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bstract

This review summarises recent work from several groups on the preparation and photophysical properties of d–f heteronuclear assemblies in
hich a strongly light absorbing d-block chromophore is used as an antenna group to generate sensitised luminescence from near-infrared emitting

anthanide(III) centres (especially Yb, Nd, Er) following d → f photoinduced energy-transfer. An introduction summarises the technological

mportance of near-IR luminescence, the problems associated with its sensitisation and the resultant short lifetimes, and how these might be
vercome. The next section describes work in this field from other groups; the last reviews work from the authors own group on (i) polypyridine-
ridged d–f complexes and (ii) cyanide-bridged d–f coordination networks, with an emphases on both molecular design and synthesis, and
nderstanding the photophysical properties such as the efficiency of d → f photoinduced energy-transfer.

2006 Elsevier B.V. All rights reserved.
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. Introduction and background

The last few years has seen great interest amongst coordina-
ion chemists in the study of complexes of those members of
he lanthanide(III) series which show luminescence in the near-
nfrared (NIR) region. Strong luminescence in the visible region,
rom Tb(III) and Eu(III) in particular, is very well known and

idely exploited in applications such as lighting and display
evices – from the humble fluorescent light to OLEDs [1] –
s well as sensors in which the luminescence intensity and/or

� Based on a keynote lecture presented at the 37th International Conference
n Coordination Chemistry, 13–18 August 2006, Cape Town, South Africa.
∗ Tel.: +44 114 2229484; fax: +44 114 2229346.
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ifetime are sensitive to a specific substrate [2], and biological
maging and assays based on resonance energy-transfer between
chromophore and the metal ion [3].

Near-infrared luminescence is also of technological interest,
or two completely different reasons. Firstly, telecommunica-
ions optical networks based on silica fibres use NIR radiation
in the range ca. 1–1.6 �m) to send information because in this
egion silica has a high transparency. In particular the emission
ines of Pr(III) at 1.3 �m (1G4 → 3H5) and Er(III) at 1.5 �m
4I13/2 → 4I15/2) match well the ‘windows of transparency’ in
ilica and are consequently used in optical amplifiers for fibre-
ptic networks. Secondly, human tissue is relatively transparent

t around 0.8–1 �m. In the visible region the absorbance is high
rincipally because of porphyrin chromophores; further into the
IR region the absorbance is high because of O–H vibrational
vertones from water. Metal ions which are luminescent in this

mailto:m.d.ward@Sheffield.ac.uk
dx.doi.org/10.1016/j.ccr.2006.10.005
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Fig. 1. Diagram of the f–f energy levels of Pr(III), Nd(III), Er(III) and Yb(III) up
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Fig. 2. (a) Typical steady-state emission spectra of Nd(III), Yb(III) and Er(III)
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o ca. 20,000 cm−1. The energy levels from which NIR luminescence originates
re marked in bold, and the main NIR emissions are shown as descending arrows.

ntermediate region, such as Yb(III) at 980 nm and Nd(III) at
80 nm, are ideal candidates for in vivo luminescent imaging
ince their emission can be detected through a considerable
hickness of tissue. Both of these issues have been known for a
ong time. However, recent advances in electronics and detector
echnology mean that time-resolved luminescence measure-

ents in the NIR region – which is inherently very weak because
f the ease with which low energy excited states can be quenched
y molecular vibrations – can be performed using readily avail-
ble and modestly priced equipment, and this must be an impor-
ant factor in the recent popularity of the field amongst coordi-
ation chemists. The relevant energy levels for the most widely
tudied NIR-luminescent lanthanides, Pr(III), Nd(III), Er(III)
nd Yb(III), are in Fig. 1, with the main luminescent transitions
n the NIR region indicated; typical luminescence spectra are in
ig. 2.

From a photophysical point of view there are two distinct
roblems to overcome to achieve relatively intense and long-
ived luminescence from lanthanides in the NIR region. (From

chemical point of view there may of course be many other
roblems associated with design and synthesis!) These are: (i)
enerating the excited state in the first place, given the very
ow absorption coefficients of Laporte-forbidden f–f transition;
ii) preventing the rapid deactivation of the excited state by
he vibrations of the ligands and/or solvent molecules. The
econd of these issues has been the target of attention from
everal groups and has been tackled in various quite different
ays. The imido-diphosphinate ligand Ph2P(O)–(N−)–PPh2(O)

‘idp’), a sterically crowded O,O-donor chelate, forms Ln(idp)3
omplexes in which the 12 phenyl substituents protect the
etal from solvent interactions and in which there are no high-

nergy oscillators close to the metal, resulting in unusually
ong near-IR luminescence lifetimes (Yb, 50 �s; Er, 6 �s; Nd,
.7 �s) [4]. Perfluorination of the phenyl rings to give Ln(Fidp)3

Fidp = (C6F5)2P(O)–(N−)–P(C6F5)2(O)] gives astonishingly
arge additional increases in luminescence lifetimes (e.g. Er up to
00 �s) due to removal of all CH oscillators from the compound,
howing clearly that CH oscillators which are ‘remote’ from the

e
1
c
e

omplexes; (b) a typical time-resolved emission spectrum of a Pr(III) complex
the feature marked * is an artefact).

etal centre can make an important contribution to quenching
5]. An alternative approach from Piguet’s group was to prepare
r(III)–Ln(III) and Ru(II)–Ln(III) dinuclear complexes in which

emarkably long-lived luminescence from Yb(III), Nd(III) and
r(III) occurred as a consequence of rate-limiting energy-

ransfer from the excited-state of the d-block component [6,7].
an Veggel and co-workers have shown how doping lumines-
ent lanthanide ions into soluble LaF3 or LaPO4 nanoparticles
esults in luminescence lifetimes that are orders of magnitude
onger than those observed for conventional coordination com-
lexes [8]. Thus there are many ways in which the issue of
hort lifetimes and low intensity for NIR luminescence might be
vercome.

It is the first of the above-mentioned issues however – how to
ensitise the excited state in the first place – which is the focus
f this review. It has been well known for many years that an
ffective mechanism for overcoming the low light absorbance of
n(III) ions is to use aromatic ligands with fully allowed �–�*

ransitions [9]. Excitation of a ligand-centred transition, usually
n the UV region, is followed by fast energy-transfer (usually,
ut not always [10], from the triplet excited state of the ligand)
o the lanthanide centre which becomes itself excited, leading
o strong luminescence by using the organic chromophores as
ight-harvesting groups. The only significant limitation of this
s that it becomes more difficult to find ligand-centred chro-

ophores at wavelengths longer than the UV. The low-energy

missive states of Nd(III), Er(III) and Yb(III), at ca. 11,300,
0,200 and 6500 cm−1, respectively, above their ground states,
ould in principle be populated by triplet energy-donors with
nergies of ca. 2000 cm−1 greater than this, i.e. in the red region
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f the spectrum for Nd(III) and the NIR region for the other
wo (a smaller gradient than this for energy-transfer is likely to
esult in deleterious thermally activated back energy-transfer at
oom temperature). In addition to being less wasteful of energy

using 250 nm excitation to generate 1530 nm luminescence
rom Er(III) seems extravagant and inelegant – there are obvious
dvantages to using longer wavelengths for sensitisation of NIR
uminescence. For example in biological probes the excitation
adiation needs to be able to penetrate the tissue in order to gen-
rate the luminescence from the probe in the first place, which
ules out UV excitation (and also much of the visible region).
n elegant solution to this recently has been to use two-photon
xcitation of Eu(III) or Tb(III) complexes such that excitation
t ca. 800 nm results in the characteristic visible luminescence
11,12].

m
a
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N
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There are a few examples of chromophores which absorb at
onger wavelengths, in the visible region, being built into ligands
nd used as sensitisers of NIR luminescence (compounds I–IV).
an Veggel and co-workers used ligands containing fluorescein-
ased and related chromophores (e.g. I), which absorb in the
00–600 nm region, which allow visible-light sensitisation of
IR luminescence from lanthanides [10,13,14]; the author’s
roup used a tetrazine-based ligand which has an absorption
aximum at 503 or 524 nm in mono- and dinuclear lanthanide

omplexes (e.g. II), respectively [15]; and Parker’s group used a
d(II)-porphyrin chromophore to achieve sensitised, circularly
olarised luminescence from a covalently attached chiral Yb(III)
acrocyclic complex in III [16]. Very recently Ziessel, Bünzli

nd co-workers used a bora-diazaindacene dye, with an extinc-
ion coefficient of 65,000 M−1 cm−1 at 529 nm, as sensitiser of
IR luminescence from Yb(III), Nd(III) and Er(III) in IV [17].
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However the best source of strongly absorbing chromophores
panning the visible region is the d-block, where stable com-
lexes with long-lived excited states can be found at almost any
esired wavelength. Transition-metal complexes can meet all of
he following criteria:

(i) a strong absorption maximum which can be selected almost
anywhere in the visible or NIR region;

(ii) a heavy metal ion which will facilitate inter-system crossing
and give a high triplet quantum yield of the energy-donor
following excitation;

iii) relatively long-lived triplet excited states, which will facil-
itate energy-transfer to a covalently attached lanthanide;

(iv) kinetic inertness and photochemical stability;

(v) in many cases, luminescence from the (unquenched) triplet
state allows energy-transfer to the lanthanide to be followed
both by quenching of the donor as well as appearance of
sensitized emission from the lanthanide;

vi) synthetic convenience, i.e. the presence of a vacant
coordination site at the periphery of the complex
(‘complexes-as-ligands’) to which a lanthanide fragment
can be attached.
All of these criteria have been extensively exploited in the
eld of supramolecular photochemistry of d-block metal frag-
ents, and exactly the same set of properties makes the ideal

s sensitisers for NIR lanthanide luminescence. Accordingly,

f
a
w
s
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his review summarises recent developments in the field of such
d–f’ complexes, which combine a d-block chromophore and a
IR-luminescent lanthanide. Section 2 summarises briefly rel-

vant work from other groups; Section 3 then provides a more
ersonal account of recent work from the author’s laboratory.

. Work from other groups

The recent surge of interest in use of d-block complexes
s sensitisers for lanthanide-based NIR luminescence began
ith a seminal paper by van Veggel and co-workers, pub-

ished in 2000, in which the use of either ferrocene or
Ru(bipy)3]2+ units, covalently attached to Yb(III) or Nd(III)
olycarboxylate units, was described (compounds V and VI)
18].

The low-lying triplet state of ferrocene (ca. 13,300 cm−1)
n particular is a good match for the energy-accepting lumines-
ent states of Nd(III) (11,300 cm−1) and Yb(III) (10,200 cm−1);
he 3MLCT state of [Ru(bipy)3]2+ at ca. 17,400 cm−1 is quite
emote in energy from the Yb(III) excited state, but over-
aps with many of the higher-lying Nd(III)-based states (such
s 4G5/2 at 17,100 cm−1 and several others just below this)
hich could act as initial energy-acceptors before internal con-
ersion of Nd(III) to the emissive 4F3/2 state. In both cases
xcitation of the d-block chromophore, at 320 or 440 nm for

errocene, or 450 nm for [Ru(bipy)3]2+, resulted in the appear-
nce of sensitised NIR luminescence from Nd(III) or Yb(III)
ith characteristic lifetimes in the microsecond domain. Not

urprisingly on the basis of the matching between the donor and



istry

a
l
a
t
r
q
c
w
e
r
p
l
c
l
w

u
a
l
c
c
(
i
o
a
s
f
o
s
t
o
f
s
s
l
e
s
f
a

s
[
s
t
w
(
h
w
t
s
t
t

u
T

c
t
X
s
s
q
s
t
o
e
t
r
d
s
u
l
[
t
c
their amide/carboxylate/phenol donor sets. Binding of Nd(III)
M.D. Ward / Coordination Chem

cceptor energy-levels, and donor/acceptor spectroscopic over-
ap, Ru → Yb energy-transfer was found to be inefficient and
t least an order of magnitude slower than Ru → Nd energy-
ransfer, with rates of ≤105 and ≈106 s−1, respectively. These
elatively slow energy-transfer rates are in addition a conse-
uence of the high metal–metal separations, and the absence of a
onjugated pathway between energy-donor and energy-acceptor
hich hinders any energy-transfer that is occurring via a double

lectron exchange (Dexter) process. It was noted that time-
esolved luminescence measurements involving Yb(III) were
roblematic because the Yb(III)-based emission at 980 nm over-
aps with the tail of the residual Ru(II)-based luminescence in
omplex V, such that there are two components with different
ifetimes in this region. This is not such a problem with Nd(III)
here the 1330 nm band can be used for lifetime measurements.

Faulkner and co-workers have extended this principle to the
se of other d6 polypyridyl complexes of Ru(II), Re(I) and Os(II)
s sensitisers in both covalently linked and non-covalently
inked (supramolecular) polynuclear assemblies. The trinuclear
omplexes VII–IX contain two d-block Ru(II), Re(I) or Os(II)
hromophores covalently linked to a Ln/DTPA fragment
Ln = Nd, Er, Yb) [19,20]. The presence of the lanthanide(III)
on in the DTPA binding site reduces the emission intensity
f the d-block unit as a result of d → f energy-transfer, with
concomitant small reduction in the luminescence lifetime;

ensitised Ln-based NIR emission was observed in every case
ollowing excitation of the d-block chromophore. The rates
f d → f energy-transfer, estimated from the rise-times of the
ensitised NIR luminescence, showed some surprising varia-
ions. In particular, Re → Ln energy-transfer was two orders
f magnitude faster than Ru → Ln energy-transfer, despite the
act that [Re(bipy)(CO)3Cl] and [Ru(bipy)3]2+ emit at very
imilar wavelengths such that Re/Ln and Ru/Ln donor/acceptor
pectroscopic overlap is expected to be comparable for a given
anthanide. The difference was ascribed to conformational

ffects arising from electrostatic factors: electrostatic repul-
ion between the two Ru2+ sensitisers and the central Ln3+

ragment in VIII is likely to result in these flexible complexes
dopting an opened-out conformation to maximise the Ru· · ·Ln

i
t
s
2
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eparation, whereas this effect will not occur with the neutral
Re(bipy)(CO)3Cl] fragments in VII, allowing shorter Re· · ·Ln
eparations. In addition, this work is notable for describing
he first use of [Os(bipy)3]2+ as a sensitiser for lanthanides,
hich could allow excitation wavelengths as low as 700 nm

i.e. approaching the biologically useful window where tissue
as high transparency) to be used. Os → Ln energy-transfer
as faster than Ru → Ln energy-transfer, presumably because

he lower energy 3MLCT state of [Os(bipy)3]2+ provides better
pectroscopic overlap with the lanthanide emissive state; note
hat electrostatic/conformational factors will be similar between
he Ru2Ln (VIII) and Os2Ln (IX) series.

Similar combinations of sensitiser and luminophore were
sed in non-covalent assemblies by the same group [21].
he carboxylate group pendant from the d-block bipyridyl

omplexes X–XII binds in CH3OH or CD3OD solution to
he lanthanide(III) centre of the seven-coordinate complexes
III based on cyclen-triacetate, affording carboxylate-bridged

upramolecular d/f dinuclear assemblies (Scheme 1) which show
imilar behaviour to the covalently linked analogues, viz. partial
uenching of the d-block luminescence, and the appearance of
ensitised NIR lanthanide-based luminescence, following selec-
ive excitation of the d-block component. A particular advantage
f this method is that it allows numerous d/f combinations to be
valuated simply by mixing the component parts, without having
o perform a ‘covalent synthesis’ of each combination sepa-
ately. Addition of phosphate (a bidentate chelate to lanthanides)
isrupts the carboxylate bridge and separates the components,
witching off the d–f energy-transfer [22]. Beer et al. have also
sed demonstrated Ru → Ln energy-transfer in supramolecu-
ar assemblies of [Ru(bipy)3]2+ and lanthanide(III) components
23]. In these cases the [Ru(bipy)3]2+ antenna group is func-
ionalised with one, two or six calixarene pendant groups (e.g.
ompound XIV); these can bind lanthanide(III) ions by virtue of
ons in the calixarene cavities results in partial quenching of
he [Ru(bipy)3]2+-based luminescence and the appearance of
ensitised Nd(III)-based luminescence with a rate constant of
.4 × 106 s−1.
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In complex XV, described by Pikramenou and co-workers,
he Nd(III) ion fulfils two quite different roles. Folding up of the

TPA binding site around the lanthanide(III) ion results in the

wo planar Pt(II)-terpyridyl units becoming oriented on the same
ide of the complex to give a ‘hairpin’ structure in which both
t(II)-terpyridyl units can intercalate into DNA simultaneously
nd stiffen the DNA backbone. In addition the Nd(III) ion acts

f
s
a

t

.

s a luminescent reporter group, generating 1060 nm emission
ollowing excitation of the Pt(II) chromophores which have a

trong LLCT (thiolate → terpyridyl) band at 515 nm that can
ct as a sensitiser for the NIR luminescence [24].

The ability of lanthanide tris-diketonates Ln(dik)3 to bind
wo additional monodentate or one bidentate pyridine-type lig-
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nd to give eight-coordinate adducts ‘Ln(dik)3(NN)’ has been
xploited as a facile way of assembling d- and f-block com-
onents. Reaction of [Ru(bipy)2(4,4′-bipy)2]2+ (which has two
endant pyridyl units at 90◦ to one another) with Ln(tta)3
Htta = 2-thenoyl-trifluoro-acetylacetone) affords the molecular
quares XVI which were characterised on the basis of their
ass spectra. Excitation of the Ru(II) chromophores at 420 nm

fforded sensitised NIR luminescence from Nd(III) and Yb(III),
ith Nd(III) affording the greater degree of quenching of the Ru-
ased luminescence because Ru → Ln energy-transfer is faster
o Nd(III) than to Yb(III), for reasons discussed earlier [25]. Sim-
larly, binding of Ln(hfac)3 (Hhfac = hexafluoroacetylacetone)
nits to the pendant bipyridyl or phenanthroline sites of com-
lexes XVII and XVIII afforded Pt2Ln2 and Pt2Ln4 assemblies
n which the MLCT transition of the PtII2 chromophore at
50–450 nm acted as sensitiser for NIR luminescence from
d(III) and Yb(III) [and visible luminescence from Eu(III)]

26].

Piguet and co-workers have exploited the kinetic inertness
f octahedral complexes of Cr(III) and Ru(II) to prepare, in
stepwise manner, d–f dinuclear complexes having a triple

elical architecture. The d-block chromophore is held at the six-
oordinate site, and a lanthanide(III) ion at the nine-coordinate

ite, within the helical array of three ligands (see e.g. structure
IX). Again these complexes show d–f energy-transfer with

he d-block chromophore being able to sensitise luminescence
rom Nd(III), Er(III) and Yb(III). However a particularly inter-

f
i
L
a
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sting feature of these complexes is that the rate constant of the
anthanide-based luminescence is greater than the d–f energy-
ransfer rate-constant. Thus, the energy-transfer step is rate
imiting and the NIR luminescence decay is driven by the rate
t which the lanthanide excited state is populated by directional
nergy-transfer from the d-block ion. Since the energy-transfer
s phonon-assisted (i.e. coupled to molecular vibrations), cool-
ng the samples to 10 K results in very slow d–f energy-transfer
nd hence very long lifetimes for lanthanide-based emission.
or example the luminescence lifetime of Yb(III) following
ensitisation by Cr(III) can be varied between 23 �s in MeCN
olution at 295 K, and 2 ms at 10 K. This remarkable observation
ay allow for the precise temperature-controlled tuning of NIR

uminescence lifetimes [6,7].
Finally in this section, van Veggel and co-workers have exam-

ned sensitised NIR luminescence in nanoparticles doped with
anthanides. Colloidal particles of LaVO4 can be rendered sol-
ble in organic solvents by coordination of a monolayer of
ialkyl-dithiophosphinate ligands to the surface which provides
hydrocarbon coating; this is important as it allows the mate-

ials to be processed by spin-coating. Doping the particles with
range of visible- and NIR-luminescent lanthanide ions allows

ensitised luminescence to be achieved following excitation into
he charge-transfer transition of the vanadate ion in the UV
egion; because the Ln(III) ions are in an inorganic matrix with
nly low-energy vibrational modes available, long luminescence
ifetimes arise [27]. An exactly similar principle was used to
chieve NIR luminescence from Nd(III), Er(III) and Yb(III)
ons doped into soluble TiO2 nanoparticles, where sensitisa-
ion occurs following excitation into the band edge of TiO2 at
350 nm [28].

. Work from the author’s group

Following the publication of papers by van Veggel and
o-workers [18] and Parker and co-workers [16] in 2000 it
as immediately obvious that this field was potentially very

ertile—and largely unexplored. We were interested to try a sys-
ematic study of the syntheses and photophysical properties of
ifferent d–f combinations, but without having to make elabo-
ate bridging ligands that required multi-step syntheses for each
ombination of metal ions. To that end we have investigated the
wo series of complexes described in the sections below, using a
imple ‘complexes as ligands approach’ based on d-block chro-
ophore complexes with one or more pendant binding sites to
hich lanthanide(III) fragments can bind strongly and quickly.
his allows d-block and f-block components to be combined in
n almost combinatorial manner with the minimum of synthetic
ifficulty.

.1. Complexes based on polypyridine bridging ligands

For our first series of complexes we have exploited the

act that a wide range of Ln(diketonate)3 complexes is eas-
ly available, usually as their eight-coordinate di-hydrates
n(diketonate)3·2H2O. Many of them are commercially avail-
ble as NMR shift reagents. These complexes will bind a
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identate N-donor ligand such as bipyridine or phenanthro-
ine with a high association constant, ca. 107 M−1 in CH2Cl2
Scheme 2) [29]. In donor solvents such as MeCN, alcohols or
mf, the diimine ligand is displaced and the adduct breaks up,
ut in CH2Cl2 the association is strong, and CH2Cl2 is a pow-
rful enough solvent to dissolve readily a large range of metal
omplexes.

Our first proof-of-concept study used the known complexes
Re(bpym)(CO)3Cl] (XX; bpym = 2,2′-bipyrimidine) and
Re(bppz)(CO)3Cl] (XXI; bppz = 2,3-bis(2-pyridyl)pyrazine)
s ‘complex ligands’ since each has a vacant diimine binding site
30]. Simple addition of one equivalent of a Ln(diketonate)3 to
solution of the Re(I) complex in CH2Cl2 resulted in an imme-
iate deepening of the colour of the Re(I)-diimine chromophore
ssociated with binding of the Ln(diketonate)3 fragment at the
econd binding site. Crystals grew readily by slow evaporation
nd the crystal structures of representative Re–Ln dyads XX-Er
nd XXI-Nd are in Fig. 3 [30]. In exactly the same way,
omplexes such as [PtCl2(bppz)] (XXII), [Pt(PPh3)2(pdo)]
XXIII) (pdo = dianion of 5,6-phenanthroline-diol, coordinated
s an O,O′-donor chelate) [31,32] [Pt(bpym)(CC–C6H4CF3)2]
XXIV) [33], and [Re(CO)3ClL] (XXV) (where L is the bis-
identate ligand py–CH N–N CH–py with two iminopyridine
inding sites; py = 2-pyridyl) [34] could be used to prepare het-

rodinuclear d–f complexes (see Fig. 4 for representative crystal
tructures of lanthanide adducts of these complexes) simply by
eaction with a Ln(diketonate)3·2H2O in a low-polarity solvent.

(
m

ig. 3. Crystal structures of (a) [Re(CO)3Cl(�-bpym)Er(fod)3], XX-Er (CF2CF2C
ppz)Nd(tta)3], XXI-Nd (F atoms on the tta ligands not shown for clarity).
.

Association constants for binding of the Ln(diketonate)3
ragments to the diimine sites were readily determined by
V/vis spectroscopic titrations, monitoring the change in visible

bsorbance of the d-block chromophore as the Ln(diketonate)3
ragment associated. Since association of the electropositive
n(III) centre results in a reduction of the bridging ligand orbital
nergies, the general behaviour is that the MLCT absorptions of
he d-block fragment are shifted to lower energy. The associa-
ion constants in CH2Cl2 vary from about 104 M−1 for complex
XII-Ln [32] to 105 M−1 with XXIV-Ln [33] up to >106 M−1

ith XXIII-Ln [32], according to the basicity of the diimine
inding site. Pyrazine (in bppz) and bipyrimidine are weaker
ases than pyridine, which is reflected in the lower association
onstants for lanthanide(III) complexes based on those frag-
ents. It follows that at the concentrations typically used for

olution luminescence measurements (at most 104 M−1) there
ay be some significant dissociation of the Ln(diketonate)3

ragment depending on the binding constant. However this is not
problem if we are examining d → f energy-transfer, because

f we excite selectively into the d-block absorption band and
onitor sensitized lanthanide-based NIR luminescence we will

nly be interrogating those molecules that remain intact. Also
f course it is a simple matter to perform measurements on
olid-state samples where dissociation ceases to be an issue.
For the series of complexes XXII-Ln and XXIII-Ln
Ln = Nd, Er, Yb in every case) excitation of the Pt(II) chro-
ophore in the visible region (a Pt → diimine MLCT transition

F3 side-chains on the fod ligands not shown for clarity); (b) [Re(CO)3Cl(�-
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ig. 4. Crystal structures of (a) [PtCl2(�-bppz)Nd(btfa)3], XXII-Nd (F atoms
F atoms on the tta ligands not shown for clarity); (c) [(hfac)3Nd(�-bpym)Pt(C
Re(CO)3Cl(�-py–CH N–N CH–py)Yb(hfac)3], XXV-Yb (F atoms on the h

n the first case at ≈440 nm; and a mixture of LLCT/LMCT/d–d
ransitions in the second at ≈500 nm) results in appearance of
ensitized NIR luminescence at the characteristic wavelength of
he relevant lanthanide(III) centre with typical lifetimes in the

icrosecond domain (≈10 �s for Yb; 2 �s for Er; 1 �s for Nd)
31,32]. No detectable rise-times for the luminescence implies
nergy-transfer that is fast on the timescale of the instrument
sed, i.e. >108 s−1, which may be ascribed to the relatively
hort metal–metal separations and the presence of conjugated,
lanar bridging ligands. The short d–f metal–metal separations
ca. 7.2 Å across bppz; 8.5 Å across pdo) will facilitate energy
ransfer by either Förster or Dexter mechanisms, whereas the
lectronic coupling provided by conjugated bridging ligands
ill facilitate specifically Dexter energy-transfer. It is impor-

ant to note that this lanthanide-based luminescence can only
rise by d → f energy-transfer because it arises from selective
xcitation of the d-block chromophore. Also, we found that solid
crystalline) samples showed similar behaviour, with the sensi-
ized NIR luminescence having comparable lifetimes to what

as observed in CH2Cl2 solution.
A limitation of the above systems is that since the d-block

nits are not themselves luminescent we have no easy way of
etermining the energy of the excited state which is acting as

a
d
l
s

e btfa ligands omitted for clarity); (b) [Pt(PPh3)2(�-pdo)Gd(tta)3], XXIII-Gd
H4CF3)2], XXIV-Nd (F atoms on the hfac ligands not shown for clarity); (d)
ands not shown for clarity).

he energy donor. We can monitor d → f energy-transfer more
eadily – and also more quantitatively – if the d-block compo-
ent is itself luminescent, as the energy-transfer process will
e signaled by a reduction in the intensity and lifetime of this
uminescence, which can allow the rate of energy transfer to
e calculated. Thus, we can use the luminescence characteris-
ics of the energy donor to monitor both the thermodynamics
nd kinetics of d → f energy-transfer. Accordingly we prepared
Pt(bpym)(CC–C6H4CF3)2] (XXIV) which in CH2Cl2 solu-
ion shows strong luminescence at 575 nm, with τ = 107 ns; the
MLCT energy content is 19,300 cm−1 (as determined from the
aximum of the luminescence in a frozen glass at 77 K) [33].
ddition of small portions of [Ln(hfac)3(H2O)2] (Ln = Yb, Nd)

esulted in progressive quenching of this luminescence as the
t–Ln dyad formed (cf. crystal structure of XXIV-Nd in Fig. 4),
ith eventually the Pt-based luminescence being completely
uenched. Pt → Yb energy transfer is clearly thermodynami-
ally favourable since the only excited state of Yb(III), which
ust be the energy-acceptor, is 2F5/2 which lies at 10,200 cm−1
bove the ground state, much lower in energy than the 3MLCT
onor. For Nd(III) there are numerous possible energy-accepting
evels lying below 19,300 cm−1 down to the emissive 4F3/2
tate at 11,300 cm−1. On the basis of the spectroscopic overlap
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etween the emission from the energy-donor and the absorp-
ion of the energy-acceptor we would expect that Pt → Nd
nergy-transfer should be faster than Pt → Yb energy transfer
following the pattern observed by van Veggel and co-workers
n their [Ru(bipy)3]2+/Ln(III) dyads], because the numerous f–f
xcited states of Nd(III) should make it a more effective energy-
cceptor [18]. However the complete quenching of Pt-based
uminescence in both cases means that we can only say that
nergy-transfer is faster than the time resolution of the experi-
ental setup (≈1 ns) in each case. This puts the Pt → Yb energy

ransfer rate at least four orders of magnitude faster than the
Ru(bipy)3]2+ → Yb energy-transfer that was observed in van
eggel’s [Ru(bipy)3]2+/Yb(III) dyad [18], which is ascribable

o a combination of a much shorter metal–metal separation and
he presence of a conjugated ligand connecting the metal centres
n XXIV-Yb.

By using longer spacers between the d-block and f-block
omponents we could slow down the d → f energy-transfer to
ates where it could be determined accurately on the basis of
he reduction in lifetime of luminescence of the d-block energy-
onor. If the unquenched luminescence lifetime of the energy
onor is τu, and the lifetime in the presence of a lanthanide
nergy-acceptor is reduced to τq, then the energy-transfer rate
EnT is just given by

EnT = 1

τq
− 1

τu
(1)

This relies on being able to measure the ‘quenched’ life-
ime τq, i.e. the quenching must not be complete, which it was
ith XXFV-Yb. The advantage of this is that it allows us to

valuate energy-transfer rates for different d–f combinations
nd start to develop a quantitative understanding of the phe-
omenon. In practice the ‘unquenched’ lifetime τu is not the
uminescence lifetime of a d-block luminophore on its own, but
f a Gd(III) adduct. Gd(III) cannot act as an energy acceptor
n our d–f complexes because its lowest excited is too high in
nergy (>31,000 cm−1, in the UV region), but it provides a sim-
lar steric and electrostatic contribution to the dyad as do other

embers of the lanthanide(III) series. Thus for a given d–f sys-
em the lifetimes of the d-block luminescence are measured (i)
or the Gd(III) adduct (τu), and (ii) in the adduct with another

anthanide such as Yb(III) (τq). The rate of energy-transfer to
b(III) is then given by application of Eq. (1).
[Pt(bppz)(CC–C6H4CF3)2] (XXVI) was therefore used as an

nergy-donor; it luminesces at 600 nm in CH2Cl2 with τ = 250 ns

i
n
e
Y
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35]. In the adducts [(tta)3Ln(�-bppz)Pt(CC–C6H4CF3)2]
XXVI-Ln), which form on addition of [Ln(tta)3(H2O)2] with
n association constant of ca. 105 M−1, the Pt· · ·Ln separa-
ion is ≈7.2 Å, compared to ≈6.3 Å in the bipyrimidine-bridged
omplexes such as XXIV-Ln. When Ln = Gd the Pt(II)-based
uminescence lifetime is reduced to 77 ns (the value of τu for (Eq.
1)). In the corresponding Pt–Nd and Pt–Yb adducts however the
t-based emission lifetime was reduced to ca. 1 and 6 ns, respec-

ively, giving values of Pt → Nd and Pt → Yb energy-transfer
ates of ≈109 and 1.5 × 108 s−1, respectively. Clearly Nd(III)
s the more efficient energy-acceptor, in keeping with the pres-
nce of a large number of f–f excited states which are of an
ppropriate energy to quench the Pt(II)-based emission.

Complexes [Pt(bipy)(CC–4-pyridyl)] (XXVII) and [Pt
tBu2bipy)(CC–4-pyridyl)] (XXVIII) take this principle further
y having an even greater separation between the Pt(II) lumines-
ent centre and the pendant binding site (the 4-pyridyl groups),
hereby slowing down Pt → Ln energy-transfer to the extent
hat it could be measured for all members of the series [36].
n solution these show strong luminescence at 508 and 520 nm,
espectively, associated with Pt → bipy 3MLCT emission. Given
he proposed structure of the molecular square XVI it seemed
ossible that XXVII and XXVIII, which also have two pendant
-pyridyl groups at approximately 90◦ to one another, could
orm similar squares on reaction with Ln(diketonate)3(H2O)2
omplexes. In fact the crystal structures of several such adducts
evealed the structures of {XXVII·Ln(tta)3}∞ (XXVII-Ln) and
XXVIII·Ln(hfac)3}∞ (XXVIII-Ln) to be one-dimensional
oordination polymeric chains with zigzag structures based on
n alternating sequence of metal ions (Fig. 5), and Pt· · ·Ln sep-
rations now extended to ca. 9.9 Å.

A significant feature of all of these structures was the involve-
ent of all Pt(II) centres in short Pt· · ·Pt contacts (3.34 Å),

uch that the energy-donor chromophore is not an isolated
Pt(bipy)(CCR)2} chromophore with an MLCT excited state,
ut a {Pt(bipy)(CCR)2}2 dimer (Fig. 5b) with an ‘MMLCT’
metal–metal bond to ligand charge-transfer) excited state which
uminescences at 635 nm, a considerably lower energy than
he isolated mononuclear Pt(II) complexes (see Fig. 6). The
ffects of different lanthanides on the {Pt}2-based emission in
he isostructural series XXVII·Ln are also shown in Fig. 6;

t is obvious how both the intensity and lifetime of the lumi-
escence are decreased by energy-transfer, with {Pt}2 → Ln
nergy-transfer rate constants becoming faster in the order
b (2 × 106 s−1) < Pr ≈ Er (4 × 107 s−1) < Nd (≥108 s−1). Very
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Fig. 5. Crystal structure of {XXVII·Yb(tta)3}∞ showing (a) the altern

imilar behaviour was observed for the XXVIII·Ln series. It
s fairly obvious why Yb(III) should be the poorest energy-
cceptor and Nd(III) the best, and this pattern is seen in many
ases, as has been discussed earlier. Er(III) and Pr(III) clearly
ccupy an intermediate position. On the basis of availability
f f–f excited states having an appropriate energy, we might
xpect {Pt}2 → Er energy-transfer to be significantly faster
han {Pt}2 → Pr energy-transfer. However energy-transfer to the
F9/2 and 4I9/2 levels of Er(III) is forbidden by both Förster and
exter mechanisms. The former requires that |�J| = 2, 4 or 6 at
he lanthanide, and the latter requires that |�J| = 0 or 1 (with the
xception of J = J′ = 0 which is forbidden) [37]. Population of
he 4F9/2 and 4I9/2 levels of Er(III) would require �J = 3 com-

ig. 6. Solid-state emission spectra in the visible region of complex XXVII
nd its adducts with various {Ln(tta)3} groups (see Fig. 5 for crystal structure).
ote the relatively high energy luminescence from XXVII on its own in which

here are no Pt· · ·Pt interactions in the solid state; this is accordingly 3MLCT-
ased emission from a monomer. The {Ln(tta)3} adducts all have a short Pt· · ·Pt
ontact in the solid state (Fig. 5b) resulting from lower-energy luminescence
rom a {Pt2} 3MMLCT excited state. The degree of quenching of this depends
n the lanthanide ion; see main text.
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chain structures, and (b) the Pt· · ·Pt contacts between adjacent chains.

ared to the ground state, which is formally forbidden. Thus,
r(III) and Er(III) are actually in a quite similar situation regard-

ng their ability to be sensitised by energy-transfer, with one
ow-energy f–f state at ≈10,000 cm−1 and one higher-energy
tate [1D2 for Pr(III) at ≈17,500 cm−1, and 4S3/2 for Er(III) at
18,500 cm−1. In all cases, quenching of the Pt-based lumines-

ence following {Pt}2 → Ln energy-transfer is accompanied by
he usual sensitised NIR luminescence from the lanthanides at
heir characteristic wavelengths and with typical lifetimes [36].

The comparison of these with XXIX·{Ln(hfac)3}2 (XXIX-
n) is interesting. Complex XXIX contains essentially the same
Pt(bipy)(CCR)2} chromophore as XXVII and XXVIII, but
ith two pendant bidentate 1,10-phenanthrolinyl binding sites;

ccordingly it forms trinuclear adducts in which a {Ln(hfac)3}
ragment binds at each phenanthroline site [36]. In this case how-
ver there is no Pt· · ·Pt interaction in the solid state (or solution)
nd the 3MLCT luminescence of the isolated {Pt(bipy)(CCR)2}
hromophore is now at 526 nm (cf. 635 nm for the XXVII·Ln
nd XXVIII·Ln series due to the Pt· · ·Pt association, Fig. 6). As
consequence of this the order of Pt → Ln energy-transfer rate
onstants to lanthanides is altered. In the series of adducts with
d, Yb, Er and Nd the Pt(II)-based luminescence lifetimes were
35, 17, 7, and ≈1 ns, giving Pt → Ln energy-transfer rate con-
tants in the order Yb (6 × 107 s−1) < Nd (1.4 × 108 s−1) < Er
≈109 s−1). In this series we now see that Er(III) is a bet-
er energy-acceptor than Nd(III), resulting in a greater degree
f quenching of the excited state of the Pt(II) chromophore.
his may be explained with reference to Fig. 7. The higher
nergy of the Pt-based 3MLCT emission of XXIX means that it
ow overlaps effectively with the principal Er(III)-based absorp-

ion such that donor/acceptor spectroscopic overlap between
t(II) and Er(III) is much improved compared to the situation

n XXVII·Ln and XXVIII·Ln, where the {Pt}2-based lumi-
escence was lower in energy and overlapped more effectively
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Fig. 7. (a) Emission profiles from XXIX (3MLCT based, in solution; solid line)
and [XXVII·Gd(tta)3]∞ (3MMLCT based, solid state; dashed line); (b) absorp-
tion spectra of [Ln(hfac)3(phen)] in CH2Cl2 solution (Ln = Er, solid line; Nd,
dashed line). The correspondences between the emission maximum of XXIX
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actions to have a range of elaborate coordination networks in
which the Ru· · ·Ln separations are in the range 5.3–5.6 Å (see
Fig. 8 for one example) [39,40]. Preparation is trivially sim-
ple, just involving slow crystallization of K2[Ru(bipy)(CN)4]
nd absorption of Er(III), and the emission maximum of [1·Gd(tta)3]∞ and the
bsorption of Nd(III), are obvious.

ith Nd(III)-based f–f transitions. Thus Nd(III) is more effective
han Er(III) as an energy-acceptor in the series XXVII·Ln and
XVIII·Ln, whereas Er(III) is more effective than Nd(III) as

n energy-acceptor in the series XXIX·Ln [36]. Although this
bservation is a consequence of well-understood rules for pho-
oinduced energy-transfer, it is gratifying to see it demonstrated
o clearly in d–f dyads, and it will clearly be possible to use
his principle to optimize combinations of d-block energy-donor

ith f-block acceptor to achieve the most effective sensitization
f NIR luminescence.

ig. 8. Two-dimensional cyanide-bridged sheet structure of the coordination
etwork [{Ru(bipy)(CN)4}3{Nd(H2O)4}2]·11H2O. The O atoms of waters
oordinated to Nd are shown hollow; the N atoms are filled paler-coloured
pheres.
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.2. Cyanide-bridged d–f coordination networks

Luminescent cyanoruthenate complexes such as [Ru(bipy)-
CN)4]2− and its relatives with other diimine ligands are also
deal from both a structural and a photophysical point of view
o prepare d–f hybrid systems [38]. As with [Ru(bipy)3]2+ the
MLCT excited state is (in protic media) strong and long-
ived; and the anionic chromophore associates with metal
ations, including lanthanides, via bridging Ru–CN–Ln inter-
ig. 9. Two structures of ternary [Ru(phen)(CN)4]2−/Ln(III)/polypyridine lig-
nd networks in which an additional polypyridyl ligand (1,10-phenanthroline
r 2,2′:6′,2′′′-terpyridine) blocks some of the coordination sites of the Ln(III)
entre in an attempt to minimise non-radiative deactivation pathways associ-
ted with coordinated water and/or cyanide ligands. (a) {[Ru(phen)(CN)4]2-
Yb(phen)2(H2O)]K(H2O)14}2; (b) {[Ru(phen)(CN)4]3[Pr(terpy)(H2O)3]2·
2.5H2O}∞ (CN· · ·HOH hydrogen-bonds are indicated by solid lines between
and O atoms).
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ith Ln(III) salts from aqueous solution. The photophysi-
al properties of [Ru(bipy)(CN)4]2− and its relatives have
een reviewed recently in this journal and do not need to
e rehearsed again [38]. That review also contained a brief
ccount of the structural and photophysical characterization
f [Ru(bipy)(CN)4]2−/Ln3+ coordination networks [39] (cf.
ig. 8), of which the most significant feature for the purposes of

his article was the rates of Ru → Ln energy-transfer to differ-
nt lanthanides: these varied in the order Yb (3 × 106 s−1) < Er
107 s−1) < Pr (4 × 107 s−1) < Nd (2 × 108 s−1), with Ru → Yb
nergy-transfer being the slowest and Ru → Nd energy-transfer
eing the fastest, in agreement with the general pattern dis-
ussed above for many d–f systems in which the d-block
omponent has its luminescence in the 600–650 nm region.
n these cyanide-bridged networks the lifetimes of the sensi-
ized lanthanide-based NIR luminescence were much shorter
han in the {Ln(diketonate)3(NN)} luminophores discussed in
he previous section. For example the Yb-based emission is
educed from ≈10 �s to a few hundred nanoseconds, even if the
ater molecules in the Yb(III) coordination sphere and in the

attice were replaced by D2O ligands. Although efficient quench-
ng of NIR luminescence in lanthanides is usually associated
ith high-energy (C–H and O–H, at ≈3000 cm−1) oscillators

lose to the metal centre, in these networks we suggest that
he high degree of cross-linking via the cyanide ligands allows
he excited state energy of the Ln(III) centre to be dispersed as
attice phonons particularly effectively even via the relatively
ow-energy cyanide oscillators (≈2000 cm−1) [39].

Following these initial results we have recently investigated
wo new avenues for this work. Firstly, in order to make Ru/Ln
oordination networks in which the sensitized NIR lumines-
ence lifetime is longer, we have attempted to reduce the degree
f cyanide-based cross-linking by adding additional ligands
uch as 1,10-phenanthroline or 2,2′:6′,2′′′-terpyridine which
ill bind to the Ln(III) cations and hence reduce the number

f sites available for coordination of bridging cyanides.
wo examples of such structures are shown in Fig. 9 [41].
n {[Ru(phen)(CN)4]3[Pr(terpy)(H2O)3]2·12.5H2O}∞, charge
alance is provided by the 3:2 ratio of [Ru(phen)(CN)4]2− to
r3+ units in the asymmetric unit. The main feature of the struc-

ure is the presence of two crystallographically independent
adder-like one-dimensional chains oriented along the a-axis,

f which one is shown in Fig. 9. Each ladder consists of two
trands based on alternating Ru(II) and Pr(III) centres con-
ected by a cyanide bridge to give a quasi-linear chain; two
uch parallel chains are connected by additional cyanide cross-

T
d
a
d

Reviews 251 (2007) 1663–1677 1675

ieces (which form the ‘rungs’ of the ladder) which likewise
onnect Ru(II) and Pr(III) centres. Importantly the presence
f a terpyridyl ligand coordinated to each Pr(III) means that
here are now only three bridging cyanides (and three D2O
igands). In {[Ru(phen)(CN)4]2[Yb(phen)2(H2O)]K(H2O)14}2
he −4 charge of two independent [Ru(phen)(CN)4]2− dianions
s offset by one Yb(III) centre and one K+ ion; the structure con-
ists of discrete hexanuclear units based on a Ru2Yb2(�-CN)4
ing, with two additional [Ru(phen)(CN)4]2− units pendant from
he ring via cyanide bridges to each of the Yb(III) centres. The
b(III) centres are eight-coordinate from two coordinated phen

igands, three bridging cyanides, and one water ligand, so the
resence of the additional phen ligands has again reduced the
egree of cyanide-based cross linking. It is hoped that this will
esult in increased NIR emission lifetimes following excitation
f the [Ru(phen)(CN)4]2− chromophores; such studies are in
rogress.

Secondly, we have made more elaborate Ru/Ln networks
ased on dinuclear and trinuclear complexes [{Ru(CN)4}2(�-
pym)]4− (XXX; bpym = 2,2′-bipyrimidine) [42,43] and
{Ru(CN)4}3(�-HAT)]6− (XXXI; HAT = hexaaza-tripheny-
ene) [44]. From a structural point of view these are interesting
ecause they provide ‘nodes’ of much higher potential con-
ectivity (up to 12 connections) than can be achieved using
ononuclear cyanometallate complexes in which the highest

onnectivity is normally six, in Prussian-blue type cubic struc-
ures. From a photophysical point of view, XXX and XXXI
ave more intense MLCT absorptions at lower energy than
ononuclear species such as [Ru(bipy)(CN)4]2− and are there-

ore more effective light-harvesting groups which should allow
IR luminescence to be sensitised using a greater part of the
isible spectrum for sensitisation. For example, XXXI has its
LCT absorption maximum at 524 nm in aqueous solution,
ith an extinction coefficient of >30,000 M−1 cm−1; the tail of

he absorption band extends out to 700 nm, making it a strong
bsorber across most of the visible spectrum.

The structures of [XXX][Nd(NO3)(H2O)5]2·3H2O and
XXX][Yb(H2O)6]0.5[Yb(H2O)4](NO3)0.5·8H2O are shown in
ig. 10; the former has a one-dimensional ladder-like struc-

ures in which the bipyrimidine ligands from the cross-pieces,
hereas the latter is a three-dimensional network in which

wo-dimensional sheets of Ru2Yb2(�-CN)4 diamonds are con-
ected via cyanide bridges to Yb(III) ions between the layers.

he structure of Nd2[XXXI]·23H2O (Fig. 11) consists of two-
imensional sheets in which the six cyanides of each complex
nion XXXI that are in the same plane as the HAT ligand all coor-
inate to Nd(III) centres. Each Nd(III) is nine-coordinate, from
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ig. 10. Structures of (a) [XXX][Nd(NO3)(H2O)5]2·3H2O, and (b)
XXX][Yb(H2O)6]0.5[Yb(H2O)4](NO3)0.5·8H2O (with coordinated water
olecules not shown for clarity).

ve water and four cyanide ligands, with three of the cyanide lig-
nds coming from ‘in-plane’ XXXI units. These sheets are held
ogether by two additional bridging cyanide interactions from
wo of the six axial cyanides, which connect to Nd(III) centres
n the layers above and below. Each XXXI unit accordingly
ses eight of its twelve cyanide ligands in bridging interactions
o propagate the network.
The polynuclear complex anions XXX and XXXI are very
eakly or non-luminescent in both the solution and the solid

tate so we cannot use time-resolved measurements of their
esidual luminescence lifetimes to quantify Ru → Ln energy-

ig. 11. Structure of one of the two-dimensional layers in Nd2[XXXI]·23H2O.
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ransfer rates. However in the complexes of XXX with Nd(III)
nd Yb(III), and of XXXI with Nd(III), excitation into the
yanoruthenate absorption manifold afforded sensitised NIR
uminescence from the lanthanide(III) centres at their charac-
eristic wavelengths, although the NIR luminescence lifetimes
ere again relatively short due to the presumed effects of cyanide

ross-linking in facilitating non-radiative deactivation of the f–f
xcited states.

. Conclusions

This is a field which has really taken off in recent years; all of
he results from the author’s group, and nearly all of the results
rom other groups working in the area, date from the year 2000 or
fter. The ability of strongly absorbing d-block chromophores
o sensitise low-energy f–f states of NIR emitting lanthanides
as been well established and important criteria for optimising
nergy-transfer have been established. Major goals now include
i) using the tricks that have been developed for dramatically
xtending the NIR luminescence lifetime (see Section 1) in other
ituations, and (ii) making water-stable d–f systems which allow
ong wavelength excitation (700 nm or longer) to be used to
enerate long-lived NIR luminescence for biological imaging
pplications.

cknowledgements

I would like to thank the many talented members of my group
ho have carried out the work reviewed in Section 3 (Drs. Nail
havaleev, Graham Davies, Tanya Ronson, Ted Lazarides, Tom
iller, Jean-Manuel Herrera and Svetlana Baca); and my collab-

rators who have performed numerous invaluable measurements
nvolving photophysics (Drs. Nicola Armaroli, Simon Pope, and
rof. Steven Faulkner) and X-ray crystallography (Drs. John
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