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a b s t r a c t

Four sets of dyads are discussed, in all of which near-infrared emitting lanthanide(III) ions such as Nd(III),
Er(III) or Yb(III) are energy-acceptors which provide sensitized luminescence following energy-transfer
from an antenna group. In three sets of dyads the antenna (energy-donor) group is a luminescent transi-
tion metal fragment; in the fourth the antenna is an anthracene group. A combination of photophysical
studies and calculations has been used to understand the mechanisms by which energy-transfer to the
lanthanide(III) ion occurs. Although definitive answers are not possible in every case due to the presence
uminescence
nergy-transfer
anthanide
uthenium
smium
hromium

of several possible energy-transfer pathways, the relative contributions of Förster-type, Dexter-type and
redox-mediated energy-transfer pathways have been analysed. Interesting results include (i) the demon-
stration of pure Dexter energy-transfer over 20 Å in a Ru(II)/Nd(III) dyad, and (ii) the demonstration
of a redox-based mechanism for energy-transfer in anthracene/Ln(III) dyads in which the first step is
photoinduced electron-transfer from the excited anthracene chromophore to a diimine ligand on the

e a ch
obalt
nthracene

lanthanide(III) to generat

. Introduction

.1. Background

Lanthanide-based luminescence is usually sensitized by energy-
ransfer (hereafter abbreviated as EnT, since ‘ET’ is commonly

sed for ‘electron-transfer’) from a nearly strongly absorbing chro-
ophoric antenna group in order to overcome the main problem
ith direct excitation, which is that the f–f transitions of lanthanide

ons are Laporte forbidden and very weak [1]. Usually a ligand con-

∗ Department of Chemistry, University of Sheffield, Dainton Building, Brook Hill,
heffield S3 7HF, UK. Tel.: +44 114 2229484; fax: +44 114 2229346.

E-mail address: m.d.ward@Sheffield.ac.uk.

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.12.001
arge-separated state.
© 2009 Elsevier B.V. All rights reserved.

taining an aromatic ring acts as the light-absorbing fragment, and
this will have a high extinction coefficient for absorption in the
UV region. The widely accepted mechanism which usually oper-
ates is that excitation into the (fully allowed) singlet excited state
of the ligand is followed by fast inter-system crossing to generate
a ligand-based triplet state, and it is this triplet state that transfers
its energy to the Ln(III) centre to generate a luminescent f–f state
via a Dexter double electron-exchange mechanism which is made
possible by direct contact between aromatic ligand and Ln(III) ion,
thereby providing the electronic coupling and short distance which

facilitate the Dexter EnT process (see next section). There is a huge
amount of evidence to support this picture [1].

This mechanism does not always operate however. Sometimes,
for example, EnT to the Ln(III) centre can occur directly from
the singlet excited state of the ligand [2]. In some other cases a

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:m.d.ward@Sheffield.ac.uk
dx.doi.org/10.1016/j.ccr.2009.12.001
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cheme 1. Dexter energy-transfer by the double electron-exchange mechanism,
llowing the triplet excited state of the donor (D*) to transfer its energy to the
cceptor (A) which likewise ends up in the triplet excited state A*.

edox-based mechanism operates in which the first step is actually
hotoinduced electron-transfer to the Ln(III) ion, which is possible
or Eu(III) and Yb(III) since both of these have readily accessible
n(II) states [3]. In this case, back electron-transfer to the ground
tate liberates enough energy to leave the Ln(III) ion in its emissive
–f excited state (Scheme 2; see next section).

In recent years the variety of antenna groups used to sensi-
ize Ln(III)-based luminescence has increased substantially, and
n particular transition metal chromophores have been used as
nergy-donors in d–f hybrid complexes in which excitation of the
-block unit, often into a long-lived MLCT state, is followed by
→ f EnT [4]. This allows, for example, relatively long wavelength

ight in the visible region to be used to generate sensitized near-IR
uminescence from low-energy emitting Ln(III) ions such as Yb(III),
d(III), Er(III) and Pr(III). The use of transition metal species as sen-

itizers for Ln(III)-based emission in d–f hybrids has recently been
eviewed [4]. In many cases the mechanism by which the d-block
nergy-donor transits its energy to the f-block energy-acceptor is
ot obvious and has not been explicitly considered; the fact that
bsorption of light by the transition metal antenna group is fol-
owed by emission of light from the Ln(III) centre is sufficient for
he purposes of the papers. It is obvious in many such cases that
he d → f EnT is slow and inefficient, a consequence of the high
nter-chromophore separation and the presence in some cases of
aturated bridging ligands.

We have been interested recently in investigating the mech-
nism of EnT to Ln(III) ions in a range of systems in which
he ‘standard’ mechanism depicted in Scheme 1 may not apply.
his includes many d/f complexes, and also a complex based on
nthracene as a sensitizing antenna group. In this short review
e summarise the results of four recent studies in which the
echanism of EnT from a chromophore to the Ln(III) centre has

een explicitly considered and analysed by a combination of time-
esolved photophysical methods and calculations.

.2. Summary of EnT mechanisms

It is appropriate at this point to review briefly the principal
nT mechanisms operating in any energy-donor/acceptor pairs.
hese are the Förster [6] and Dexter [6] mechanisms, and the
rinciples behind them are expressed in Eqs. (1) and (2), with
he overlap integrals featuring in these equations given in Eqs.
3) and (4). In Eq. (1), � is the factor taking account of the rel-
tive orientation of donor and acceptor dipoles (generally taken
s 2/3 for a randomly oriented system); � is the emission quan-
um yield and � is the (unquenched) emission lifetime of the
onor; n is the refractive index of the solvent; and d is the inter-
hromophore distance. In Eq. (2), H is the donor/acceptor electronic

oupling.

en
F = 8.8 × 10−25�2�

n4�dMM
6

JF (1)
eviews 254 (2010) 2634–2642 2635

ken
D = 4�2H2

h
JD (2)

JF =
∫

D(�̄)A(�̄)/�̄4d�̄
∫

D(�̄)d�̄
(3)

JD =
∫

D(�̄)A(�̄)d�̄
∫

D(�̄)d�̄
∫

A(�̄)d�̄
(4)

Förster EnT (Eq. (1)) is a through-space mechanism based on a
Coulombic interaction between the multipole changes associated
with the excited state to ground state transition in the energy-
donor, and the ground state to excited state transition in the
energy-acceptor. The main component is generally considered to
be the dipole–dipole interaction, which is the basis of Eqs. (1)
and (2). This has a d−6 distance dependence because of its linear
dependence on the electric field associated with both donor and
acceptor transition dipole moments, each of which diminishes as
d−3. Its efficiency depends on the integrated overlap between the
(normalized) emission spectrum of the donor, and the absorption
spectrum of the donor (Eq. (3)). A spin selection rule is implicit
in this: for the absorption spectrum of the acceptor to be intense,
giving the necessary high spectroscopic overlap, the transitions
must be spin-allowed. Global conservation of spin implies that
therefore no spin change can occur at the donor either. Since the
ground states of organic chromophores and fluorophores are usu-
ally spin-paired singlets, the relevant spin-allowed excited states
must likewise be singlet states, and this leads to the commonly
expressed approximation that Förster EnT is a ‘singlet-to-singlet’
process, an approximation which holds well for systems containing
no heavy atoms. In favourable situations, Förster EnT can operate
over distances up to ca. 100 Å, which makes it valuable and widely
used in FRET-type assays of biological systems [7].

Higher-order multipolar contributions also contribute to
Förster-type EnT, and can be of particular importance when the
dipole–dipole contribution is minimal because of the low absorp-
tion coefficients of the acceptor when the transitions are dipole
forbidden [as with lanthanide(III) ions]. Thus a donor/acceptor
dipole/quadrupole interaction can contribute to energy-transfer
in cases where the dipole/dipole mechanism is inoperative, and
indeed f–f transitions may have significant transition quadrupole
moments: the ‘allowedness’ of this can overcome the higher dis-
tance dependence (d−8, compared to d−6 for the dipole–dipole
mechanism of Eq. (1)) [8].

In contrast Dexter EnT (Eq. (2) and (4)) is a double electron-
exchange mechanism whereby one electron is transferred in each
direction between energy-donor and energy-acceptor components
(Scheme 1) [5]. This requires through-bond electronic coupling,
exactly as for single electron-transfer, and is therefore facilitated
by good orbital overlap in conjugated systems. A consequence of
this is that it permits EnT in situations where the Förster mech-
anism cannot operate because of the spin selection rules. The
example shown in Scheme 1 shows a triplet excited state of an
energy-donor collapsing to a singlet ground state, and the ground
state of the energy-acceptor being excited to a triplet state. The
Förster mechanism would be ineffective here because the nec-
essary spin–forbidden absorption of the acceptor would (in a
light-atom system) have a vanishingly small absorption coefficient,
leading to no significant donor/acceptor overlap as expressed by
Eq. (3). The double electron-exchange of the Dexter mechanism
avoids this spin selection rule at each centre (although the spin

of the whole assembly must be preserved) and consequently Dex-
ter EnT is sometimes called ‘triplet–triplet’ EnT. It is emphasized
that these limiting cases of ‘singlet’ and ‘triplet’ EnT cease to apply
when heavy atoms are involved because of the effects of spin–orbit
coupling.
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ig. 1. Relative distance dependencies of Dexter energy-transfer [curve (a)] and
örster dipole–dipole energy-transfer [curve (b)]. Both curves start from the same
oint on the y-axis.

The occurrence of a spin–forbidden conversion at each centre is
eflected in the way that the donor/acceptor spectroscopic overlap
ntegral is calculated for Dexter EnT (Eq. (4)). Overlap between the
mission spectrum of the donor and the absorption spectrum of the
cceptor is still required, but both spectra are normalized such that
he intensities are irrelevant, the intensity being related in part to
he spin-allowedness of each transition and therefore no longer an
ssue. The overlap calculated in this way therefore becomes just a

anifestation of a good energy match between start and end states,
omething which is desirable for any electron-transfer processes as
xpressed in Fermi’s golden rule.

A single electron-transfer process depends on the electronic
oupling H between donor and acceptor, and consequently the dou-
le electron-transfer involved in Dexter EnT depends on the square
f this. Since H has an inverse exponential dependence on distance
, it follows that Dexter EnT falls off as e−2d.

The different distance dependencies of Förster and Dexter EnT
re shown in Fig. 1. It is clear that the function e−2d decays with
istance more quickly than d−6, such that–all other things being
qual—Förster (dipole–dipole) EnT is expected to operate over
uch longer distances than Dexter EnT which tails off much more

uickly. In fact Dexter EnT was originally defined as involving direct
rbital overlap between donor and acceptor [5], which cannot be
aintained over more than a few Ångstroms even when diffuse and

xtended atomic orbitals are involved. However double electron-
xchange between donor and acceptor is also generally considered
s Dexter EnT even when the orbitals of an intermediate bridging
igand are involved in mediating the electron-transfers (superex-
hange); strictly speaking EnT in such extended systems should
e denoted ‘Dexter-type’ rather than pure Dexter, although the
istinction is not often used [9].

Finally, as mentioned briefly earlier, there is a quite different
nT mechanism available that is specific to dyads in which Eu(III)
r Yb(III) are the energy-acceptor; this was first proposed by Hor-
ocks in 1997 [3c]. These ions both have a readily accessible Ln(II)
tate as a consequence of the stable electron configurations 4f7 for
u(II) and 4f14 for Yb(II). If the excited state of the antenna group
s a good electron donor, which is often the case because an elec-
ron has been promoted to a high energy orbital, then the first step
an be photoinduced electron-transfer from the excited donor D* to
n(III) to generate a charge-separated D•+–Ln(II) state. This requires

* to be a sufficiently good electron donor to be able to reduce the
n(III) ion concerned. Rapid back electron-transfer can then liber-
te enough energy to leave the Ln(III) ion in its luminescent excited
tate, i.e. D–Ln(III)*, depending on how much energy is liberated by
he back electron-transfer. If Eu(III) is the acceptor then the back
eviews 254 (2010) 2634–2642

electron-transfer step needs to liberate ca. 17,200 cm−1 (2.1 eV) to
pump Eu(III) to its emissive 5D0 state; if less energy than this is
available then the excited state of the donor will be quenched by
Eu(III), but no sensitized luminescence will be seen from Eu(III) and
the energy is wasted as heat. With Yb(III) as acceptor however, its
lower energy luminescent f–f state means that only 10,200 cm−1

(1.3 eV) needs to be liberated in the back electron-transfer step
to generate excited Yb(III) and result in sensitized near-infrared
luminescence [3c].

Because the first step of this EnT process is a conventional
electron-transfer step, it is not dependent on donor/acceptor spec-
troscopic overlap in the way that is required for the Förster and
Dexter mechanisms. In fact the mechanism was first identified
when EnT to Eu(III) and Yb(III) was observed to be anoma-
lously fast in dyads in which there was no donor/acceptor
overlap.

2. Results and discussion

2.1. Example 1: [M(CN)6]3− (M = Cr, Co) as energy-donors to
Yb(III) and Nd(III).

We have described several cyanide-bridged networks in
which the 3MLCT states of luminescent complexes such as
[M(bipy)(CN)4]2− (M = Ru, Os) and their derivatives act as energy-
donors to near-IR emitting Ln(III) ions such as Nd(III) and Yb(III)
[10]. Although we have not performed calculations on these sys-
tems the short metal–metal separations (ca. 5.5 Å across the
M–CN–Ln bridge) and directly conjugated pathway imply that the
Dexter mechanism could be operating, and we have studied this
explicitly in some [M(CN)6]3−/Ln(III) dyad systems (M = Cr, Co)
[11].

These simple hexacyanometallates of Cr(III) and Co(III) have
spin–forbidden d–d excited states which result in long-lived phos-
phorescence in the red region of the spectrum, from 3T1g → 1A1g
(for Co) and 2Eg → 4A2g (for Cr) transitions. Although this phos-
phorescence is usually only observable at low temperatures, in
e.g. simple potassium salts, the presence of a heavy metal such
as a Ln(III) ion facilitates inter-system crossing from the initially
populated spin-allowed d–d excited states to the lower energy
spin–forbidden states and permits the phosphorescence to be seen
at room temperature [12].

Slow evaporation of solutions containing a 1:1 mixture
of K3[M(CN)6] and a Ln(NO3)3 in aqueous dmf afforded the
cyanide-bridged dinuclear complexes [Ln(dmf)4(H2O)3(�-
CN)Co(CN)5]·nH2O (abbreviated Co–Ln; Ln = Gd, Nd, Yb)
and the one-dimensional polymeric chains {[Cr(CN)4(�-
CN)2Ln(H2O)2(dmf)4]·nH2O}∞ (abbreviated Cr–Ln; Ln = Gd, Nd,
Yb). The former series contains discrete dinuclear units in which
the [Co(CN)6]3− anion is connected to a {Ln(dmf)4(H2O)3}3+ cation
via a single cyanide bridge, making the Ln(III) centre 8-coordinate.
The Cr/Ln complexes in contrast are infinite one-dimensional
. . .Ln–NC–Cr–CN–Ln. . . chains in which {Ln(dmf)4(H2O)2}3+ and
[Cr(CN)6]3− anions alternate, with a cis-related pair of cyanides
from each [Cr(CN)6]3− anion involved in bridging. An example is
shown in Fig. 2; the Cr· · ·Yb separations are 5.59 and 5.58 Å.

The solid-state absorption spectra of the two series show a com-
bination of the spin-allowed d–d transitions associated with the
[M(CN)6]3− anions in the UV region, plus sharper and weaker peaks
in the visible and near-IR regions associated with the Ln(III) f–f
absorptions. When Ln = Gd there are no f–f absorptions apparent as

the lowest such transition for Gd(III) lies in the UV region and is
obscured by the more intense d–d transitions. For Ln = Yb there is a
single f–f absorption at ca. 980 nm, associated with the sole excited
state of Yb(III); for Nd(III) in contrast there are numerous sharp,
weak f–f absorption bands in the visible region.
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2.2. Example 2: long-range Dexter EnT from [Ru(bipy) ] as
ig. 2. Part of the structure of the one-dimensional zig-zag chain compound
[Cr(CN)6][Yb(dmf)4(H2O)2]·H2O}∞ (from Ref. [11]).

The luminescence properties of Co–Gd and Cr–Gd were studied
s controls, because in these cases Co–Gd and Cr–Gd EnT cannot
ccur [the lowest f–f level of Gd(III) is at >30,000 cm−1], so these two
omplexes will display the unquenched luminescence of the hexa-
yanometallate units. Excitation of Co–Gd into the d–d absorption
ands at 380 nm resulted in appearance of a broad phosphores-
ence at 700 nm from the Co-centred 3T1g → 1A1g transition, with
lifetime of 630 ns. Similarly, excitation of Cr–Gd afforded emis-

ion at 820 nm from the Cr-centred 2Eg → 4A2g transition, with a
ifetime of 1.3 �s (Fig. 3).

The complexes Co–Ln (Ln = Nd, Yb) and Cr–Ln (Ln = Nd, Yb)
ehaved quite differently on excitation into the d–d absorptions.

n every case the phosphorescent emission from the d-block unit
as completely absent, undetectable with the experimental setup
sed, and instead sensitized Nd-based or Yb-based emission was
bserved at the characteristic wavelengths [11,400, 9400 and
500 cm−1 for the 4F3/2 → 4I9/2, 4F3/2 → 4I11/2 and 4F3/2 → 4I13/2
ransitions of Nd(III); and 10,200 cm−1 for the 2F5/2 → 2F7/2 tran-
ition of Yb(III)]. Assuming that we could detect residual d-block
hosphorescence with a lower lifetime limit of 10 ns, the absence
f such emission implies a d → f EnT rate of ≥108 s−1. In agreement
ith this, time-resolved measurements on the Ln(III)-based emis-

ion showed in every case no rise-time, i.e. any rise-time is shorter
han 10 ns.

The question now arises as to the mechanism of EnT. Fig. 3 shows
he superposition of the donor (d-block unit) emission spectra with
he acceptor [Nd(III) or Yb(III)] absorption spectra. It is obvious that
he emission spectra of both the [M(CN)6]3− units (M = Co, Cr) over-
ap with several of the Nd(III) f–f absorptions; there is also overlap,
lbeit clearly much less, between the tails of the d-block emission
ands and the sole Yb(III)-based f–f absorption. For the Co–Ln pair
Ln = Nd, Yb) we used the available spectral data to calculate the
örster (dipole–dipole) and Dexter overlap integrals as expressed
n Eqs. (3) and (4). For Co → Nd EnT, the calculated Förster overlap
F of 6.4 × 10−17 cm3 M−1 means that the critical transfer distance
C, beyond which EnT becomes less than 50% efficient, is 7.8 Å, and
he rate of Förster EnT (given the distance of ca. 5.6 Å from crystal-
ographic data) would be 1.6 × 107 s−1. An EnT rate this slow would
eave significant residual Co(III)-based phosphorescence with a life-
ime of around 60 ns—which was not observed. Thus we can rule
ut the dipole–dipole mechanism here on the basis of an observed
nT rate of at least 108 s−1.
The possibility of a dipole–quadrupole contribution exists how-
ver (this was not considered in the original paper [11]), although
e cannot calculate this explicitly as we do not know the oscil-

ator strength of the quadrupole f–f transition. We note however
Fig. 3. Overlap of the d-block emission spectra {of the [M(CN)6]3− unit: M = Co
(top) or Cr (bottom)} with the absorption spectra of Nd(III) and Yb(III) ions in the
Ln(III)/hexacyanometallate salts described in Ref. [11].

that in related cases in which the energy-acceptor has very weak
dipole–forbidden electronic transitions, the dipole–quadrupole
contribution to multipolar EnT can operate over a greater distance
than the dipole–dipole contribution [8].

The Dexter overlap integral JD of 1.1 × 10−4 cm means that
Co → Nd EnT could also occur by the Dexter mechanism over this
distance, with a rate of 108 s−1, provided only that the electronic
coupling H has a value of ca. 1 cm−1. This is a modest value which
is readily achievable by interaction of the metal orbitals with
the bridging cyanide, even allowing for the very small covalency
associated with 4f orbitals. For the complex Co–Nd the complete
quenching of Co(III)-based emission by fast EnT to Nd(III) could
accordingly occur via the Dexter mechanism.

In Co–Yb both JF and JD are smaller, at 5.2 × 10−18 cm3 M−1

and 5.4 × 10−4 cm, respectively. The reduced JF value compared to
Co–Nd means that the critical transfer distance is also smaller, and
is calculated to be 5.2 Å, rather smaller than the actual Co· · ·Yb
separation; over a distance of 5.6 Å, dipole–dipole EnT would be
less than 50% efficient and occur with a rate of only 1.3 × 106 s−1,
leaving a substantial and easily detected residue of Co(III)-based
phosophorescence (which was not present). Again however the
possibility exists of a dipole–quadrupole contribution [8]. If we
assume Dexter EnT, it is only necessary for the electronic coupling H
to exceed ca. 1.5 cm−1 for the rate of Co → Yb EnT to exceed 108 s−1.

In these Co–Ln systems therefore the calculations quite clearly
rule out a dipole–dipole contribution to the Co → Ln EnT. The
observed EnT could occur via the Dexter mechanism, a conse-
quence of the short distance and the electronic coupling between
the metal centres mediated by the cyanide ligand [11]; or via a
dipole/quadrupole Förster-type mechanism.

2+

3

donor unit

In this next set of compounds (Schemes 2 and 3), we were
interested to examine EnT over much greater distances, and to
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cheme 2. Ru(II) complexes used to make Ru(II)/Ln(III) dyads as shown in Scheme 3
from Ref. [13]).

ompare saturated and unsaturated bridging ligands. [Ru(bipy)3]2+

s of course a very well-known fluorophore and has been used as
nergy-donors to Yb(III) and Nd(III) in a few d/f dyads [4]. However
n most cases the EnT is slow and inefficient and the mechanism
ot discussed.

We prepared the series of complexes shown in Scheme 2 in
hich a [Ru(bipy)3]2+ derivative is connected to an additional

acant bipyridyl binding site via a spacer with is either satu-
ated (ethylene) or conjugated (p-phenylene, p-biphenylene) [13].
eaction of these with excess [Ln(tta)3(H2O)2] in CH2Cl2 solution
ffords dinuclear d–f hybrids via an equilibrium reaction of the
ype shown in Scheme 3, in which the vacant bipyridyl site of
he d-block ‘complex ligand’ displaces two water ligands from the
oordination sphere of the LnIII species to give an eight-coordinate
Ln(tta)3(bipy)} centre with a high association constant (ca. 107

−1) in CH2Cl2.
We performed a series of spectroscopic titrations in which

ortions of [Ln(tta)3(H2O)2] (Ln = Nd, Er, Yb) were titrated into a
olution of the relevant Ru(II) complex in CH Cl . Although we
2 2
sed several lanthanide species the most clear-cut results were
btained using Nd(III), which is the most effective energy-acceptor
n these systems due to a high density of f–f states in the region
verlapping with the Ru(II)-based emission, and so we focus here

cheme 3. Preparation of Ru(II)/Ln(III) dyads form the ‘complex ligands’ shown in
cheme 2 (from Ref. [13]).
eviews 254 (2010) 2634–2642

on the behaviour of the three Ru–Nd dyads. As each Ru–Nd dyad
formed, the occurrence of Ru → Nd EnT within the dyad could
be monitored in two ways. Firstly, the luminescence intensity of
the Ru(II) centre was progressively quenched, and time-resolved
measurements revealed the onset of a short-lived luminescence
component which became dominant as the titration progressed
and the free Ru(II) complex (long-lived luminescence) was replaced
by the Ru–Nd dyad (short-lived luminescence). In the case of RuPh,
for example, the 520 ns Ru-based luminescence components was
steadily replaced by a shorter-lived (48 ns) component as the dyad
RuPh·Nd formed. From this, and using Eq. (5), it is simple to calcu-
late the Ru → Nd EnT rate kEnT as 1.9 × 107 s−1 (in Eq. (5), �u is the
‘unquenched’ emission lifetime of the donor chromophore; and �q

is the lifetime of the luminescence that has been partially quenched
by energy-transfer).

kEnT = �−1
q − �−1

u (5)

Secondly, the occurrence of Ru → Nd EnT could be demonstrated by
monitoring the sensitized luminescence from Nd(III) when exci-
tation was selective into the 3MLCT band of the Ru(II) centre at
460 nm, such that no direct excitation of Nd(III) could occur. The
near-IR emission from Nd(III) can only have arisen from Ru → Nd
EnT, a fact which is confirmed by the presence of a grow-in with a
time constant of ca. 60 ns, a good match for the 48 ns decay of the
partially quenched Ru(II) centre.

To help decide on the EnT mechanism we calculated the Förster
and Dexter overlap integrals. The JF value of 6.3 × 10−17 cm3 M−1

results in a critical transfer distance of 8.5 Å for Förster EnT,
which rules out the Förster (dipole–dipole) mechanism completely
given a Ru· · ·Nd separation of ca. 15.6 Å, although a higher order
dipole/quadrupole contribution cannot be ruled out at this stage.
The Dexter overlap integral JD of 1.6 × 10−4 cm means that Ru → Nd
EnT could occur at the observed rate of 1.9 × 107 s−1 as long as the
electronic coupling H is at least 0.3 cm−1, a low value which is quite
feasible given the conjugated bridging ligand.

Comparison of the properties of RuPh·Nd with those of RuS·Nd
and RuPh2·Nd rule out Förster EnT and confirm that the Dexter
mechanism is operating in RuPh·Nd. In RuS·Nd, with a saturated
spacer, the degree of quenching of Ru(II) emission by the Nd(III)
centre is much less: the emission lifetime drops from 390 to 210 ns
giving a smaller kEnT value of 2.2 × 106 s−1 (Eq. (5)) Thus the EnT is
an order of magnitude slower in RuS·Nd than in RuPh·Nd despite the
shorter metal–metal separation (molecular mechanics calculations
show that the Ru· · ·Nd separation can lie in the range 9.6–13.4 Å),
which can only be explained if the EnT occurs via the conjugated
bridging ligand in RuPh·Nd, i.e. Dexter EnT is operative. The occur-
rence of any Ru → Nd EnT at all in RuS·Nd can be ascribed to its
conformational flexibility; in the most folded conformation the
Ru· · ·Nd separation of 9.6 Å is not much greater than the Förster
critical transfer distance of 8.3 Å, allowing a small amount of EnT
via the dipole–dipole mechanism and possibly some also by a
dipole/quadrupole mechanism.

In RuPh2·Nd greater Ru· · ·Nd separation across the longer
bridging ligand naturally slows the EnT rate: the reduction in Ru(II)-
based emission lifetime from 460 ns in RuPh2 to 256 ns in RuPh2·Nd
results in an EnT rate of 1.7 × 106 s−1. The slower rate of EnT results
in a longer rise-time for the sensitized Nd(III)-based emission,
which was observed to be ca. 200 ns [in reasonable agreement
with the 256 ns decay time of the Ru(II)-based emission]. Again
the Förster EnT mechanism can be ruled out: if it was not operat-
ing over 15.6 Å in RuPh·Nd it will not be operating over the greater

distance in RuPh2·Nd. Making the assumtion therefore that Dexter
EnT is operative, as with RuPh·Nd, then the decrease in kEnT associ-
ated with the additional phenylene spacer (additional length, 4.3 Å)
must have an exponential distance dependence, from which it is
simple to calculate an attenuation coefficient of 0.56 Å−1. This is in
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Fig. 4. Changes in luminescence spectra of OsL on titration with (a) Yb(NO3)3

hydrate and (b) Nd(NO3)3 hydrate, using MeCN as solvent. Both partial quench-
ing of Os(II)-based emission, and the apeparance of sensitized emission from Yb(III)
(at 980 nm) and Nd(III) (at 1060 nm) are evident. Fitting the intensity data at 780 nm
Scheme 4. The dyads ML·Ln (from Ref. [15]).

ood agreement with other estimates for the electronic attenuation
oefficient of p-phenylene spacers in systems showing long-range
ingle electron-transfer [14], and provides additional support for
he Dexter mechanism being operative for Ru → Nd EnT.

This is an interesting observation given the general and often-
uoted principle that Dexter EnT is short range (because if its
xponential distance dependence), and long-range EnT must occur
ia the Förster dipole–dipole mechanism with its less stringent d−6

istance dependence. Clearly the converse is true here, and the rea-
on is the very low f–f absorption intensities of Ln(III) ions. This
eans that the Förster overlap integrals are very small as they take

nto account the intensity of the f–f absorptions, such that Ln(III)
ons make very poor energy-acceptors when the Förster mecha-
ism is operative. In contrast, Ln(III) ions make good Förster donors
as in FRET assays) because of the high intensity of the f–f emis-
ion bands, which give high JF values when partnered with organic
cceptor chromophores having fully allowed �–�* transitions.

In contrast, since the Dexter overlap integral JD uses normalized
bsorption spectra, the (lack of) intensity of the f–f absorptions is
rrelevant and Dexter EnT can occur as long as a modest electronic
oupling is present via the bridging ligand. So, Dexter EnT appears
he only option in complexes such as RuPh2·Nd in which Förster EnT
s ruled out by the very low JF value. Although a dipole/quadrupole
ontribution to EnT is in principle possible it is clearly not occurring
iven the fact that Ru → Nd EnT was diminished by a shorter but
aturated bridging ligand.

.3. Example 3: EnT by a redox-mediated mechanism in an
s(II)/Yb(III) dyad

Following the above result we examined the series of dyads
hown in Scheme 4 in which both Förster and Dexter EnT should
e disfavoured: the former because of the distance involved and

ow spectroscopic overlap integrals, and the latter because of the
aturated bridge which prevents electronic coupling [15]. The com-
lexes RuL and OsL are based on [M(bipy)3]2+ cores (M = Ru, Os)
s energy-donors, with a pendant aza-crown macrocyclic ligand
o bind the energy-accepting Ln(III) ion. In MeCN a spectroscopic
itration of OsL with Yb(NO3)3 shows that the 1:1 association con-
tant for binding of the Ln(III) in the macrocycle is ca. 9 × 103 M−1.
olecular mechanics calculations suggest that the metal–metal

eparation can lie in the range 7.4–8.4 Å because of the flexible

ethylene ‘hinge’ which allows the aza-crown macrocycle to adopt

ifferent orientations with respect to the [M(bipy)3]2+ core.
We performed four spectroscopic titration experiments in

hich small portions of Ln(NO3)3 (Ln = Yb, Nd) were added to
olutions of [M(bipy)3](PF6)2 until there was no additional change
from the sequence of spectra in (a) to a 1:1 binding isotherm afforded a binding con-
stant of 8.9 × 103 M−1 for Yb(NO3)3 in the aza-crown macrocycle. Taken from Ref.
[15].

associated with the luminescence of the Ru(II) or Os(II) centre. In
both RuL·Nd and OsL·Nd, partial M → Nd EnT occurred with rate
constants of 6.8 × 106 and 1.4 × 107 s−1, respectively (see Fig. 4).
The numerous f–f transitions of Nd(III) in the visible region over-
lap with both Ru(II)-based and Os(II)-based emission spectra. The
mechanism of EnT transfer here is not clear-cut. The Förster crit-
ical transfer distances are 6.0 and 5.5 Å for Ru → Nd and Os → Nd
EnT, respectively: although these lie below the minimum calcu-
lated M· · ·Ln separation of 7.4 Å the difference is not large and
some Förster EnT can be expected in the most folded conformation
of the complexes by both dipole–dipole and dipole–quadrupole
mechanisms. (Actually the inter-chromophore separation is not the
same as the metal–metal separation because the 3MLCT state of the
energy-donor involves both the metal centre and a bipy ligand, and
is not purely metal-localised; if the 3MLCT state involves the bipy
ligand to which the macrocycle is attached, the actual distance over
which EnT occurs is less than the metal–metal separation, which
makes Förster EnT more likely). In addition a very small electronic
coupling of ca. 0.2 cm−1 would permit Dexter EnT to occur over
this distance, and such a coupling might be possible by peripheral
contact of donor and acceptor fragments. Thus small contributions
from either EnT mechanism are possible.

The more interesting observation comes from comparison of
RuL·Yb and OsL·Yb. The single f–f absorption of Yb(III) barely over-
laps with the tail of the Ru(II)-based and Os(II)-based emission
spectra so the overlap integrals JF and JD are much smaller than for
RuL·Nd and OsL·Nd. Consequently the presence of Yb(III) caused
no significant quenching of Ru(II)-based emission in RuL·Yb within
the limit of sensitivity of our apparatus, indicating no significant

Ru → Yb EnT by any of the Förster-type multipolar mechanisms
(insufficient spectroscopic overlap) or the Dexter mechanism
(insufficiently strong electronic coupling via the saturated linker).
However, in OsL·Yb [Fig. 4(a)] the Os(II)-based luminescence is ca.
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cheme 5. Proposed mechanism for Os(II) → Yb(III) EnT in OsL·Yb, mediated via an
nitial electron-transfer step (from Ref. [15]).

0% quenched and the Os → Yb EnT rate is 2.6 × 107 s−1. This can-
ot involve Förster EnT, as the low JF integral results in a critical
istance of just 2.4 Å for Förster EnT; and it cannot involve Dexter
nT as this would require an unfeasibly large electronic coupling
f 2 cm−1 to be present (if the H value were this large it would be
qually large in the other dyads of this series and all of them would
how fast Dexter EnT).

So, the Os → Yb EnT is anomalously fast and cannot be accounted
or by either the Förster dipole–dipole or the Dexter mechanisms.
he Förster-type dipole/quadrupole mechanism is also not likely
ince it does not occur to any detectable extent in RuL·Yb. How-
ver, the Horrocks redox-based mechanism is feasible in this case,
s shown by the Rehm–Weller equation (Eq. (6)) [16], in which eo

s the elementary electronic charge, Eox is the oxidation potential
f the electron donor, Ered is the reduction potential of the elec-
ron acceptor, Ed is the 3MLCT excited state energy of the donor
roup, and w represents the stabilisation due to a Coulombic inter-
ction between the components of the ion pair, which varies from
.15 eV for a closely associated ion pair in an exciplex to zero if the
omponents are well separated.

GET = eo(Eox − Ered) − Ed − w (6)

Cyclic voltammetric measurements show that the Os(II)/Os(III)
edox couple is at +0.85 V vs. SCE, and the Yb(II)/Yb(III) couple
s at −1.00 V vs. SCE. The energy available in the 3MLCT state of
sL is 14,100 cm−1, as determined form the position of the high-
st energy vibronic component of the emission spectrum of OsL
t 77 K. Finally we can approximate the value of w in Eq. (6)
the electrostatic stabilization of the charge-separated state) as
.1 eV. Putting these numbers into Eq. (6) equation gives a value for
GET – the driving force for OsL* → Yb(III) photoinduced electron-

ransfer, affording an Os(III)–Yb(II) charge-separated state – of ca.
eV. Given the approximations involved, especially the estimate

or the value of w, we can say that the electron-transfer may be
arginally exergonic. Importantly however, the same analysis for

uL·Yb reveals that RuL* → Yb(III) photoinduced electron-transfer
s marginally less favourable, by about 0.1 eV. Although RuL has

ore energy available in its 3MLCT state, the extra cost of oxidiz-
ng Ru(II) to Ru(III) more than offsets this and makes the excited
tate of [Ru(bipy)3]2+ a slightly less good electron donor than
he excited state of [Os(bipy)3]2+, an observation confirmed by
in and Sutin [17] who found that [Os(bipy)3]2+ is a better elec-
ron donor in the excited state than [Ru(bipy)3]2+ by ca. 120 mV.
his difference in the excited state redox potentials between RuL
nd OsL is not large but could be just enough to tip the bal-
nce between marginally favourable OsL* → Yb(III) photoinduced
lectron-transfer and marginally unfavourable RuL* → Yb(III) pho-
oinduced electron-transfer.

The sequence of events we propose is therefore shown in

cheme 5; absorption of a photon by the Os(II) centre of OsL·Yb
enerates the 3MLCT state which performs photoinduced electron-
ransfer to Yb(III), generating the charge-separated Os(III)–Yb(II)
tate. This is only just favourable, such that the subsequent back
lectron-transfer step liberates close to 14,000 cm−1 of energy. This
Scheme 6. Anthracene/Ln(III) dyads based on the bridging ligand Lanth which con-
tains a 2-(2-pyridyl)benzimidazole chelate coordinated to the Ln(III) with a pendant
anthracenyl chromophore (from Ref. [18]).

is more than enough to pump Yb(III) into its f–f excited state (at ca.
10,200 cm−1), resulting finally in sensitized emission from Yb(III)
at 980 nm. This process is independent of the donor/acceptor spec-
troscopic overlap and is the only way to account for the otherwise
anomalously fast Os → Yb EnT process in OsL·Yb [15].

2.4. Example 4: anthracene → Ln(III) EnT by a redox-mediated
mechanism involving a diimine ligand coordinated to a Ln(III)
fragment.

Our final example is not a d/f dyad but involves anthracene as
an energy-donor to Nd(III), Er(III) and Pr(III). Energy-transfer from
aromatic chromophores which absorb in the UV region to near-
IR emissive Ln(III) ions with low-energy luminescence f–f states
is well known but usually occurs via the conventional mechanism
described in Section 1 [1] whereby the singlet �–�* state of the aro-
matic group (denoted 1An*) is converted to the triplet state (3An*)
by inter-system crossing. Spectroscopic overlap with the Ln(III) ion
can arise if there are high-lying f–f states whose energy is similar
to that of the 3�–�* state of the aromatic group, as happens com-
monly with Nd(III) and Er(III) for example which have numerous
f–f absorptions between 10,000 and 20,000 cm−1.

In our anthracene/Ln(III) dyads however we identified a new
redox-based mechanism, conceptually similar to the Horrocks
mechanism described above in which the first step involves pho-
toinduced electron-transfer to Yb(III) or Eu(III) [3c], but here
involving a redox-active ligand as intermediary rather than a redox-
active lanthanide [18]. The complexes are shown in Scheme 6 and
are based on a 2-(2-pyridyl)benzimidazole (denoted ‘PB’) chelate
Lanth, from which an anthracenyl group is pendant, coordinated
to a {Ln(hfac)3} fragment. A representative crystal structure is in
Fig. 5. As described earlier the coordination of the N-donor chelat-
ing ligand to the {Ln(hfac)3} fragment is an equilibrium process
(cf. Scheme 3), but in non-competitive solvents such as CH2Cl2
the binding constant is ca. 107 M−1, such that at the considerably
higher concentrations used for photophysical studies the dissoci-
ation is minimal. Examination of absorption spectra showed that
the lowest absorption maximum of anthracene at 380 nm does not
overlap with the absorption of the {Ln(hfac)3} core, such that selec-
tive excitation into the anthracene component is possible at this
wavelength.

The free ligand Lanth shows the usual highly structured blue
1An* fluorescence of anthracene with a sequence of peaks between
395 and 500 nm. As portions of [Ln(hfac)3(H2O)2] (Ln = Nd, Er,
Yb) are added to Lanth and the complexes [Ln(hfac)3(Lanth)] are

formed, this fluorescence is completely quenched. We initially
ascribed to inter-system crossing to give the anthracene-based
3An* state which transferred its energy (ca. 14,500 cm−1) to
the Ln(III) ion in the usual way. The occurrence of sensitiza-
tion of the Ln(III)-based f–f excited states was confirmed by
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(Figs. 6 and 7). No rise-time for this absorbance was detected, which
means that it must appear in <20 ns, the limit of our equipment.
In [Gd(hfac)3(Lanth)] this 3An* state was long lived (≈70 �s), but
in [Nd(hfac)3(Lanth)] it was rapidly quenched with a lifetime of
just 130 (±20) ns implying that that the 3An* state is acting as
ig. 5. Crystal structure of [Yb(hfac)3(Lanth)] with F atoms on the hfac ligands not
hown for clarity (from Ref. [18]).

he observation of near-IR luminescence from the Ln(III) ions at
heir usual wavelengths [Yb(III), 2F5/2 → 2F7/2 at 980 nm; Nd(III),
F3/2 → 4I11/2 and 4F3/2 → 4I11/2 at 1060 and 1340 nm, respectively;
r(III), 4I13/2 → 4I15/2 at 1530 nm] following selective excitation of
he anthracene chromophore.

It was more surprising to find that an identical experiment using
Gd(hfac)3(H2O)2] in the titration resulted in the same behaviour,
ith the anthracene-based 1An* fluorescence being completely

uenched in [Gd(hfac)3(Lanth)]. Gd(III) cannot act as an energy-
cceptor as its lowest lying excited state is at ca. 32,000 cm−1, in
he UV region. The addition of Zn(II) ions and H+ ions to solutions
f Lanth likewise resulted in complete fluorescence quenching from
he 1An* state. These observations, together with the known redox
ctivity of anthracene, led us to consider electron-transfer as a com-
onent of the EnT process. Anthracene undergoes oxidation and
eduction processes at modest potentials. Thus, in addition to being
ble to participate in photoinduced energy-transfer processes, in
ts excited state it can also act as either an electron acceptor or an
lectron donor to generate the radical cation or anion, respectively
18]. Our observations are consistent with the excited anthracenyl
nit acting as an electron donor in a 1An* → (diimine) PET process
hich occurs to the coordinated PB fragment in the complexes. This

s not possible in free Lanth in which the diimine fragment is harder
o reduce so the anthracene fluorescence is not quenched by this

echanism.
The energy of the singlet excited state of the anthracene unit

f Lanth is ca. 3.15 eV, estimated by averaging the energies of the
owest absorption maximum and the highest energy emission max-
mum. As described earlier we can use the Rehm–Weller equation
Eq. (6)) to estimate the driving force for PET, �GET. From the cyclic
oltammogram of Lanth we found the anthracene unit to have an
rreversible oxidation at +0.92 V vs. ferrocene/ferrocenium (Fc/Fc+)
n CH2Cl2. From Eq. (6) we find that the 1An* unit of L1 can act
s an excited state electron donor to the PB unit as long as the
B unit reduces at a potential less negative than about −2.33 V vs.
c/Fc+ (taking w as 0.1 eV). In fact the voltammogram of free Lanth

evealed an irreversible reduction, assumed to be PB-centred, at
2.24 V, suggesting that 1An* → PB PET is marginal. Although this
nalysis contains significant approximations it is easy to rationalise
he observed fluorescence of free Lanth, because the uncoordinated
B unit is not quite a sufficiently good electron acceptor to oxidise

he 1An* state and generate a charge-separated [An•+–(PB)•–] state
y PET. When a Ln(III) ion [or a Zn(II) ion, or a proton] is coordinated
o the PB unit in the complexes however the PB fragment becomes
educed much more easily, and Ered in Eq. (6) becomes less nega-
Fig. 6. Transient absorption spectrum of [Gd(hfac)3(Lanth)] in degassed toluene at
RT, recorded at different time delays following 390 nm excitation pulse: 1.8, 16.2,
37, 88, 138, 300 �s (from Ref. [18]).

tive; coordinated PB ligands typically have reduction potentials that
are about 400–500 mV less negative than the free ligand [19]. Sim-
ilar behaviour is seen with related bipyridine ligands: for example
free 2,2′-bipyridine undergoes an irreversible reduction at −1.86 V
vs. NHE, which shifts to −1.26 V vs. NHE in [Ru(bipy)3]2+ [20].

So, we know that (i) a PET step to give a charge-separated
{An•+–(PB•–)Ln} state occurs after excitation of the anthracene
chromophore, and (ii) collapse of this somehow generates the emis-
sive f–f states of Nd(III), Er(III) and Yb(III). The question then arises:
does back ET from the charge-separated state generate the f–f
excited state of the lanthanide directly (as in the Horrocks mech-
anism when a lanthanide has been transiently reduced to the +2
state [3c]), or does it first generate the 3An* state (energy content
1.8 eV) which then donates its energy to the Ln(III) centre in a sub-
sequent step? The presence of the 3An* state as an intermediate was
confirmed by transient absorption spectroscopy measurements on
[Gd(hfac)3(Lanth)] and [Nd(hfac)3(Lanth)] in deoxygenated toluene
solutions at room temperature using selective excitation into the
lowest energy absorption feature of the anthracene unit at 390 nm.
After excitation both complexes show a transient absorption fea-
ture at 430 nm which is characteristic of the 3An* absorbance
Fig. 7. Decay kinetics of 3An* recorded at 430 nm in degassed toluene at RT under
390 nm excitation, for (a) [Gd(hfac)3(Lanth)] and (b) [Nd(hfac)3(Lanth)]. The gray line
on (b) (indicated with an arrow) represents a monoexponential fit to the decay of
the transient absorption, with the lifetime 130 (±20) ns. Instrument response ca.
20 ns.
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he energy-donor to Nd(III). Conformation of this was provided
y time-resolved measurements on the sensitized Nd(III) emission
and at 1060 nm, which showed a rise-time of 130 ns before the
sual decay of ca. 1 �s; this good match between the decay of the
An* state and the grow-in of the Nd(III) sensitized luminescence
learly shows that they are linked.

We note that this relatively slow energy-transfer rate (<107 s−1)
s entirely consistent with a conventional Förster or Dexter
nergy-transfer mechanism to Nd(III) which is slow because
f a combination of an electronically saturated pathway (i.e.
o conjugated linkage) between donor and acceptor, and poor
onor/acceptor spectroscopic overlap. In contrast an energy-
ransfer rate this slow would be difficult to rationalize if it arose
rom a back ET step [An•+–(PB•–)Ln] → [An–(PB)Ln*] without the
ntermediacy of the 3An* state, as this would imply the existence
f a charge-separated state with a remarkably long lifetime of
30 ns.

The anthracene → Ln(III) PEnT mechanism in these com-
lexes is summarized by the following sequence of steps:

1An*–(PB)Ln] → [An•+–(PB•–)Ln] → [3An*–(PB)Ln] → [An–(PB)Ln*]
he occurrence of the first electron-transfer step to generate the
harge-separated state [An•+–(PB•–)Ln] is made possible by the
trong stabilisation of the LUMO of the PB fragment of Lanth on
oordination to a {Ln(hfac)3} unit. This charge-separated state was
oo short lived to be detected using our transient absorption equip-

ent and quickly performs back ET to generate [3An*–(PB)Ln]
hich acts as the ultimate energy-donor to the Ln(III) centre in the
sual way. This mechanism bears obvious similarities to the Hor-
ocks mechanism which involves photoinduced electron-transfer
rom a sensitizer to Eu(III) or Yb(III) [3c], but is more general in
hat it involves the coordinated diimine ligand so is independent
f the nature of the lanthanide ion.

. Conclusions

In this series of studies we have clarified the mechanisms con-
ributing to d–f energy-transfer in three different sets of dyads, and
ave also found an unusual redox-based mechanism for energy-
ransfer in a series of anthracene/Ln(III) dyads.
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