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Introduction

The use of d-block chromophores as antenna groups to gen-
erate sensitised luminescence from LnIII centres (Ln=a lan-
thanide), following d!f energy transfer, is an area that has
attracted much attention in the last few years.[1] Many types
of transition metal unit have been employed in d–f hybrid
complexes in this way, because of their numerous desirable
characteristics. These include strong absorbance of light in
the visible region, a long-lived (usually 3MLCT (MLCT=

metal-to-ligand charge transfer)) excited state which can act
as the energy donor, and a relatively low 3MLCT energy
(compared to organic chromophores) which is a good match

for the f–f levels of LnIII ions such as PrIII, NdIII, ErIII and
YbIII which generate near-infrared luminescence.[1]

There are two possible types of mechanism for sensitisa-
tion of lanthanide luminescence by energy transfer from a
separate antenna unit (indeed, these apply in general to any
energy transfer). The first is Dexter energy transfer, an elec-
tron exchange mechanism which requires orbital overlap be-
tween donor and acceptor components.[2] This is the mecha-
nism typically assumed for sensitisation of lanthanide-based
luminescence by directly coordinated ligands, through the
ligand-based triplet excited state[2–4] (although there are a
few exceptions, based on energy transfer from singlet excit-
ed states,[5] and mechanisms involving an electron-transfer
step).[6] Because the Dexter mechanism requires direct
donor–acceptor orbital overlap it is a short-range mecha-
nism with an e�d distance dependence (d=distance).[2] How-
ever in the case that donor and acceptor components are
connected by conjugated bridging ligands, long-range
donor–acceptor electronic coupling can occur through an in-
direct superexchange process mediated by the orbitals of
the bridging ligand. Thus the double-electron exchange re-
quired for energy transfer by the Dexter mechanism can
occur over substantial distances,[7,8] and this is still some-
times referred to loosely as “Dexter-type” energy transfer
even though direct donor–acceptor orbital overlap is not in-
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volved. Like through-bond electron transfer, energy transfer
by this mechanism also has an exponential decay with dis-
tance.[8,9]

The second energy-transfer mechanism arises from the
Coulombic interaction between the donor and acceptor elec-
tric fields, and is a through-space interaction which is not
dependent on orbital overlap between components. The sim-
plest (dipole–dipole) component of this is the basis of Fçr-
ster energy transfer,[10] which occurs best between donor and
acceptor components in which the electronic transitions
have substantial transition dipole moments. In the particular
case of lanthanides as energy-acceptors the transition dipole
moment of f–f transitions is small, and higher-order multipo-
lar interactions can also be significant; in particular dipole–
quadrupole interactions between the transition dipole
moment of the donor, and the f–f transition, which may
have a significant transition quadrupole moment.[7,11, 12]

In the case of d–f hybrids, the d-block sensitiser unit is
more remote from the LnIII centre than a directly coordinat-
ed ligand would be, and there may be a lengthy bridging
fragment (saturated or unsaturated) between energy donor
and acceptor fragments.[1] The question therefore arises as
to the mechanism of the energy-transfer process: is it a Cou-
lombic through-space process (Fçrster-type,[10] but with a
possible higher-order multipolar contribution[12]) or a
through-bond electron-exchange process (Dexter-type,[2] but
with the donor–acceptor electronic coupling provided by
participation of bridging ligand orbitals in a superexchange
process[8])?

In addition there are other factors to take into account in
any consideration of energy-transfer mechanisms in d–f hy-
brids.

Firstly, there are specific se-
lection rules for energy transfer
to LnIII ions,[13] based on
changes in the angular momen-
tum quantum number J : the re-
strictions are that jDJ j=0, 1
for Dexter energy transfer
(with the special case of J= J’=
0 being excluded) and jDJ j=2,
4, 6 for multipolar Coulombic
energy transfer, so in principle
either mechanism may occur
depending on which excited
state of the LnIII centre is in-
volved and its jDJ j value with
respect to the ground state.

Secondly, the various process-
es are dependent on distance in
a different way, with Fçrster
(dipole–dipole) energy transfer
depending on d�6, and any
higher-order dipole-quadrupole
contribution to energy transfer
varying as d�8.[14] In contrast,
Dexter energy-transfer (and its

superexchange-mediated analogues) vary as e�d because of
their dependence on the electronic coupling (H).[9] Ex-
change-mediated energy transfer therefore decays with dis-
tance more rapidly than the Coulombic energy transfer.
Thus, the very long range energy transfer involving lumines-
cent LnIII ions as donors in FRET-type biological assays
(FRET= fluorescence resonance energy transfer) operates
by the Coulombic mechanism.[15]

To investigate the issue of the energy-transfer mechanism
over long distances in d–f dyads more closely, we have un-
dertaken a systematic study of a series of related d–f dinu-
clear complexes based on the [M ACHTUNGTRENNUNG(bipy)3]

2+ (bipy=2,2’-bipyr-
idine) derivatives shown in Scheme 1 (M=Ru, Os). These
all contain a [M ACHTUNGTRENNUNG(bipy)3]

2+ chromophore[16,17] connected to a
vacant bipyridyl binding site by an organic spacer which is
either saturated (complexes Ru–CH2CH2 and Os–CH2CH2,
or unsaturated (complexes RuPh, OsPh and RuPh2). Reac-
tion of these with excess [LnACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] (tta=anion of
thenyl-trifluoroacetone, see Scheme 2) in CH2Cl2 solution
affords dinuclear d–f hybrids through an equilibrium reac-
tion of the type shown in Scheme 2, in which the vacant bi-
pyridyl site of the d-block “complex ligand” displaces two
water ligands from the coordination sphere of the LnIII spe-
cies to give an eight-coordinate [Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(bipy)] centre.[18, 19]

The LnIII ions concerned are those which have low-energy
luminescent excited states emitting in the near-IR region,
and which can therefore be sensitised by the 3MLCT states
of the d-block chromophores. A combination of photophysi-
cal studies [measuring i) the degree of quenching of the RuII

or OsII energy-donors and ii) the occurrence of sensitised lu-
minescence in the LnIII energy-acceptors] and calculations

Scheme 1. The RuII and OsII complexes used to prepare the d–f dyads.
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unequivocally indicate that d!f energy transfer in the con-
jugated systems occurs completely through a bridging-ligand
mediated exchange mechanism, and provides additional in-
teresting information on the different abilities of RuII versus
OsII units to act as energy donors. A partial contribution to
energy transfer by a Coulombic mechanism may be possible
in the system with the saturated linker, where exchange
energy transfer is disadvantaged by the reduced electronic
coupling between the components.

We note that similar studies of energy transfer between
two metal centres as a function of the bridging ligand
(length, degree of saturation, rigidity etc.) have been carried
out for many donor–acceptor dyads in which both compo-
nents are based on transition metal (d-block) ions.[8,20] How-
ever such systematic studies have scarcely been performed
for d–f dyads, a situation which is in part remedied by this
work.

Results and Discussion

Choice of complexes: synthesis : The complexes (Scheme 1)
were prepared and characterised by standard methods;
some are known, and some are reported here for the first
time (see the Experimental section for details). The set of
complexes chosen allows for several comparisons of d!f
energy-transfer rates in different systems, as follows:

i) Comparison of the effects of saturated versus unsaturat-
ed bridging ligands (Ru–CH2CH2/RuPh and Os–CH2CH2/
OsPh) will indicate whether or not a conjugated pathway is
necessary for energy transfer to occur (in which case an ex-
change mechanism for energy transfer will be operative), or
whether it occurs just as easily across a saturated spacer (in
which case the Coulombic energy-transfer mechanism will
be operative).

ii) Comparison of related Ru/Os pairs (Ru–CH2CH2/Os-
CH2CH2, and RuPh/OsPh) will allow the effectiveness of
[Ru ACHTUNGTRENNUNG(bipy)3]

2+ versus [Os ACHTUNGTRENNUNG(bipy)3]
2+ as energy-donors to be

evaluated; these complexes are ubiquitous as photosensitis-
ers in polynuclear assemblies and have been of particular in-
terest as sensitisers for LnIII-based emisson in d–f dyads.[1]

iii) Comparison of the pair RuPh/RuPh2 will allow the
effect of increasing distance on energy transfer to be studied
in a pair of complexes containing the same donor and ac-
ceptor groups.

iv) Finally, evaluation of the properties of d–f pairs based
on a specific d-block unit but combined with different LnIII

ions, for example, RuPh with NdIII, ErIII and YbIII will allow
investigation of the abilities of different LnIII ions to act as
energy acceptors according to their availability of f–f states.

Photophysical studies : i) Properties of mononuclear RuII and
OsII complexes; formation of d–f dinuclear complexes in so-
lution : The UV/Vis spectra of the complexes show the usual
intense p–p* transitions in the UV region and less intense
MLCT absorptions in the visible region.[16,17] Characteristi-
cally, the RuII complexes show a 1MLCT absorption mani-
fold in which the maximum is at approximately 450 nm,
whereas the OsII complexes show both 1MLCT absorptions
(l < 500 nm) and weaker, spin-forbidden 3MLCT absorp-
tions between 550 and 700 nm which are visible because of
the higher spin-orbit coupling of OsII compared with RuII

(zOs =3,381 cm�1, zRu =1,042 cm�1).[21] The spectra are sum-
marised in Table 1 and two examples are shown in Figure 1.

The luminescence properties of the mononuclear RuII and
OsII complexes are summarised in Table 2 and are typical of
the well-known behaviour of RuII and OsII bipyridyl com-
plexes.[16,17] All three RuII complexes emit in aerated fluid
solution in the region 600–630 nm, with lifetimes of hun-
dreds of nanoseconds and quantum yields of 3–5%. The two
OsII complexes show lower-energy luminescence with a max-
imum at approximately 720 nm, with lifetimes of <100 ns
and quantum yields of approximately 1%.

The effect of binding a [Ln ACHTUNGTRENNUNG(tta)3] unit at the secondary co-
ordination site was then measured by titrating a solution of
the relevant [Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(H2O)2] species into a solution of the

Scheme 2. Association of Ln ACHTUNGTRENNUNG(tta)3 units to the vacant bipyridyl sites of the RuII and OsII complexes.

Table 1. Absorption spectra of the complexes in CH2Cl2 at room temper-
ature

Complex lmax [nm] (10�3e [m�1 cm�1])

Ru–
CH2CH2

287 (90), 326 (�9, sh), 358 (�5, sh), 425 (�10, sh), 456 (13)

RuPh 288 (93), 320 (�35, sh), 360 (�10, sh), 395 (�8, sh), 430
(�14, sh), 456 (18)

RuPh2 288 (106), 334 (42), 435 (�16, sh), 463 (20)
Os–
CH2CH2

290 (92), 330 (9.7), 371 (10), 438 (12), 483 (13), 587 (3.4),
645 (2.9)

OsPh 290 (94), 325 (�32, sh), 373 (14), 440 (17), 485 (17), 587
(4.8), 646 (4.4)
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RuII or OsII complex (typically 10�5
m in CH2Cl2), until no

further change occurred in the RuII- or OsII-based lumines-
cence properties. Under these conditions the equilibrium in
Scheme 2 lies substantially to the right: the magnitude of
the association constant for the equilibrium in Scheme 2 is
expected to be in the region 105–107

m
�1,[1] and in agreement

with this we found the Ru–Ln or Os–Ln dyad to be fully
formed after addition of 5–10 equivalents of the appropriate
[Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(H2O)2]. All photophysical measurements on these
mixtures were performed by using selective excitation of the
RuII- or OsII-based chromophore at 460 nm, a wavelength at

which the [Ln ACHTUNGTRENNUNG(tta)]3 units do not absorb so the excitation
can be regarded as completely selective for the [M ACHTUNGTRENNUNG(bipy)3]

2+

unit. Under these conditions the excess free (non-absorbing)
[Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(H2O)2] species is “invisible” and does not contrib-
ute to the observed luminescence of the equilibrium mix-
ture.

ii) Comparison of Ru–CH2CH2–Nd with RuPh–Nd : We will
concentrate initially on the RuII–NdIII systems. NdIII has
been demonstrated many times to be a particularly effective
quencher of species which luminesce in the visible region,
because it has a high density of f–f excited states between
11000 and 20000 cm�1. The donor–acceptor spectroscopic
overlap with d-block complexes which show visible-region
luminescence is therefore higher than for other LnIII ions.[1]

In addition sensitised luminescence from NdIII is easy to
detect by the relatively intense emission band at approxi-
mately 1050 nm, a wavelength at which the residual lumines-
cence from [Ru ACHTUNGTRENNUNG(bipy)3]

2+-type luminophores has tailed off
to zero and thus does not interfere.

The most striking contrast is between Ru–CH2CH2–Nd
(see Scheme 2 for nomenclature) and RuPh–Nd, that is, be-
tween systems with saturated and conjugated bridges. In
RuPh–Nd the RuII-based luminescence is substantially
quenched: it is reduced in intensity by approximately 90%
compared to free RuPh (Figure 2) and experiences a con-
comitant reduction in lifetime from 520 to 48 ns (an uncer-
tainty of �5% is assumed for all RuII/OsII-based emission
lifetimes). As the titration proceeds two luminescence com-
ponents are apparent (that is, both 520 ns and 48 ns lifetime
components from free RuPh and bound RuPh–Nd, see Fig-
ure 2b), with the longer component disappearing and the
short component becoming dominant as the titration ap-
proaches completion. From Equation (1) this gives a Ru!
Nd energy-transfer rate kEnT of 1.9P107 s�1 (tq is the
“quenched” lifetime, here 48 ns; tu is the “unquenched” life-
time, here 520 ns). From Equation (2) we see that the quan-
tum yield for RuII!NdIII energy transfer is 91%, in agree-
ment with the reduction of RuII-based emission intensity.

kEnT ¼ tq
�1�tu

�1 ð1Þ

�EnT ¼ 1�tq=tu ð2Þ

That this reduction in RuII-based emission is genuinely
due to Ru!Nd energy transfer is confirmed by two factors.
Firstly, no such quenching occurs in RuPh–Gd, because
GdIII has no low-energy f–f states capable of acting as
energy-acceptors. Secondly, sensitised NdIII-based lumines-
cence (Figure 3a) was observed at 1050 nm (4F3/2!4I11/2) and
1330 nm (4F3/2!4I13/2), which had a lifetime of 1.1 ACHTUNGTRENNUNG(�0.1) ms
but—more significantly—an increase of 60ACHTUNGTRENNUNG(�20) ns, that is,
the rise-time in the NdIII emission matches the decay of the
RuII-based emission, confirming its origin as a sensitised
emission following Ru!Nd energy transfer. Measurements
of the quantum yield of the NdIII-based luminescence are
precluded by the presence of strong residual RuII-based

Figure 1. UV/Vis absorption spectra of a) RuPh and b) OsPh in CH2Cl2.

Table 2. Luminescence properties of the mononuclear RuII and OsII com-
plexes, and their dyad assemblies with LnIII ions.

Compound lem

[nm][a]
102fem

[a] l77 K
em

[nm][b]
t

[ns][a]
tNd

[ns][a,c]
tYb

[ns][a,c]
tEr

[ns][a,c]

Ru–CH2CH2 604 3.7 580 390 210 390 390
RuPh 603 4.3 580 520 48 250 190
RuPh2 626 3.6 592 460 256 460 418
Os–CH2CH2 715 0.9 714 62 57 62 62
OsPh 720 1.4 717 80 51 76 76

[a] Measured in CH2Cl2 at room temperature. Estimated uncertainties:
emission maxima, �2 nm; quantum yields, �20%; lifetimes, �5%.
[b] Measured in a EtOH/MeOH (4:1, v/v) frozen glass at 77 K. [c] Lim-
iting value of the residual RuII- or OsII-based emission at the end of the
titration with the appropriate [Ln ACHTUNGTRENNUNG(tta)3ACHTUNGTRENNUNG(H2O)2], that is, in the Ru–Ln or
Os–Ln adduct.
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emission which overlaps with the high-energy end of the
NdIII emission spectrum, although the value can be estimat-
ed from Equation (3), in which tobs is the observed emission
lifetime (1.1 ms) and t0 is the radiative or “natural” lifetime
(0.25 ms for NdIII):[22] this gives FNd�4P10�3, comparable to
results we have obtained for other [Nd(diketonate)3-
ACHTUNGTRENNUNG(diimine)] complexes.[18,23]

FLn ¼ tobs=t0 ð3Þ

In contrast, in Ru–CH2CH2–Nd the RuII-based lumines-
cence is much less quenched, being reduced in lifetime from
390 to 210 ns, corresponding to a Ru!Nd energy-transfer
rate of 2.2P106 s�1, and fEnT =46%. The resultant sensitised
NdIII-based luminescence at 1050 and 1330 nm showed a
rise-time of 180 ACHTUNGTRENNUNG(�20) ns, to match the RuII-based decay
(210 ns). This is apparent in Figure 3b, where a much great-
er intensity of residual RuII-based emission can be seen as a
decaying background on which the sensitised NdIII-based
emission lines are superimposed. The energy-transfer rate in
Ru–CH2CH2–Nd is therefore an order of magnitude slower
than in RuPh–Nd despite occurring over a shorter distance
(the maximum Ru–Nd separation in Ru–CH2CH2–Nd is
13.4 <, compared to 15.6 < in RuPh–Nd). The clear conclu-
sion from this is that the more efficient energy transfer over

a longer distance in RuPh–Nd arises from a through-bond
electronic coupling mediated by the phenyl spacer, that is, a
Dexter-type superexchange interaction. More detailed com-
ments on this are as follows.

In Ru–CH2CH2–Nd the energy transfer is relatively slow
(2.2P106 s�1), which would be reasonable whichever mecha-
nism is involved. From calculations based on the donor–ac-
ceptor spectroscopic overlap (Table 3) the critical Ru–Nd
distance for Fçrster (dipole–dipole) energy transfer is 8.3 <;
that is, at distances much greater than this, Fçrster energy
transfer would be too slow to compete with radiative deacti-
vation of the RuII centre. Fçrster energy transfer would
therefore require a highly folded conformation of the com-
plex which brings the metal centres close together, as the
Ru···Nd separation in an “opened out” conformation
(13.4 <) is 1.6 times the critical transfer distance (recall that

Figure 2. a) Progressive quenching of the luminescence of RuPh in
CH2Cl2 as portions of [Nd ACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] are added (the number of equiva-
lents of added [Nd ACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] are shown on each spectrum). b) Time-
resolved measurements, showing the luminescence decay of RuPh at the
start of the titration (decay i)), and the two-component decay (mixture of
free RuPh; and partially-quenched RuPh–Nd; decay ii)) part of the way
through the titration.

Figure 3. Sensitised LnIII-based luminescence from a) NdIII in RuPh–Nd,
b) NdIII in OsPh–Nd, and c) ErIII in RuPh–Er in CH2Cl2, following selec-
tive excitation of the RuII or OsII chromophore at 460 nm. Note in b) the
decaying residual OsII-based luminescence, and similarly in c) the very
weak decaying background of residual RuII-based luminescence; these
are labelled * in each case. These spectra were recorded 250 ns after exci-
tation to allow the RuII or OsII component to decay and reveal the
longer-lived NdIII-based or ErIII-based emission features.
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Fçrster energy transfer has an d�6 distance dependence).
Geometry optimizations performed by using molecular me-
chanics methods show the existence of two minimum-energy
structures for the Ru–CH2CH2–Nd dyad, with �CH2�CH2�
bond torsion angles close to 1808 (Figure 5a) and 608 (Fig-
ure 5b), respectively. In the more compact arrangement
(Figure 5b) the Ru–Nd separation is reduced to 9.6 <, only
a little more than the critical transfer distance, which allows

Fçrster energy transfer to occur with a calculated efficiency
hF=0.29. Higher-order multipolar energy transfer could also
in principle contribute, because the energetically-appropri-
ate 4G5/2 excited state (17700 cm�1) has jDJ j=2 with respect
to the ground state.[12,13]

In such a folded conformation there would also be the
possibility of a weak electronic coupling between the metal

Figure 4. a) Luminescence spectrum of RuPh in CH2Cl2 (uncorrected).
b) Luminescence spectrum of OsPh in CH2Cl2 (uncorrected). c) Absorp-
tion spectrum of [Nd ACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] in DMF between 500 and 900 nm.
d) Absorption spectrum of [Er ACHTUNGTRENNUNG(tta)3 ACHTUNGTRENNUNG(H2O)2] in DMF between 500 and
900 nm.

Table 3. Parameters used to evaluate the energy transfer features within the M–Ln dyads.[a]

Compound kEnT

ACHTUNGTRENNUNG[s�1]
d
[<]

JF
ACHTUNGTRENNUNG[cm3

m
�1]

Rc

[<]
kF

ACHTUNGTRENNUNG[s�1]
JD
[cm]

H
ACHTUNGTRENNUNG[cm�1]

kD

ACHTUNGTRENNUNG[s�1]

Ru–CH2CH2–Nd 2.2P106 13.4[c]

9.6[b]
6.2P10�17 8.3 1.4P105

1.1P106
1.6P10�4 0.1

0.1
2.0P106

1.1P106

RuPh–Nd 1.9P107 15.6 6.3P10�17 8.5 5.1P104 1.6P10�4 0.3 1.9P107

Ru–CH2CH2–Er – 13.4[c]

9.6[b]
3.6P10�18 5.2 8.4P103

6.2P104
1.5P10�5 –

–
–
–

RuPh–Er 3.3P106 15.5 3.6P10�18 5.3 3.1P103 1.6P10�5 0.4 3.3P106

Os–CH2CH2–Nd 1.4P106 13.4 5.5P10�17 6.4 1.9P105 5.2P10�5 0.1 1.2P106

OsPh–Nd 7.1P106 15.5 5.3P10�17 6.9 9.6P104 5.0P10�5 0.3 7.0P106

[a] kEnT is the experimentally observed energy-transfer rate constant; d is the predicted metal–metal separation based on molecular mechanics calcula-
tions; JF and JD are the Fçrster and Dexter overlap integrals; Rc is the Fçrster critical transfer distance; kF and kD are the calculated Fçrster and Dexter
energy transfer rates; H is the electronic coupling value used in calculations of Dexter energy transfer ([Eq. (6)]). [b] More folded conformation (see Fig-
ure 5 b) [c] More extended conformation (see Figure 5 a).

Figure 5. Minimum-energy (MM) models of the complex Ru–CH2CH2–
Nd. a) more extended conformation; b) more folded conformation. For
the sake of clarity, all atoms of the non-bridging ligands, except the coor-
dinating ones (O and N) surrounding the metal centers, have been re-
moved from the picture. The relevant intermetal distances are reported
for the different conformations.
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centres due to interaction of the peripheries of their aromat-
ic ligands (bipyridyl and tta), allowing some Dexter energy
transfer with an efficiency hD =0.46. The corresponding elec-
tronic interaction factor, H=0.1 cm�1, is typical of very
weakly interacting components. Several excited states of the
NdIII in the 11000–20000 cm�1 range match the required
jDJ j=0, 1 selection rule for Dexter energy transfer, as men-
tioned in more detail below.

It is therefore not possible to say definitively which
energy-transfer mechanism is operative in Ru–CH2CH2–Nd,
but it is clearly slow compared to RuPh–Nd and only likely
to happen in highly folded conformers which bring the
metal centres into proximity.

In RuPh–Nd the presence of the conjugated phenylene
bridge increases the energy-transfer rate by an order of
magnitude despite the rigidity of the bridge which imposes a
larger Ru–Nd separation of 15.6 < (with no possibility for
the folding that could occur in Ru–CH2CH2–Nd). Since the
Ru–Nd separation is now essentially fixed at more than
double the Fçrster critical distance, energy transfer can only
occur by the higher-order multipolar or exchange mecha-
nisms. We can easily rule out the former on empirical
grounds: since any multipolar contribution to energy trans-
fer was only modestly efficient in Ru–CH2CH2–Nd (energy-
transfer rate, 2.2P106 s�1; fEnT, 46%), and has a d�8 (or
worse, depending on the multipoles involved) distance de-
pendence, multipolar energy transfer can only make a negli-
gible contribution to the faster energy transfer over a great-
er distance in RuPh–Nd. Therefore we can confidently as-
cribe Ru!Nd energy transfer over 15.6 < in RuPh–Nd to a
Dexter-type exchange process mediated by the orbitals of
the conjugated phenyl spacer, that is, a superexchange pro-
cess.

The selection rule for exchange energy transfer, that jDJ j
=0, 1 with respect to the 4I9/2 ground state of NdIII,[12,13] sug-
gests that direct involvement of some f–f excited states of
NdIII in the energy-transfer process can be ruled out. Like
any selection rule however it only applies to the extent that
the wavefunctions are pure, that is, that the L, S and J de-
scriptors on which the selection rules are based are accurate.
Any mixing of the f–f levels with other states such as 5d–4f
states, or MLCT states, will provide a mechanism for selec-
tion rules to be relaxed. But if we assume this selection rule
applies completely we find that the emissive 4F3/2 level, for
example, has jDJ j=3 with respect to the ground state and
therefore cannot be populated directly by any energy-trans-
fer mechanism. However there are several f–f states avail-
able which can be directly populated by Dexter energy
transfer: in ascending order, 2H9/2,

4F7/2,
4F9/2,

2H11/2 and 2G7/2

for example all have jDJ j=0 or 1 with respect to the
ground state, and lie between 12800 and 17600 cm�1 (energy
level values taken from free-ion spectra of the NdIII ion[24])
such that they have some overlap with the 3MLCT lumines-
cence spectrum of the RuII energy-donor (Figure 4). For
both RuPh and Ru–CH2CH2 the 3MLCT energy (taken
from the emission maximum at 77 K) is 17200 cm�1.

iii) Comparison of RuPh–Nd with RuPh2–Nd: In the more ex-
tended unsaturated complex RuPh2–Nd (Ru···Nd separation,
19.9 <) the RuII-based luminescence is partially quenched,
from 460 ns in RuPh2 to 256 ns in RuPh2–Nd. Thus Ru!Nd
energy transfer is still occurring over this distance, but with a
reduced rate constant (1.7P106 s-1) and quantum yield (44%)
because of the greater distance involved and the consequent
attenuation of electronic coupling. The resultant sensitised
NdIII-based emission showed a growth of approximately 200-
ACHTUNGTRENNUNG(�30) ns, in reasonable agreement with the partially-
quenched RuII-based decay (256 ns). By analogy with the
discussion above for RuPh–Nd, this can only be occurring
by a bridging-ligand mediated exchange mechanism.

This decreased rate of Ru!Nd energy transfer compared
to RuPh–Nd may be accounted for by Equation (4), which
shows how the rate of exchange-based energy transfer
through a bridging ligand decays exponentially with distance
(d) to an extent dependent on an attenuation coefficient b

(units of <�1) which is a measure of how the metal–metal
electronic coupling diminishes with distance. A is a constant.

kEnT ¼ A e-bd ð4Þ

We can, to a reasonable approximation, take the Dexter
donor–acceptor spectroscopic overlap to be the same be-
tween RuPh–Nd and RuPh2–Nd. Given a decrease in energy
transfer rate from 1.9P107 s�1 to 1.7P106 s�1 as the Ru···Nd
separation increases from 15.6 to 19.9 <, from Equation (4)
we arrive at a value of the attenuation coefficient b of
0.56 <�1 associated with the additional phenylene spacer in
RuPh2–Nd. This is entirely consistent with what others have
determined for the electronic attenuation coefficient of
phenylene-spaced conjugated bridging ligands in dinuclear
transition metal complexes,[20,25] and provides additional sup-
port for the exchange mechanism for energy transfer operat-
ing here.

Exchange energy transfer over this sort of distance is un-
usual in lanthanide ACHTUNGTRENNUNG(III) complexes precisely because of the
exponential distance dependence. The lanthanide donor–or-
ganic dye acceptor pairs commonly used for long-range
FRET studies in biological systems, for example,[15] are opti-
mised for resonance energy transfer because donors such as
TbIII have high luminescence quantum yields and long life-
times, and the acceptors have broad absorption bands with
high extinction coefficients.[15e,f] This results in Fçrster spec-
troscopic overlap integrals that are many orders of magni-
tude higher than those calculated for our systems (Table 3),
and critical transfer distances approaching 100 < in some
cases.[15e,f] In RuPh–Nd and RuPh2–Nd however the energy
donor has a low quantum yield (3–4%) and the f–f lantha-
nide absorptions are narrow with tiny extinction coefficients,
a situation which is inimical to Fçrster energy transfer,
hence the critical transfer distances of 8.5 < or less. A
dipole–quadrupole contribution to resonance energy trans-
fer may be more allowed (depending which excited f–f
states are involved) but has a more rapid decay with dis-
tance.
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Dexter-type exchange energy transfer is therefore the
only option that remains in RuPh–Nd and RuPh2–Nd and is
made possible by the presence of the long conjugated bridge
which permits electronic coupling, a structural feature which
is notably absent in FRET-type systems.[15]

iv) Other RuII–LnIII combinations: effect of the lanthanide :
Other RuII–LnIII combinations show generally comparable
behaviour (Table 2). It is clear that ErIII and YbIII are both
less effective energy-acceptors than NdIII because neither of
them give any detectable quenching of the RuII-based lumi-
nescence in Ru–CH2CH2–Ln. Note that between Ru–
CH2CH2–Nd and Ru–CH2CH2–Er the Fçrster spectroscopic
overlap integral decreases by an order of magnitude, with a
reduction in the critical transfer distance to just 5.2 <, be-
cause ErIII has fewer f–f absorptions that overlap with the
RuII-based luminescence (Figure 4). The Dexter overlap in-
tegral has likewise decreased by an order of magnitude com-
pared with Ru–CH2CH2–Nd. The absence of quenching of
the RuII centre in Ru–CH2CH2–Er by any mechanism is
therefore entirely understandable.

In the RuPh–Ln dyads the effectiveness of the different
LnIII species as energy-acceptors is Nd>Er>Yb, with resid-
ual RuII-based lifetimes of 48, 190 and 250 ns respectively.
This gives steadily-decreasing Ru!Ln energy-transfer rates
of 1.9P107 s�1 (to Nd; fEnT =91%), 3.3P106 s�1 (to Er;
fEnT =63%) and 2.1P106 s�1 (to Yb; fEnT =52%), as the
donor–acceptor overlap decreases due to the reduced availa-
bility of f–f states on the LnIII ions. This exactly mirrors
what we have seen in [Ru ACHTUNGTRENNUNG(bipy)(CN)4]

2-–LnIII coordination
networks.[26] Again we can be sure that exchange energy
transfer is operating in these cases because i) the critical dis-
tances for Fçrster energy transfer (for example, 5.3 < for
RuII/ErIII) are much less than the distance across this rigid
bridging ligand, and ii) addition of the conjugated spacer in-
creases energy-transfer rates substantially despite increasing
the separation between donor and acceptor. The expected
sensitised LnIII-based luminescence is seen in each case: for
YbIII, at 980 nm (superimposed on the tail of the strong re-
sidual RuII-based emission, such that reliable lifetime/quan-
tum yield measurements are not possible) and for ErIII, at
1530 nm (characteristically very weak, see Figure 3c).

The Dexter energy-transfer mechanism requires the
energy-accepting levels on the LnIII ions to have jDJ j=0, 1
with respect to the ground state; again, we emphasise that
this applies only to the extent that the f–f states are “pure”.
For YbIII the selection rule is inevitably obeyed because the
ground state is 2F7/2 and the only excited state is 2F5/2, that is,
jDJ j=1. For ErIII the situation is however less obvious be-
cause application of this selection rule apparently prohibits
any of the f–f states in the relevant region from participat-
ing: none of the levels between 10000 and 20000 cm�1 (in
ascending order: 4I11/2,

4I9/2,
4F9/2,

4S3/2,
2H11/2) have jDJ j=0, 1

with respect to the ground state (4I15/2). In fact the jDJ j
values with respect to the ground state are 2, 3, 3, 6, and 2
respectively, implying that the 4I11/2,

4S3/2 and 2H11/2 states are
allowed to participate in multipolar energy transfer but this

has been ruled out as it does not happen over a shorter dis-
tance in Ru–CH2CH2–Er.

The only f–f state of ErIII that fulfils the formal selection
rule for Dexter energy transfer is the luminescent level 4I13/2

at approximately 6500 cm�1 (jDJ j=1) which is however so
low in energy that any spectroscopic overlap with the low-
energy tail of RuII-based or OsII-based emission must be
negligible, certainly less than that which occurs in RuII–YbIII

and OsII–YbIII dyads (the sole YbIII-based excited state is at
10200 cm�1). Yet, ErIII is clearly a better energy-acceptor
than YbIII based on the energy-transfer rates calculated
above. So we have the situation that Ru!Er energy transfer
is clearly occurring in RuPh–Er (with kEnT =3.3P106 s�1), yet
it is apparently forbidden by any of the Coulombic mecha-
nisms on the grounds of distance (critical transfer distance
5.3 <, compared to an actual Ru···Er distance of 15.6 <)
and by comparison with Ru–CH2CH2–Er; and it is also for-
bidden by the Dexter mechanism on the grounds of the se-
lection rules based on permitted jDJ j values.

The only reasonable explanation for this is the one allud-
ed to above: the formal selection rules only apply to the
extent that J is a good quantum number for the 4f levels in-
volved, and the wavefunctions are pure without mixing from
allowed charge-transfer or 4f–5d transitions. The Russell–
Saunders coupling scheme is known to break down for heav-
ier lanthanideACHTUNGTRENNUNG(III) ions such as ErIII. Indeed the presence of
any spectroscopic overlap at all relies on “forbidden” f–f ab-
sorptions having non-zero intensity because of the various
ways in which the selection rules applying to f–f transitions
can be circumvented. The magnitude of the donor–acceptor
spectroscopic overlap (Table 3) is therefore a good indica-
tion of the extent to which the selection rules can be avoid-
ed because the f–f states are not pure.

v) OsII–LnIII complexes : The behaviour of the OsII/LnIII sys-
tems is also instructive. The intensity of OsII-based lumines-
cence from OsS–Nd is reduced by about 3% compared to
free Os–CH2CH2, a degree of quenching that is at the limit
of significance. Likewise the luminescence lifetime is barely
reduced, from 62 to 57 ns. Application of Equation (5) to
these values gives an Os!Nd energy-transfer rate of 1.4P
106 s�1; however an uncertainty of 5% in each separate mea-
surement gives a range of possible values for the energy-
transfer rate from zero to 3P106 s�1. We can say that the
extent of Os!Nd energy transfer is almost negligible
(fEnT =3% based on quenching of OsII-based luminescence
intensity) and the rate is at best �106 s�1, that is, comparable
to, or slower than, the Ru!Nd energy-transfer rate in Ru–
CH2CH2–Nd (2.2P106 s�1).

Although the Os!Nd energy transfer in Os–CH2CH2–Nd
is minimal, careful examination of time-resolved emission
spectra for Os–CH2CH2–Nd in the near-IR region shows a
weak shoulder at approximately 1060 nm superimposed on
the tail of the much stronger OsII-based emission (Fig-
ure 3b). This feature persists for considerably longer than
the OsII-based emission, and is still just visible after 1 ms, at
which time the OsII-based emission has completely decayed.
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Although rise/decay times cannot be determined we can
assign this feature at 1050 nm to weak sensitised NdIII-based
emission, proof of the occurrence of Os!Nd energy trans-
fer. We note that even if the Ru!Nd and Os!Nd energy-
transfer rates may be comparable in Ru–CH2CH2–Nd and
Os–CH2CH2–Nd (the maximum possible Os!Nd energy-
transfer rate based on the uncertainty values quoted above
is 3P106 s�1, comparable to the Ru!Nd energy-transfer
rate of 2.2P106 s�1), the extent of Os!Nd energy transfer,
based on the degree of quenching of the OsII luminescence,
is minimal because of the shorter lifetime of the OsII-based
donor. Thus, Os!Nd energy transfer is a relatively insignifi-
cant deactivation pathway for OsII in Os–CH2CH2–Nd be-
cause it is not competitive with the other OsII-centred radia-
tive and non-radiative deactivation pathways. Table 3 shows
that the Fçrster spectroscopic overlap integral for Os–
CH2CH2–Nd is comparable (lower by 11%) to that for Ru–
CH2CH2–Nd, but the critical transfer distance for Fçrster
energy transfer, which includes contributions from the life-
time and quantum yield of the donor, is reduced from 8.3 to
6.4 <. Also, the Dexter overlap integral is reduced by a
factor of three compared to Ru–CH2CH2–Nd, so Dexter
energy transfer is also less likely.

OsPh–Nd however shows significant quenching of the
OsII-based luminescence (lifetime reduced from 80 to 51 ns),
giving an Os!Nd energy-transfer rate of 7.1P106 s�1

(fEnT =36%), about one third of the Ru!Nd energy-trans-
fer rate in RuPh–Nd. Sensitised NdIII-based emission at 1050
and 1330 nm is clearly visible (t=1.1 ACHTUNGTRENNUNG(�0.2) ms), but super-
imposed on the long-wavelength tail of residual OsII-based
emission such that its rise time cannot be measured (the
rise-time component of the NdIII-based emission at 1050 nm,
expected to be 51 ns, will be superimposed on the 51 ns
decay of the OsII-based residual emission). Again (as for the
comparison between Ru–CH2CH2–Nd and RuPh–Nd) the
Os!Nd energy transfer must occur by a ligand-mediated
exchange mechanism, because of the near-absence of energy
transfer over a shorter distance in Os–CH2CH2–Nd when a
saturated spacer was involved. In this case it is clear that
Os!Nd energy transfer (7.1P106 s�1) is slower than Ru!
Nd energy transfer (1.9P107 s�1), which must be solely due
to the reduced Dexter spectroscopic overlap integrals (5P
10�5 cm for OsPh–Nd, compared to 1.6P10�4 cm for RuPh–
Nd). Actually the Dexter overlap integral is a factor of
three lower for OsPh–Nd than RuPh–Nd, in good agree-
ment with the relative rates of energy transfer, which further
supports the exchange-based mechanism for energy transfer
in these complexes.

vi) Comparison of RuII versus OsII complexes as energy
donors : It is clear that, in these dyads, [Os ACHTUNGTRENNUNG(bipy)3]

2+ is a
poorer energy-donor than [Ru ACHTUNGTRENNUNG(bipy)3]

2+ for sensitisation of
near-IR luminescence from NdIII. According to the calcula-
tions in Table 3, in every case the overlap integrals for both
Fçrster and Dexter energy transfer are smaller for the Os–
Ln pair than for the Ru–Ln pair with the same LnIII ions
(for Ln=Nd, Er). Even when this difference is not large

and the rates of Ru!Ln versus Os!Ln energy transfer
may be similar, the quantum yield for Os!Ln energy trans-
fer will be less because of the more rapid radiative deactiva-
tion of the OsII unit.

This observation is, interestingly, in exact contrast to what
we have recently observed when comparing [Ru-
ACHTUNGTRENNUNG(bipy)(CN)4]

2�–LnIII and [Os ACHTUNGTRENNUNG(bipy)(CN)4]
2�–LnIII coordina-

tion networks based on short M�CN�Ln bridges, in which
Os!Ln energy transfer was faster than Ru!Ln energy
transfer across the same distance.[27] Thus, it is not possible
to generalise that either RuII or OsII donors are better sensi-
tisers of a particular LnIII ion; this will depend on the bal-
ance between the many different factors that contribute to
the different energy-transfer mechanisms in different sys-
tems (spectroscopic properties, electronic couplings, inter-
component distance etc.).

Conclusion

We have shown that Coulombic energy transfer from [M-
ACHTUNGTRENNUNG(bipy)3]

2+ (M=Ru, Os) to the near-IR emissive LnIII ions
can essentially be ignored in these complexes. Fçrster
(dipole–dipole) energy transfer can be ruled out because of
the small critical transfer distances involved, with the possi-
ble exception of Ru–CH2CH2–Nd for which the critical
transfer distance is approximately 8.5 <, close to what is at-
tainable in a highly folded conformation of the flexible
bridging ligand. Higher-order multipolar contributions to
energy transfer are in principle possible but, at most, make
a small contribution to energy transfer in Ru–CH2CH2–Nd
across the short saturated bridge and are clearly insignificant
in other Ru–CH2CH2–Ln and Os–CH2CH2–Ln complexes.
The high distance dependence of this mechanism means
therefore that it cannot contribute to the much faster energy
transfer which occurs over greater distances in RuPh–Ln
and RuPh2–Nd.

The presence of Ru!Ln energy transfer in RuPh–Ln
(Ln=Nd, Er, Yb) and in RuPh2–Nd and OsPh–Nd can be
ascribed unequivocally to a Dexter-type superexchange pro-
cess mediated by the conjugated bridging ligands, with the
rate depending on i) the availability of f–f states on the lan-
thanide of the appropriate energy, and ii) whether RuII or
OsII is the donor. The distance dependence of the energy
transfer (comparison of RuPh–Nd and RuPh2–Nd), and the
correlation of energy-transfer rates with Dexter overlap in-
tegrals (comparison of RuPh–Nd and OsPh–Nd) both pro-
vide support for this mechanism being operative. The rates
of energy transfer that we observed are much higher than in
other d–f systems based on dinuclear triple helicates where
there is no conjugated bridging ligand: for example, RuII!
NdIII energy transfer was reported to occur over approxi-
mately 9 < with a rate of 2.3P106 s�1,[28] compared to our
ligand-mediated RuII!NdIII exchange energy-transfer rate
of 1.9P107 s�1 over a distance of 15.6 <.

We also found that [Os ACHTUNGTRENNUNG(bipy)3]
2+ is a poorer energy-donor

than [Ru ACHTUNGTRENNUNG(bipy)3]
2+ in these dyads, with only OsPh–Nd show-
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ing evidence for significant Os!Ln energy transfer. Finally,
we note that, in these cases, the donor–acceptor spectro-
scopic overlap integrals, which implicitly take account of the
fact that f–f states are not pure, are a better guide to the
presence/absence of energy transfer than the formal selec-
tion rules, which do not.

Experimental Section

General details : 1H NMR spectra were recorded on a Bruker AC-250
spectrometer. Electrospray mass spectra were recorded on a Waters LCT
instrument. UV/Vis absorption spectra were measured on a Cary 50 spec-
trophotometer. Metal salts, organic ligands and other reagents were pur-
chased from Aldrich and used as received.

Photophysical measurements and calculations : Luminescence spectra
were measured on a Jobin-Yvon Fluoromax 4 fluorimeter by using air-
equilibrated CH2Cl2 solutions at room temperature, or EtOH/MeOH
(4:1, v/v) glasses at 77 K. RuII-based and OsII-based luminescence life-
times were measured with an Edinburgh Instruments “Mini-t” lumines-
cence lifetime spectrometer, equipped with a 405 nm pulsed diode laser
as excitation source and a cooled Hamamatsu-R928 PMT detector
(wavelength selection at the detector was by means of 50 nm bandpass
filters; for RuII complexes a 575–625 nm bandpass filter was used, and for
OsII complexes a 625–675 nm bandpass filter was used). Quantum yields
for RuII- and OsII-based luminescence were determined by using the
method of Demas and Crosby,[29] and by using [Ru ACHTUNGTRENNUNG(bpy)3]

2+ as a standard
(F=2.8P10�2 in aerated water).[30]

Instrumentation used for steady-state and time-resolved luminescence
measurements on the lanthanide-based emission in the near-IR region,
and methods used for data analysis, have been described previously.[23]

For the calculation of the energy transfer rates based on Fçrster and
Dexter mechanisms (Table 3), corrected donor emission spectra and ac-
ceptor absorption spectra in molar absorptivity units (after conversion
from wavelengths to wavenumbers) were used. The intermetallic M–Ln
distance (M=Ru and Ln=Nd, Er) was taken as the interchromophoric
distance and was calculated from optimized molecular structures in
vacuum. Computations of the energy transfer rate constants for Fçrster
and Dexter mechanisms ([Eq. (5) and (6)]) and the relevant spectroscop-
ic overlap integrals ([Eq. (7) and (8)]) were performed with home-devel-
oped routines for MATLAB 5.2 (The MatWorks, Inc.). The symbols used
in Equations (5)–(8) are as follows: t = luminescence lifetime; f= lumi-
nescence quantum yield; k2 the orientation factor; dMM is the metal–
metal separation; h is the PlanckUs constant; other symbols are defined in
the caption to Table 3. For the Fçrster energy-transfer rates, the orienta-
tion factor k2 was taken as 2/3 for statistical reasons.[31] Geometries of the
complexes were obtained by using the molecular mechanics method with
the MM+ force field in HYPERCHEM 8.0 (Hypercube, Inc.).

kF
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Syntheses : The following compounds were prepared according to litera-
ture methods: 4-(4-bromophenyl)-2,2’-bipyridine (bpy-Ph-Br),[32] 4-(4-
phenyl-boronic acid)-2,2’-bipyridine [bpy-Ph-B(OH)2],

[33] 1,4-bis[4-(2,2’-
bipyridyl)]benzene (bpy-Ph-bpy),[34] Ru–CH2CH2,

[35] Os–CH2CH2,
[36] [Ru-

ACHTUNGTRENNUNG(tBu2bpy)2Cl2],
[37] [Ru ACHTUNGTRENNUNG(bpy)2Cl2],

[38] [Os ACHTUNGTRENNUNG(bpy)2Cl2],
[39] and the [LnACHTUNGTRENNUNG(tta)3-

ACHTUNGTRENNUNG(H2O)2] complexes.[40]

[Ru ACHTUNGTRENNUNG(tBu2bpy)2(bpy-Ph-Br)] ACHTUNGTRENNUNG(PF6)2 : This compound was prepared by using
a modified literature procedure.[32] A mixture of [Ru ACHTUNGTRENNUNG(tBu2bpy)2Cl2]
(0.182 g, 0.26 mmol) and bpy-Ph-Br (0.080 g, 0.26 mmol) in EtOH
(20 mL) was degassed by purging with N2 for 5 min before being refluxed
under an N2 atmosphere for 2 h. The solvent was then removed on a
rotary evaporator and the crude product was purified by column chroma-
tography on silica gel (MeCN/H2O/sat. aq. KNO3 15:2:1). The fractions
containing the main red band were combined and the solvent was re-
moved. The residue was then re-dissolved in a mixture of water (2 mL)
and MeOH (0.5 mL), and a saturated aqueous solution of NH4PF6

(1 mL) was added affording the desired product as red-orange precipitate
which was collected by filtration, washed with water (3P2 mL) and dried.
Yield: 0.223 g (69%). 1H NMR (250MHz, [D6]acetone): d=9.18 (d, 1H);
9.07 (d, 1H); 8.23 (m, 1H); 8.10–7.75 (overlapping multiplets, 11H);
7.65–7.52 (m, 5H); 1.42 (s, 18H) 1.40 ppm (s, 18H); MS (ES+): m/z 1093
[M�PF6]

+ , 474 [M�2PF6]
2+ , 466 [M�CH3�2PF6]

2+ , 459
[M�2CH3�2PF6]

2+ , 451 [M�3CH3�2PF6]
2+ ; elemental analysis calcd

(%) for C52H59BrF12N6P2Ru: C 50.4, H 4.8, N 6.8; found C 50.4, H 5.2, N
6.9.

RuPh2 : This compound was prepared by using a modification of a litera-
ture procedure.[33] A dry Schlenk tube was charged with [Ru-
ACHTUNGTRENNUNG(tBu2bpy)2(bpy-Ph-Br)]ACHTUNGTRENNUNG(PF6)2 (0.213 g, 0.17 mmol), bpy-Ph-B(OR)2

(0.200 g, 0.55 mmol) and DMF (20 mL). The solution was degassed by
the freeze-pump-thaw technique, and [Pd ACHTUNGTRENNUNG(PPh3)4] (4 mol %) was added.
The Schlenk tube was sealed and the reaction mixture heated at 120 8C
for 24 h. After the end of the reaction the solvent was evaporated to
afford a red solid, which was purified by column chromatography on
silica gel (MeCN/H2O/sat. aq. KNO3 35:2:1) as eluent. The fractions con-
taining the second orange band were combined and the solvent was re-
moved in a rotary evaporator. The residue was re-dissolved in a mixture
of water (2 mL) and methanol (0.5 mL), and a saturated aqueous solution
of NH4PF6 (1 mL) was added to afford the desired product as a red-
orange precipitate which was collected by filtration, washed with water
(3P2 mL) and dried. Yield: 0.19 g (80 %). 1H NMR (250MHz,
[D3]MeCN): d=8.89–8.75 (m, 5H), 8.55–8.45 (m, 5H), 8.10–7.90 (m,
9H), 7.80–7.60 (m, 9H), 7.5–7.39 (m, 6H), 1.43 (s, 18H), 1.41 ppm (s,
18H); MS (ES+): m/z : 1245.2 [M�PF6]

+ , 550.1 [M�2PF6]
2+ ; elemental

analysis calcd (%) for C68H70F12N8P2Ru: C 58.7, H 5.1, N 8.1; found C
58.5, H 5.3, N 7.9.

RuPh : A mixture of [Ru ACHTUNGTRENNUNG(bpy)2Cl2] (0.110 g, 0.21 mmol) and bpy-Ph-bpy
(0.440 g, 1.14 mmol) in EtOH (20 mL) was degassed by purging with N2

for 5 min before being heated to reflux under N2 for 2 h. The solvent was
then removed in a rotary evaporator, water (1 mL) was added to the resi-
due, and any insoluble unreacted ligand was removed by filtration. The
orange-red filtrate was evaporated to dryness, and the residue was puri-
fied by column chromatography on silica gel (MeCN/H2O/sat. aq. KNO3

25:2:1) as eluent. The desired mononuclear complex eluted in the first
orange-red band, which was collected and the solvent was removed in a
rotary evaporator. The residue was re-dissolved in a mixture of water
(2 mL) and methanol (0.5 mL), and a saturated aqueous solution of
NH4PF6 (1 mL) was added, affording the desired product as red-orange
precipitate which was collected by filtration, washed with water (3P
2 mL) and dried. Yield: 0.06 g (26 %). 1H NMR (250MHz, [D6]acetone):
d=9.23 (d, 1H); 9.11 (d, 1H); 8.90–8.67 (m, 7H); 8.54 (d, 1H); 8.30–8.04
(m, 15H); 7.96 (m, 2H); 7.81 (dd, 1H); 7.60 (m, 5H); 7.46 ppm (m, 1H);
MS (ES+): m/z : 945.0 [M�PF6]

+ , 400.0 [M�2PF6]
2+ ; elemental analysis

calcd (%) for C46H34F12N8RuP2: C 50.7, H 3.1, N 10.3; found: C 50.4, H
3.1, N 10.4.

OsPh : This was prepared and purified in the same way as RuPh, except
by using [Os ACHTUNGTRENNUNG(bpy)2Cl2] as the starting material, 1:1 EtOH/toluene as the
solvent, and heating the reaction mixture at reflux for 48 h under N2. It
was isolated as a dark green solid. Yield: (30%). 1H NMR (250MHz,
[D3]MeCN): d=8.80–8.68 (m, 5H); 8.55–8.45 (m, 5H); 8.08 (s, 4H);
8.00–7.82 (m, 6H); 7.80–7.60 (m, 8H) 7.48 (m, 1H) 7.40–7.30 ppm (m,
5H); MS (ES+): m/z : 1035.1 [M�PF6]

+ , 445.1 [M�2PF6]
2+ ; elemental

analysis calcd (%) for C46H34F12N8OsP2: C 46.9, H 2.9, N 9.5; found C
46.4, H 3.1, N 9.3.
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