameter: although
the cis isomer is generally more stable, weaker ligand fields
tend to diminish the energy difference between both iso-
mers. Other energetic calculations at ZINDO/S level were
also performed, corroborating the general thermodynamic
trend in favor of the cis geometry [18c]. Nevertheless, the
energetic (thermodynamic) analysis described seems insuf-
ficient to justify the extremely marked preference of
[Ru(phen)2L2]n+ type complexes to adopt cis configuration.
Therefore, a kinetic theoretical study was undertaken. The
model was based on the synthetic route, in the sense that
when a ruthenium salt (e.g., RuCl3 Æ nH2O) reacts with
phen ligand molecules, probably one phen coordinates first,
and then the second. Starting from the optimized geometry
for trans and cis-[Ru(phen)2(CH3CN)2]2+ complexes, a
coordinate driving of the distance from ruthenium to one

of the N atoms of one phenanthroline was performed.
The initial point was the equilibrium Ru–N distance
(�2.1 Å), and the last one a value of 5.3 Å, where the
Ru–N distance is sufficiently long to assume bond break-
ing. Eight steps were considered, and the geometry of each
step was fully optimized. The calculation sheds light of the
inverse process, i.e., to the barrier that should generate
when a phen ligand approaches a [Ru(phen)(CH3CN)2]2+

moiety. The resulting potential energy diagram is shown
in Fig. 6. It can be seen that the energy barrier to form
the trans isomer is considerably higher than that to form
the cis. Also, it is observed that the maximum appears at
4.4 Å for both isomers, indicating that barriers are mainly
electrostatic in character. Finally, ab initio local hardness
calculations using HF/3-21G* on [Ru(phen)(CH3CN)4]2+

and phen, and HSAB criteria, corroborated the preference
of cis coordination for the second phenanthroline.

Summing up the results of the theoretical analysis, the
thermodynamic differences between the cis and trans iso-
mers are not sufficiently pronounced to justify the definite
experimental preference to form the cis isomer. The kinetic
factor seems definitely to be more determinant.
Fig. 6. Kinetic barrier for the formation of cis- and trans-
[Ru(phen)2(CH3CN)2]2+ complexes from [Ru(phen)(CH3CN)2]n+ and
phenanthroline.
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3.4. Forcing trans geometry: tetradentate ligands [19]

Given the theoretical analysis described above, the pos-
sibility to use tetradentate ligands to achieve trans geome-
try by avoiding the mentioned kinetic aspects was
considered. The use of these types of ligands has the advan-
tage of retaining many of the electronic features associated
with the presence of bpy units [19d]. Ruthenium complexes
with the ligand 1,2-bis-(2,2 0-bipyridyl-6-yl)ethane, bpy–
(CH2)2–bpy,6 Fig. 7, had already been proposed more than
a decade ago [19d,19e]. A series of trans-[Ru(bpy–(CH2)2–
bpy)L1L2]n+ complexes were prepared [19d]. For L1 =
CH3CN and L2 = Cl�, a distorted tilt geometry7 with angle
of 7.7� was observed. Interestingly, the lifetime values of
trans-[Ru(bpy–(CH2)2–bpy)(CN)2] and cis-[Ru(bpy)2(CN)2]
are comparable: s = 0.20 ls (CH2Cl2) for the former, and
0.24 ls (CH3CN) or 0.54 ls (CHCl3) for the latter.

Modifications of this ligand, Rphen–(CH2)2–Rphen,
R = Me, H, Fig. 7, were prepared. As discussed earlier in
this paper, the more rigid phenanthrolines should enhance
the excited state lifetime, according to the energy gap law.
The ligand with R = Me was first reported by Lehn et al.
[19j], but to our knowledge, the ligand with R = H had
not been reported earlier. Four complexes were prepared:
trans-[Ru(Mephen–(CH2)2–Mephen)(CH3CN)2](PF6)2 (1),
trans-[Ru(phen–(CH2)2–phen)(CH3CN)2](PF6)2 (2), trans-
[Ru(Mephen–(CH2)2–Mephen)(CN)2] (3), and trans-
[Ru(phen–(CH2)2–phen)(CN)2] (4). The crystal structure
of compound 1 is shown in Fig. 8. As opposed to trans-
[Ru(bpy–(CH2)2–bpy)(CH3CN)2](PF6)2 [19d], the absence
6 Formely called o-bpy [19d].
7 The tilt geometry is a special case of the bowed with a minumun

distorsion [18c].
of a crystallographic inversion center at ruthenium results
in a distinction between the bridged and opened sides of
the tetradentate ligand. The phenanthroline moieties adopt
a bowed configuration [18b,18c] and are significantly bent
due to repulsion between the methyl groups (C18–
C33 = 3.234 Å). The structure of compound 2 shows a
higher degree of distortion. In the equatorial plane, the
Ru–N distances of the open side of the ligand (2.092 and
2.045 Å) are considerably shorter than the corresponding
for the bridged side: 2.135 and 2.100 Å. Nevertheless, the
phenanthrolines display a higher degree of planarity, when
compared with compound 1. This is attributed to the pres-
ence of sterically less hindered H atoms in the opened side
of the ligand.

The absorption spectra of 1 and 2 in acetonitrile dis-
play the typical pattern of a Ru(bpy)2X2 type compound
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with two MLCT maxima at �360–380 nm and at
�450 nm. Both compounds reveal no emission at room
temperature (RT). They undergo photosubstitution by
cyano ligands in acetone solutions to yield compounds 3

and 4. This result is indicative of MLCT-dd crossing, pos-
sibly the main decay pathway for the excited state for
compounds 1 and 2. The presence of the stronger cyano
ligands in axial positions increases the energy of the
3MC excited states, resulting in a higher thermal barrier
for the MLCT-dd crossing [19c]. When excitated at
500 nm, complexes 3 and 4 display red luminescence in
oxygen-free ethylene glycol at RT with maxima at
625 nm. In both cases the emission decay is bi-exponen-
tial. Time-resolved emission (TRE) studies for complex
3 revealed a blue-shift of the emission maximum from
625 nm to 616 nm after excitation in ethylene glycol. This
behaviour is independent of the excitation energy. The
decay lifetime have contributions from a fast and a slow
component: 285 ns and 2300 ns for compound 3, Fig. 9,
and 18 ns and 546 ns for compound 4.

In oxygen-free DMF the emission maxima for both
complexes peaks at 662 nm. In this solvent, complex 3 dis-
plays lifetimes of 102 and 1104 ns for the fast and slow
components of the decay, respectively. The pronounced
red shift in the emission maxima from ethylene glycol to
DMF, implies a change in symmetry from the ground to
the excited state, which points towards electronic localiza-
tion in one of the two phenanthrolines in the excited state.
Work is in progress to study the C–N stretching vibration
of the cyano ligands with TRIR to gain more information
on the localization or delocalization of the excited electron.
Further studies are also underway (transient absorption,
low temperature emission) to determine the origin of the
bi-exponential decay.

A tentative explanation for the bi-exponential decay can
be suggested [19c]. In the ground state, the bowed configu-
ration is the more stable, as predicted by DFT calculations
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Fig. 9. Emission decay for trans-[Ru(Mephen–(CH2)2–Mephen)(CN)2] in
ethylene glycol at RT.
and further supported by the X-ray structures of 1 and 2.
In the excited 3MLCT manifold, the twisted configuration
is the more stable, although the bowed may also exist at
higher energy. According to the photochemical reactivity
observed, a metal centered state, MC, probably also exists,
with an energy between the twisted and the bowed excited
states, Fig. 10.

Thus, the excitation of molecules 3 and 4 in ethylene gly-
col turns the molecule from a bowed ground state to a
bowed excited state. The bowed 3MLCT excited state so
formed possesses enough vibrational energy to thermally
populate the 3MC excited state. From the distorted 3MC
state the low-lying twisted 3MLCT state is readily accessi-
ble and a Boltzmann distribution is established between
these three excited states. The twisted excited state is prob-
ably strongly coupled to the ground state and decays very
fast. Once thermal equilibration is reached, the 3MC is no
longer accessible and only the slow decay from the bowed

excited state is observed. The decay in DMF is faster than
in ethylene glycol due to the smaller effective energy gap in
DMF. Further work, mainly temperature dependence stud-
ies, are in progress to test the presence of both configura-
tions – bowed and twisted – thermally equilibrated in the
excited state.

The considerable longer lifetime of compound 3 in
regard to compound 4 in ethylene glycol can be under-
stood in terms of the coordinate displacement DQe, Eq.
(2). In 3, the repulsion between the methyl groups in
opposed phenanthrolines introduces rigidity in the mole-
cule. In contrast, the presence of protons in this position
in compound 4 introduces flexibility in the molecule,
which enhances non-radiative decay to the ground state,
and therefore a shorter lifetime. Using DFT (B3LYP,
LACVP*) calculations [19k], the ratio S4/S3, with S

defined in Eq. (2), was estimated to be 7.2, indicating a
greater distortion in 4, and, therefore, supporting the
above-mentioned analysis.
3MC

3MLTC
bowed

3MLTC
twisted

GS

Fig. 10. Qualitative diagram of the excited state dynamics for 3 and 4 in
ethylene glycol.
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Regarding literature reports on tetradentate ligands,
more recently the tetradentate 2,9-di-(2 0-pyridyl)-1,10-
phenanthroline, py–phen–py, Fig. 7, was reported [19f].
It has the property to induce mononuclear tetradentate
coordination. The crystal structure of the [Ru(py–phen–
py)(4-NMe2py)2]2+ with the axial ligand 4-dimethylami-
nopyridine = 4-NMe2py, showed a highly distorted but
well organized structure, with a torsion angle of only
�0.2(2)� for the N in the equatorial plane. In the 1H
NMR a notable deshielding of the protons in the distal
pyridines of py–phen–py was observed, reflecting that
on coordination this protons are pushed close to one
another [19f]. Variation of the 4-substituent on the axial
pyridines for methyl or CF3 instead of 4-NMe2 exerts a
strong effect on the spectroscopic properties. A series of
MLCT bands appear in the spectra of all complexes,
with the long-wavelength bands assigned to MLCT tran-
sitions to the more electronegative py–phen–py ligand.
These bands are strongly affected by the axial ligands,
where electron-donating substituents destabilize the d-
level (kmax = 580 nm for NMe2) relative to electron with-
drawing substituents (kmax = 516 nm for CF3). Cyclic
voltammetry measurements corroborate the influence of
the axial ligand substitutions on the d-orbital energy.
All complexes were not emissive at room temperature
and 77 K. The observation was explained invoking the
weak ligand field associated with the highly distorted
coordination geometry. The distortion causes a lowering
of the d–d states, which provides an alternate pathway
for depopulation of the excited state. A similar argument
was used to explain the lack of room temperature lumi-
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nescence for the less distorted [Ru(tpy)2]2+, with
tpy = 2,2 0:6 0,200-terpyridine [19f,19h].

3.5. Asymmetric tetradentate ligands: a synthetic challenge

One further synthetic challenge was to obtain asymmet-
ric tetradentate ligands [19a]. A complex with different
polypyridyl moieties in the equatorial plane would have
the additional advantage of generating donor and acceptor
centers, which should increase the photoinduced charge
separation capacity of the molecule. The idea then is to
impose donor–acceptor centers in opposite equatorial posi-
tions, in order to take advantage of the seeked trans condi-
tion. The synthetic challenge is high, considering the need
to couple two different moieties. Ogawa and Goto [19i]
reported the synthesis of the ligand N,N-bis(1,10-phenan-
throline-2-yl)amine, phen–NH–phen, Fig. 7, by the con-
densation of 2-NH2-1,10-phen and 2-Cl-1,10-phen. To
our knowledge, no complexation chemistry had been
reported for this ligand. The same synthetic procedure
was applied in order to obtain the asymmetric tetradentate
ligands, phen–NH–dppz, phen–NH–ppl and phen–NH–
dppz–Me2 by coupling two different polypyridinic frag-
ments, Scheme 7.

The trans-[Ru(phen–NH–phen)L1L2]0,2+ with L1 =
L2 = Cl�, CH3CN or DMSO and L1 = CH3CN, L2 =
DMSO were synthesized. Crystal structure determination
was possible for L1 = L2 = CH3CN and for L1 = CH3CN,
L2 = DMSO [19a]. In the latter, considerable distortion is
observed due to both the unsymmetrical axial substitution
and to the different Ru–N distances to the opened and to
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Fig. 12. Electronic distributions for the HOMO, LUMO and LUMO + 1
of some tetradentate complexes.

M. Arias et al.
the closed side of the tetradentate ligand. The steric repul-
sion between the a hydrogens in opposite phenanthrolines
is relieved by forming a higher angle to the open part of the
ligand, allowing the phenanthrolines to be planar, tilted in
respect to each other by an angle of 10.11�. A similar
arrangement was reported for the complex [Ni(diphen)-
(H2O)Cl]Cl [19l]. On the contrary, for the compound with
identical CH3CN axial ligands, the opened side and the
closed side of the ligand appear equivalent because of dis-
order generated by an opposite stacking arrangement of
both sides of the ligand in the crystal, with an inversion
center at ruthenium. The phenanthrolines appear rigor-
ously planar.

With the asymmetric ligands the trans-[Ru(phen–
NH–L)(OTf)2], trans-[Ru(phen–NH–L)(CH3CN)2](PF6)2,
trans-[Ru(phen–NH–L)(CN)2] (L = ppl, dppz [19a], dppz-
Me2) complexes were prepared. The compounds were char-
acterized by 1H NMR, UV–Vis, IR and elemental analysis.
Fig. 11 shows 1H NMR spectra in CD3CN for
trans-[Ru(phen–NH–phen)(CH3CN)2](PF6)2 (I), trans-
[Ru(phen–NH–ppl)(CH3CN)2](PF6)2 (II) and trans-
[Ru(phen–NH–dppz)(CH3CN)2](PF6)2 (III). The presence
of the asymmetric ligands in spectra II and III makes itself
evident.

When excited at 450 nm, the four cyano complexes dis-
play emission in ethylene glycol. TRE studies revealed a
red-shift of the emission maxima for trans-[Ru(phen–
NH–dppz)(CN)2], trans-[Ru(phen–NH–ppl)(CN)2] and
trans-[Ru(phen–NH–dppz–Me2)(CN)2] but not for trans-
[Ru(phen–NH–phen)(CN)2]. A possible explanation for
this result is the presence of a non-negligible barrier
between the higher energy, phenanthroline-based 3MLCT
and the lower-energy, pyrazine-based 3MLCT. This expla-
nation is supported by DFT theoretical calculations
(B3LYP, LACVP* basis set). The LUMO of the complexes
9.69.810.010.210.410.610.811.011.2

I

II

III

Fig. 11. 1H NMR spectra in CD3CN for
is localized in the pyrazine fragment and the LUMO + 1 is
localized in the phenanthroline portions, with the exception
of trans-[Ru(phen–NH–phen)(CN)2]. For the later, the
8.08.28.48.68.89.09.29.4

tetradentate complexes I, II and III.
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LUMO is delocalized over the entire ligand framework.
Typical examples are shown in Fig. 12.

Decay traces in ethylene glycol following excitation at
450 nm, together with fittings to mono or bi-exponential
decays for all complexes were registered. trans-[Ru(phen–
NH–phen)(CN)2] decays monoexponentially, as opposed
to the rest of the complexes which decay bi-exponentially.
For the latter case, initial population of the phenanthro-
line-based 3MLCT together with the presence of a non-
negligible barrier for the internal conversion to the lower
energy pyrazine-based 3MLCT, results in emission from
both excited states. The higher energy, phenanthroline-
based 3MLCT decays faster because an important fraction
of the excited molecules undergo internal conversion to
the pyrazine-based 3MLCT. Interestingly, the lifetimes of
the excited states are almost identical for all the complexes
with asymmetric ligands. But this is not surprising because
in all three cases the nature of the lowest lying excited states
is basically the same: a higher energy, phenanthroline-based
3MLCT and a lower energy, pyrazine-based 3MLCT. Fur-
ther studies are in progress to better understand the excited
state behaviour of these complexes.

4. Final comment and prospect

Different strategies for tuning the excited state proper-
ties of polypyridinic complexes by varying ligand structure
and molecular geometry were described. Bidentate and tet-
radentate ligands based on fragments as dppz and ppl have
been used. Future goals include the incorporation of fused
quinonic moieties on tetradentate ligands, in order to put
together both strategies described in this review to enhance
excited state lifetime.
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