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Abstract: A series of dinuclear platin-
um(��) ± lanthanide����� complexes has
been prepared in which a square-planar
PtII unit, either [(PPh3)2Pt(pdo)]
(H2pdo� 5,6-dihydroxyphenanthroline)
or [Cl2Pt(dppz)] [dppz� 2,3-bis(2-pyri-
dyl)pyrazine], is connected to a
{Ln(dik)3} unit (™dik∫� a 1,3-diketonate
ligand). The mononuclear complexes
[(PPh3)2Pt(pdo)] and [Cl2Pt(dppz)] both
have external, vacant N,N-donor di-
imine-type binding sites that react with
various [Ln(dik)3(H2O)2] units to give
complexes [(PPh3)2Pt(�-pdo)Ln(tta)3]
(series A ; Htta� thenoyltrifluoroace-

tone), [Cl2Pt(�-dppz)Ln(tta)3] (series
B); and [Cl2Pt(�-dppz)Ln(btfa)3] (series
C ; Hbtfa� benzoyltrifluoroacetone); in
all of these the lanthanide centres are
eight-coordinate. The lanthanides used
exhibit near-infrared luminescence (Nd,
Yb, Er). Crystal structures of members
of each series are described. In all
complexes, excitation into the Pt-cen-
tred absorption band (at 520 nm for

series A complexes; 440 nm for series
B and C complexes) results in character-
istic near-IR luminescence from the Nd,
Yb or Er centres in both the solid state
and in CH2Cl2, following energy-trans-
fer from the Pt antenna chromophore.
This work demonstrates how d-block-
derived chromophores, with their in-
tense and tunable electronic transitions,
can be used as sensitisers to achieve
near-infrared luminescence from lantha-
nides in suitably designed heterodinu-
clear complexes based on simple bridg-
ing ligands.
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Introduction

The intense, long-lived and line-like emission from the
lanthanide ions EuIII and TbIII has made their compounds of
intense interest for a wide range of applications such as
display devices, luminescent sensors and probes for clinical
use (e.g., fluoroimmunoassay).[1] In contrast, the longer-
wavelength luminescence from other lanthanides such as
YbIII, NdIII and ErIII, which occurs in the near-infrared (NIR)
region, has only relatively recently become of interest,[2±7] and
the development and exploitation of NIR luminescence in
lanthanide complexes lags a long way behind that of EuIII and
TbIII complexes.

Although NIR luminescence is weak compared to that from
EuIII and TbIII, it is of considerable technological significance
in two quite different fields. Firstly, it could be exploited for

medical-imaging purposes, because of the relative transpar-
ency of human tissue in the NIR region. The use of a NIR
luminophore would not only allow the radiation emitted from
an in vivo probe to be detected outside the body, but would
also allow more penetrating long-wavelength light to be used
for excitation. What makes the use of NIR-emitting lantha-
nides in this way particularly appealing is that many of the
major problems of ligand design, kinetic and thermodynamic
stability of complexes, and their biocompatibility and biodis-
tribution have already been solved during the development of
GdIII complexes as MRI contrast enhancement agents.[8]

The second important application of NIR luminescence
from lanthanides is in optical telecommunications systems
that are based on silica fibres. Silica has windows of trans-
parency at ca. 1330 and 1550 nm, which are the wavelengths
used for optical data transmission. Some attenuation still
occurs and is compensated for by amplifiers that boost the
signal; these amplifiers contain PrIII and ErIII, whose emission
wavelengths are, conveniently, at wavelengths that are close
to the transparency windows of silica.[9]

The very weak (Laporte forbidden) and narrow f ± f
transitions of lanthanides[10] means that direct excitation
requires intense (laser) sources at precise wavelengths. It is
far more common and convenient to stimulate luminescence
by exploiting energy-transfer from a ligand that contains
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suitable strongly absorbing aromatic chromophores such as
pyridyl or phenyl groups.[2±7] Whilst excitation of aromatic
ligands in the UV/blue region, which is necessary with EuIII

and TbIII, can certainly be used to stimulate NIR emission
from other lanthanides, it would be useful–for the reasons
given above–to be able to use longer wavelength (visible/
red) excitation. Therefore, complexes of ErIII, NdIII, and so
forth need to be designed that contain suitable chromophores
for excitation at these wavelengths.

One approach to this is to use as ligands suitably
functionalised organic dyes that have particularly low-energy
� ±�* transitions. By using chromophores such as fluorenone
dyes[5] or tetrazine[4] in the ligands, sensitised emission from
NIR-emitting lanthanides has been observed using excitation
wavelengths of 500 ± 550 nm. A potentially more versatile
approach, which is the subject of this paper, is to exploit
strongly absorbing transition-metal chromophores as antenna
groups to achieve sensitised NIR emission from lanthanides.
There are clear advantages to this approach. Transition-metal
complexes can have very strong charge-transfer absorptions,
at a range of wavelengths that span the visible region, with
extinction coefficients of the order of 104 ��1 cm�1. In many
series of complexes the relationship between ligand substitu-
ents and absorption spectrum is well understood, such that
™fine tuning∫ of the absorption maximum is straightforward.

To exploit the strong light-absorbing properties of d-block
complexes as antenna groups in this way in molecular species,
preparation of heterodinuclear complexes is required in
which the d-block antenna unit is connected to the f-block
NIR luminophore unit by a short bridging ligand that will
allow effective d� f energy transfer to occur. Examples of
this in molecular species are rare, because they are based on
highly asymmetric bridging ligands that have different binding
sites for the d-block and f-block centres; this complicates the
syntheses and means that the examples known are limited and
far from generally applicable to a wide range of antenna/
luminophore combinations. Thus various workers have used
metalloporphyrins as the antenna group to achieve sensitised
NIR emission from lanthanides;[11] van Veggel and co-workers
have used both ferrocenyl and [Ru(bpy)3]2� units as chromo-
phores in a similar way.[12] Piguet and co-workers observed
f� d EuIII�CrIII energy transfer, resulting in sensitised
emission from CrIII in a heterodinuclear EuIII/CrIII triple
helicate,[13a] and sensitisation of lanthanide emission with CrIII

as energy-donor occurs in oxalato-bridged dinuclear complex-
es.[13b] The field of heterodinuclear d/f block assemblies and
the properties that can arise from metal ±metal interactions
has recently been reviewed.[14]

We have recently developed a simple, stepwise method
which allows a wide range of d-block chromophores to be
attached to {Ln(dik)3} luminophores (™dik∫� a 1,3-diketonate
anion; Ln denotes a generic lanthanide ion) using the
™complexes as ligands∫ approach.[15, 16] By using potentially
bridging ligands, such as bipyrimidine, a kinetically inert
d-block metal chromophore can be attached to one site,
leaving the second N,N-donor site free. Attachment of a
{Ln(dik)3} unit to the vacant N,N-donor site of the d-block
™complex ligand∫ is facile and just requires reaction of the
complex ligand with the appropriate [Ln(dik)3(H2O)2] in a

non-polar solvent. The resulting adducts have high enough
stability constants to remain largely associated in non-polar
solvents, allowing d� f energy transfer to occur, resulting in
sensitised luminescence from the lanthanide.[16] In this paper
we describe how this method can be used to prepare a series of
dinuclear Pt ± lanthanide complexes, in which a {Pt(PPh3)2(ca-
techolate)} or {PtCl2(diimine)} unit (as chromophore) is
connected to a {Ln(dik)3} NIR-emitting luminophore. The
crystal structures of several dinuclear complexes of this type
have been determined, and we show how excitation of the Pt-
based chromophore using visible light results in sensitised
NIR emission from the lanthanide unit in each case. A
preliminary communication based on part of this work has
been published recently.[16]

Results and Discussion

Synthesis and characterisation of complexes : The two d-block
™complex ligands∫ used are [(PPh3)2Pt(pdo)], in which a
{Pt(PPh3)2}2� unit is coordinated to the diolate site of 5,6-
dihydroxyphenanthroline (H2pdo) and the phenanthroline
site is free,[17] and [Cl2Pt(dppz)], in which one of the binding
sites of a 2,3-di(2-pyridyl)pyrazine-bridging ligand is occupied
by a {PtCl2} fragment and the other site is vacant;[18] these are
known compounds.[17, 18] Reaction of these with a variety of

[Ln(dik)3(H2O)2] species in CH2Cl2/heptane or benzene/
heptane afforded the dinuclear adducts by displacement of
two water ligands from the coordination sphere of the
lanthanide by the vacant N,N-donor site of the complex
ligand. This synthesis is based on the well-known formation of
eight-coordinate adducts between {Ln(dik)3} units and N,N-
bidentate chelates such as 2,2�-bipyridine (bpy) or 1,10-
phenanthroline (phen).[19] We note that use of
[(PPh3)2Pt(pdo)] as a ™bipyridine equivalent∫ in this way for
the formation of heterodinuclear (d ± d) complexes has been
described by others.[20]

The complexes prepared fall into three series: series A :
[(PPh3)2Pt(�-pdo)Ln(tta)3] (Htta� thenoyltrifluoroacetone),
series B : [Cl2Pt(�-dppz)Ln(tta)3], and series C : [Cl2Pt(�-
dppz)Ln(btfa)3] (Hbtfa� benzoyltrifluoroacetone). For sim-
plicity, the complexes will be referred to by the series label
and the lanthanide, for example, [Cl2Pt(�-dppz)Yb(tta)3] will
be referred to as Yb(B) and so on. All complexes are air- and
moisture-stable crystalline solids and were satisfactorily
characterised on the basis of elemental analyses and some
X-ray crystal structures. Whereas the series A and C
complexes are highly soluble in CH2Cl2, the series B
complexes were much less soluble; this prevented full photo-
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physical characterisation in solution (see later). The crystal
structures of representative complexes of each series are
shown in Figures 1 ± 3 below; isostructural analogues for the
series A complexes are not shown, but their details are
included in the crystallographic tables.

The complexes Yb(A), Er(A), La(A) and Gd(A) are
isostructural; the structure of Er(A) is shown in Figure 1 [the
structure of Gd(A) was described in the earlier communica-
tion[16] and is not reproduced here]. The PtII centre is square

Figure 1. Molecular structure of [(PPh3)2Pt(�-pdo)Er(tta)3] ¥ 0.5C6H6 (sol-
vent and F atoms omitted for clarity). The disorder between S(16) and
C(19) is not shown.

planar; the eight-coordinate ErIII centre has an approximate
square-antiprismatic geometry, with the two square planes
consisting of atoms N(41)/N(51)/O(31)/O(34) and O(11)/
O(21)/O(14)/O(24) Bond lengths and angles around individ-
ual metal centres are unremarkable. The Pt ¥ ¥ ¥Er distance is
8.38 ä. Selected bond lengths and angles for the series A
complexes are collected in Table 1; the bond lengths around
the various lanthanides follow the pattern expected on the
basis of the lanthanide contraction. The bulky PPh3 ligands

preclude any axial Pt ¥ ¥ ¥Pt interactions between adjacent
molecules.

The structure of Nd(B) is shown in Figure 2. Again, the PtII

centre has the usual square-planar geometry, and the NdIII

centre is approximately square antiprismatic with the two sets

Figure 2. Molecular structure of [Cl2Pt(�-dppz)Nd(tta)3] ¥ CH2Cl2 (solvent
and F atoms omitted for clarity) including the disorder of one of the
thiophene rings.
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Table 1. Selected bond lengths [ä] and angles [�] for the series A
complexes.

[(PPh3)2Pt(�-pdo)Er(tta)3] ¥ 0.5C6H6 [Er(A) ¥ 0.5C6H6]

Er(1)�O(11) 2.287(7) Er(1)�N(41) 2.499(7)
Er(1)�O(31) 2.300(7) Er(1)�N(51) 2.522(8)
Er(1)�O(21) 2.304(6) Pt(1)�O(57) 2.021(6)
Er(1)�O(14) 2.320(7) Pt(1)�O(47) 2.040(6)
Er(1)�O(34) 2.322(8) Pt(1)�P(6) 2.238(2)
Er(1)�O(24) 2.326(6) Pt(1)�P(7) 2.241(2)
Er(1) ¥ ¥ ¥Pt(1) 8.381(1)

O(57)-Pt(1)-O(47) 82.9(2) O(57)-Pt(1)-P(7) 167.99(18)
O(57)-Pt(1)-P(6) 92.63(17) O(47)-Pt(1)-P(7) 86.14(16)
O(47)-Pt(1)-P(6) 174.36(18) P(6)-Pt(1)-P(7) 98.57(8)

[(PPh3)2Pt(�-pdo)La(tta)3] [La(A)]

La(1)�O(31) 2.440(9) La(1)�N(41) 2.661(11)
La(1)�O(21) 2.455(9) La(1)�N(51) 2.669(9)
La(1)�O(34) 2.479(9) Pt(1)�O(57) 2.016(8)
La(1)�O(11) 2.479(9) Pt(1)�O(47) 2.041(7)
La(1)�O(14) 2.487(10) Pt(1)�P(6) 2.227(3)
La(1)�O(24) 2.497(8) Pt(1)�P(7) 2.238(3)
La(1) ¥ ¥ ¥Pt(1) 8.543(2)

O(57)-Pt(1)-O(47) 82.0(3) O(57)-Pt(1)-P(7) 86.2(2)
O(57)-Pt(1)-P(6) 174.4(2) O(47)-Pt(1)-P(7) 167.0(2)
O(47)-Pt(1)-P(6) 93.3(2) P(6)-Pt(1)-P(7) 98.76(12)

[(PPh3)2Pt(�-pdo)Yb(tta)3] [Yb(A)]

Yb(1)-O(24) 2.268(11) Yb(1)-N(51) 2.480(10)
Yb(1)-O(31) 2.273(10) Yb(1)-N(41) 2.487(13)
Yb(1)-O(21) 2.304(11) Pt(1)-O(47) 2.002(10)
Yb(1)-O(34) 2.310(10) Pt(1)-O(57) 2.037(9)
Yb(1)-O(11) 2.313(11) Pt(1)-P(6) 2.230(4)
Yb(1)-O(14) 2.326(11) Pt(1)-P(7) 2.231(4)
Yb(1) ¥ ¥ ¥Pt(1) 8.345(2)

O(47)-Pt(1)-O(57) 83.3(3) O(47)-Pt(1)-P(6) 92.4(3)
O(57)-Pt(1)-P(6) 174.0(3) O(57)-Pt(1)-P(7) 85.7(3)
P(6)-Pt(1)-P(7) 98.97(14) O(47)-Pt(1)-P(7) 167.0(3)
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of four donors defining the planes being O(42)/(O44)/N(11)/
N(21) and O(52)/O(54)/O(62)/O(64). The dppz bridging
ligand has a rather distorted geometry, which is necessary to
allow the two pyridyl rings to avoid another; the angles
between the pyridyl rings and the central pyrazine ring are
39.3 and 14.7� for the pyridyl rings containing N(11) and
N(31), respectively. The mean planes of the two pyridyl rings
are at 49.9� to one another. The non-bonded Nd ¥ ¥ ¥Pt
separation is 7.26 ä. Selected bond lengths and angles for
this complex are in Table 2.

An interesting feature of this complex, which complicated
the refinement, is the twofold disorder in the position of the
thiophene ring that incorporates S(69) (see Figure 2). This
ring lies stacked parallel to the planar PtCl2(diimine) unit,
with an average separation between the thiophene ring and
the PtCl2N2 plane of about 3.5 ä, but has one of two different
orientations with the S atom directed ™inwards∫ or ™out-
wards∫ with approximately equal likelihood. When this
thiophene S atom is externally directed, it interacts with a
fluorine atom from the CF3 unit of an adjacent molecule
(S(61) ¥ ¥ ¥F(61�), 2.70 ä). This distance is necessarily very
approximate not only because of the disorder not only in the
thiophene ring, but also due to the rotational disorder in the
CF3 groups; however, the fact that this contact is shorter than
the sum of the van der Waals radii indicates an F ¥ ¥ ¥S donor ±
acceptor interaction. In addition, the absence of steric
crowding around the open face of the planar PtCl2(diimine)
unit ± -in contrast to the series A complexes–means that
these planar units stack together, using the face that is not
stacked with a thiophene unit, giving axial Pt ¥ ¥ ¥Pt contacts
between adjacent molecules with a separation of 3.41 ä. This
solid-state Pt ¥ ¥ ¥Pt interaction may account for the poor
solubility of the series B complexes. The crystal structures of

several other members of this series were determined, but the
weakness of the data arising from disorder means that they
are of poor quality and their details are not included in this
paper; we just note that all of the investigated members of this
series are isostructural with Nd(B).

The structure of Nd(C) is shown in Figure 3; again the
complex contains essentially a square-planar PtII centre and
square-antiprismatic NdIII centres, with the two sets of four

Figure 3. Molecular structure of [Cl2Pt(�-dppz)Nd(btfa)3]. F atoms
omitted for clarity.

donors defining the crude square planes around Nd(1) being
O(51)/O(53)/O(61)/O(63) and N(11)/N(21)/O(41)/O(43).
The dppz bridging ligand has a similar twisted geometry to
that seen in Nd(B), with the mean planes of the pyridyl rings
containing N(11) and N(31) making angles of 38.8 and 17.0�,
respectively, with the mean plane of the pyrazine ring; the two
pyridyl mean planes are at 53.3� to one another. The planar
PtCl2N2 units of two adjacent molecules are stacked together
across an inversion centre; these mean planes are therefore
strictly parallel, with a separation of 3.34 ä and a Pt ¥ ¥ ¥Pt
distance of 3.42 ä. The Pt(1) ¥ ¥ ¥Nd(1) separation within the
complex molecule is 7.26 ä.

UV-visible spectra and stability constants in solution : For
eight-coordinate complexes of the type [Ln(dik)3(NN)], there
is a reversible equilibrium in solution involving association/
dissociation of the NN-donor ligand.[4, 19c] When NN� 2,2�-
bipyridine or 1,10-phenanthroline the association constant for
Equation (1) is of the order of 107 ��1 in hydrocarbon
solvents[19c] and slightly less in more polar solvents such as
CH2Cl2.

[Ln(dik)3(H2O)2]�NN � [Ln(dik)3(NN)]� 2H2O (1)

The association constant for this process was measured by a
UV-visible spectroscopic titration for a member of each of the
three series of complexes; this was achieved by adding
increasing amounts of [Ln(dik)3(H2O)2] to a solution of the
d-block complex ligand [(PPh3)2Pt(pdo)] or [Cl2Pt(dppz)] in
CH2Cl2 and monitoring the absorption spectral changes.
Representative results are shown in Figure 4.

The absorption spectra of mononuclear [(PPh3)2Pt(pdo)]
and the {Gd(tta)3} adduct Gd(A) are shown in Figure 4a.
[(PPh3)2Pt(pdo)], which is orange-brown, has its lowest-
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Table 2. Selected bond lengths [ä] and angles [�] for the series B and C
complexes.

[Cl2Pt(�-dppz)Nd(tta)3] ¥ CH2Cl2 [Nd(B) ¥ CH2Cl2]

Nd(1)�O(52) 2.368(9) Nd(1)�N(11) 2.623(9)
Nd(1)�O(54) 2.371(7) Nd(1)�N(21) 2.728(8)
Nd(1)�O(42) 2.377(8) Pt(1)�N(24) 2.003(8)
Nd(1)�O(62) 2.401(8) Pt(1)�N(31) 2.012(8)
Nd(1)�O(44) 2.410(9) Pt(1)�Cl(12) 2.290(2)
Nd(1)�O(64) 2.463(12) Pt(1)�Cl(11) 2.294(2)
Nd(1) ¥ ¥ ¥Pt(1) 7.220(1)

N(31)-Pt(1)-Cl(12) 174.9(2) N(24)-Pt(1)-Cl(11) 175.8(2)
N(24)-Pt(1)-N(31) 79.8(3) N(31)-Pt(1)-Cl(11) 96.0(2)
N(24)-Pt(1)-Cl(12) 95.2(2) Cl(12)-Pt(1)-Cl(11) 89.06(9)

[Cl2Pt(�-dppz)Nd(btfa)3] [Nd(C)]

Nd(1)�O(61) 2.354(9) Nd(1)�N(11) 2.655(9)
Nd(1)�O(41) 2.360(8) Nd(1)�N(21) 2.700(9)
Nd(1)�O(63) 2.371(7) Pt(1)�N(24) 1.973(10)
Nd(1)�O(51) 2.385(9) Pt(1)�N(31) 2.009(9)
Nd(1)�O(53) 2.411(10) Pt(1)�Cl(12) 2.295(3)
Nd(1)�O(43) 2.429(8) Pt(1)�Cl(11) 2.301(3)
Nd(1) ¥ ¥ ¥Pt(1) 7.257(2)

N(24)-Pt(1)-N(31) 79.5(4) N(24)-Pt(1)-Cl(11) 175.9(3)
N(24)-Pt(1)-Cl(12) 95.5(3) N(31)-Pt(1)-Cl(11) 96.4(3)
N(31)-Pt(1)-Cl(12) 175.0(3) Cl(12)-Pt(1)-Cl(11) 88.59(11)
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Figure 4. a) Electronic spectra of [(PPh3)2Pt(pdo)] (dashed line) and
Gd(A) (solid line), including (inset) the results of a spectrophotometric
titration in which [Gd(tta)3(H2O)2] was added to a 7.4� 10�5� solution of
[(PPh3)2Pt(pdo)] in CH2Cl2; b) Electronic spectra of [Cl2Pt(dppz)] (dashed
line) and Gd(C) (solid line), including (inset) the results of a spectropho-
tometric titration in which [Gd(btfa)3(H2O)2] is added to a 4.64� 10�5�
solution of [Cl2Pt(dppz)] in CH2Cl2.

energy absorption maximum at 460 nm (�� 1400 ��1 cm�1).[17]

In the dinuclear series A complexes this is red-shifted to
485 nm (�� 1200 ��1 cm�1) and also develops a low-energy
tail, which does not decay until about 650 nm; this results in
the colour becoming a much deeper brown. Absorptions in
the 400 ± 500 nm region are characteristic of [(PPh3)2Pt(OO)]
complexes (in which ™OO∫ denotes a dianionic o-catecholate-
type donor).[21] Although these spectra have not been
analysed in detail, the transitions have been assigned as a
combination of catecholate� phosphine LLCT (ligand ± li-
gand charge transfer) and catecholate�Pt LMCT (ligand ±
metal charge transfer);[22] some Pt-centred d ± d character is
also possible. The structural integrity of the series A com-
plexes in CH2Cl2 was confirmed by a UV-visible spectroscopic
titration, in which portions of [Gd(tta)3(H2O)2] were added to
a 7.4� 10�5� solution of [(PPh3)2Pt(pdo)]. A graph of
absorbance at 550 nm versus the amount of added [Gd(tta)3-
(H2O)2] (Figure 4a) was linear until one equivalent was
added, with no further change thereafter; this implies that
the association between the [(PPh3)2Pt(pdo)] and {Gd(tta)3}
units is at the strong limit at this concentration, that is, K�
1.4� 104��1. In practice association constants of up to about
106��1 can be measured this way as a reasonable degree of
curvature in the titration plot occurs, so the association
constant for formation of Gd(A) will be greater than this, in
agreement with the known association constants of ligands
such as bpy and phen.[19c]

The absorption spectrum of mononuclear [Cl2Pt(dppz)] in
CH2Cl2 has a maximum at 418 nm (�� 4000��1 cm�1), which
has been assigned as a d�(Pt)��*(dppz) MLCT transi-
tion.[18] On addition of portions of [Gd(btfa)3(H2O)2], that is,
to generate Gd(C), this transition becomes red-shifted slightly
to 424 nm and is also broadened, with a substantially
increased absorbance between 430 nm and 500 nm relative
to that of mononuclear [Cl2Pt(dppz)] (Figure 4b). The red-
shift may be ascribed to the lowering in energy of the dppz �*-
level on coordination of the electropositive lanthanide frag-
ment to the second binding site. By using a 4.64� 10�5�
solution of [Cl2Pt(dppz)] in CH2Cl2, a graph of absorbance
at 450 nm versus the amount of added [Gd(btfa)3(H2O)2]
gives a smooth curve that fits well to a 1:1 binding isotherm
yielding K� 1.7� 104��1 (see inset to Figure 4b). This asso-
ciation constant is lower than that obtained by using bpy or
phen and may be ascribed to the relatively low basicity of the
pyrazine unit relative to pyridine; however, is still high
enough to ensure that the complexes remain largely associ-
ated at the concentrations used for photophysical studies (see
later). The poor solubility of the series B complexes precluded
a titration of this sort, as the adduct precipitated during the
procedure; however, since the only difference is the substitu-
ent on the terminal diketonate ligand (thienyl in place of
phenyl), it is reasonable to assume that the association
constants for the series B complexes are comparable to those
for the C series.

Photophysical studies : The luminescence spectra and emis-
sion lifetimes were measured for the Yb, Nd and Er
complexes of each series, both in the solid state and in
CH2Cl2, by using excitation wavelengths of 520 nm for the
series A complexes, and 440 nm for the series B and C
complexes (Figure 5). Importantly, the {Ln(tta)3} and
{Ln(btfa)3} units do not have strong absorptions at wave-
lengths longer than 400 nm, only very the weak f ± f tran-
sitions, so use of an excitation wavelength longer than this will
result in essentially selective excitation of the Pt-based
chromophore. The poor solubility of the series B complexes
in CH2Cl2 meant that a solution lifetime could only be
determined for the Yb complex, which is the most strongly
emitting of the three; however, solid-state emission lifetimes
were determined for all complexes. The results are summar-
ised in Table 3; representative emission spectral profiles and
time-resolved decays are shown in Figure 5.

Excitation of the series A complexes at 520 nm, into the
absorption band of the Pt-based chromophore, produced in
every case the NIR emission characteristic of these lanthanide
ions, with lifetimes on the microsecond timescale comparable
to those of other NIR-emitting complexes for which excita-
tion through a directly coordinated ligand is used.[2±7] This
clearly confirms that the Pt chromophore can act as a
sensitiser of lanthanide luminescence in the same way as do
directly coordinated ligands, following energy transfer from
the Pt-centred chromophore to the emissive excited state of
the lanthanide ion. The luminescence lifetimes are similar in
both the solid state and in solution, confirming the integrity of
these complexes in solution (in agreement with the high
association constant determined from spectroscopic titrations).
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Figure 5. Top: Emission spectral profiles of Er(A), Yb(A) and Nd(A) (the
transitions are 4I13/2� 4I15/2 for ErIII ; 2F5/2� 2F7/2 for YbIII ; and 4F3/2� 4I9/2

and 4F3/2� 4I11/2 for the high- and low-energy NdIII emission lines
respectively). Bottom: Time-resolved decay of solid Nd(A) measured at
1055 nm using excitation at 440 nm. The dashed line shows the detector
response, while the solid line shows the observed signal and the fit obtained
by reconvolution of the detector response with a single exponential decay
component (�� 0.95 �s). These lines superimpose almost exactly; the
residual is shown as alternating dots and dashes, and is offset for clarity.

The series B and C complexes differ only in the substituents
on the terminal diketonate ligands, as described above.
Excitation into the MLCT transition of the PtII ± diimine unit
at 440 nm likewise resulted in sensitised NIR emission from
the lanthanides at their characteristic wavelengths, implying

that d� f energy transfer has occurred. The luminescence
lifetimes of the series B and C complexes are similar to one
another and also comparable to those of the corresponding
series A complexes ; this is reasonable given the similarity of
the lanthanide luminophore in each case and the relative
insensitivity of f-orbitals to the environment provided by the
ligands.

In every case the emission lifetimes are considerably longer
than those of the parent [Ln(dik)3(H2O)2] complexes deter-
mined by excitation at 337 nm (included in Table 3 for
comparison), because of the replacement of two water
ligands–containing four potentially quenching O�H oscilla-
tors–by the N,N-bidentate site of the bridging ligand, in
which most of the CH oscillators (which can also act as
quenchers, especially for NdIII)[3a, 6i] are more remote from the
metal centre. The quantum yield values in Table 3 are
estimated from Equation (2), in which �obs is the observed
emission lifetime and �0 is the radiative or ™natural∫ lifetime,
namely, 14, 2 and 0.25 ms for ErIII, YbIII and NdIII, respecti-
vely;[2a, 3a] these values, therefore, refer only to the quantum
yield of the lanthanide-based emission process and take no
account of factors such as intersystem crossing and energy-
transfer processes.

�Ln� �obs/�0 (2)

The rise-time for the luminescence is in every case within
the envelope of the laser pulse (� 5 ns), indicating that energy
transfer from the Pt-centred excited state is fast, with a rate of
�2� 108 s�1 (see example in Figure 5).

Comments on the energy-transfer process : Energy transfer to
lanthanide centres is generally considered to occur from the
lowest triplet excited state of the sensitiser,[23] implying a
Dexter (double electron exchange) mechanism.[24] This re-
quires orbital overlap between donor and acceptor compo-
nents,[24] which is not a problem when the donor is a directly
coordinated ligand chromophore; however, as soon as there is
a saturated linker separating the two components, energy
transfer becomes slow and may not compete efficiently with
the intrinsic deactivation of the donor chromophore.[12] For
this reason a short, conjugated connector between antenna
(here, the d-block component) and the lanthanide emitter is
desirable, as in the complexes described in this paper. In some
cases, however, there is good evidence to show that energy
transfer can occur by the Fˆrster (dipole ± dipole) pro-
cess,[14, 25] which occurs through-space. In either case, the
energy transfer is facilitated by a good matching of donor and
acceptor energy levels, subject to the restrictions that 1) the
gradient for forward energy transfer is sufficient to prevent
back-transfer of energy,[23d] and 2) the relevant selection rules
are obeyed; these are ��J �� 0, 1 for Dexter energy transfer
(with the special case of J� J�� 0 being excluded) and ��J ��
2, 4, 6 for Fˆrster energy transfer.[23b]

In the complexes described in this paper the energy of the
donor state on the PtII centres is not known, as neither
[(PPh3)2Pt(pdo)] nor [Cl2Pt(dppz)] gives rise to luminescence
(the solid-state luminescence of [Cl2Pt(dppz)] is ascribed to a
metal ±metal interaction that disappears in solution).[18]
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Table 3. Luminescence data for the complexes.

� [�s] �Ln
[a]

CH2Cl2 solid

Nd(A)[b] 0.99 0.95 4� 10�3

Yb(A)[b] 10.6 11.0 5.3� 10�3

Er(A)[b] 2.52 1.56 1.8� 10�4

Nd(B)[c] weak 0.94 ±
Yb(B)[c] 7.30 11.5 3.7� 10�3

Er(B)[c] weak 1.59 ±
Nd(C)[c] 0.82 1.02 3.3� 10�3

Yb(C)[c] 9.50 11.0 4.8� 10�3

Er(C)[c] 1.50 1.41 1.1� 10�4

[Nd(btfa)3(H2O)2][d] 0.15 0.068 6� 10�4

[Yb(btfa)3(H2O)2][d] 0.75 0.40 3.8� 10�4

[Er(btfa)3(H2O)2][d] 0.29 0.14 2.1� 10�5

[a] Quantum yield for metal-based emission process in CH2Cl2 determined
from �Ln� �obs/�0 (see main text). Emission lifetimes were measured at the
following wavelengths: Nd complexes: 1055 nm; Yb complexes: 980 nm;
Er complexes: 1530 nm. Data for the [Ln(tta)3(H2O)2] complexes may be
found in reference [4]. [b] Excitation at 520 nm. [c] Excitation at 440 nm.
[d] Excitation at 337 nm.
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However, based on the typical Stokes shifts for other
luminescent PtII complexes (anything from 2000 ±
10000 cm�1, depending on the nature of excited state in-
volved)[18, 26] it is likely that the triplet excited state energies of
the [(PPh3)2Pt(pdo)] or [Cl2Pt(dppz)] chromophores in our
complexes are at the middle-to-low energy region of the
visible spectrum, based on the positions of their absorption
maxima.

NdIII has numerous electronically excited states that would
be energetically appropriate for sensitisation by the PtII

chromophores, excitation to which is allowed by one or other
of the selection rules (e.g., 4F5/2, 2H9/2 , 4F7/2 and 4F9/2 lie
between ca. 13000 and 15000 cm�1 and have �J� 2, 0, 1 and 0,
respectively, from the 4I9/2 ground state). For ErIII the 4I11/2, 4I9/2

and 4F9/2 levels (lying between 10000 and 16000 cm�1) would
be energetically appropriate, although population of only the
first of these is allowed by the Fˆrster mechanism (�J� 2 with
respect to the 4I15/2 ground state). Dexter energy transfer is
allowed only to the low-lying 4I13/2 level (�J� 1 from the
ground state) at 6500 cm�1, for which the energy-transfer rate
would be very slow, because of the large gap between donor
and acceptor energy levels. However, Reinhard and G¸del
pointed out that energy transfer can involve vibrational as
well as electronic excitation of the acceptor chromophore
(™phonon-assisted energy-transfer∫);[27] this is quite reason-
able when one considers that coordinated water effectively
quenches luminescence from TbIII and EuIII by energy transfer
to a highly vibrationally excited state of the O�H oscillators.
Accordingly, triplet-mediated energy transfer could occur
even when there is no direct overlap between the donor and
acceptor levels, provided the acceptor chromophore has
vibrational modes available that can also be excited; this is
likely when organic ligands are present (as here).

YbIII is a more unusual case as it has only a single excited
state, 2F5/2, which is 10200 cm�1 above the ground state. Direct
sensitisation of this excited state (necessarily by the Dexter
mechanism, since �J� 1 with respect to the 2F7/2 ground state)
would require the energy-donor state of the PtII chromophore
to have a low-energy tail that has significant intensity in the
near-IR region to provide the necessary spectral overlap;
alternatively, the phonon-assisted energy-transfer mechanism
mentioned above could be invoked.

Conclusion

In conclusion, the rapid and facile formation of adducts
between {Ln(dik)3} units and diimine ligands provides a basis
for the straightforward preparation of a wide range of
heterodinuclear complexes, in which strongly absorbing
d-block ™complex ligands∫ with a vacant peripheral binding
site are attached to {Ln(dik)3} units. In principle a very wide
variety of d-block chromophore/lanthanide emitter dyads is
possible based on simple bridging ligands of the type
illustrated in this paper, such that the excitation wavelength
used to stimulate the luminescence can be tuned throughout
the visible region by choice of the appropriate d-block
component.

Experimental Section

Materials and methods : The following reagents were prepared according to
the literature methods: [(PPh3)2Pt(pdo)],[17] [Cl2Pt(dppz)],[18] [Ln(btfa)3-
(H2O)2][28] and [Ln(tta)3(H2O)2].[28] UV/Vis spectroscopic titrations were
carried out as described previously,[4] by using software provided by Prof. C.
Hunter of the University of Sheffield to determine association constants
where appropriate.[29] Photophysical studies (steady-state and time-re-
solved luminescence on solution and solid-state samples) were carried out
by using instrumentation and methods described previously.[4] All time-
resolved luminescence decay measurements could be satisfactorily fitted to
a single-exponential decay.

Syntheses of series A complexes: A mixture of [(PPh3)2Pt(pdo)] (34 mg,
37 �mol) and the appropriate [Ln(tta)3(H2O)2] (37 �mol) in benzene/
heptane (4:1, v/v; 15 cm3) was allowed to slowly evaporate over several
days. Dark brown-red crystals formed, which were filtered off, washed with
hexane and dried to give the Ln(A) complexes in 70 ± 85% yield. The
complexes are stable to air and moisture. Satisfactory analytical data were
obtained (see Table 4). UV/Vis data for La(A): �max (10�3�)� 486 (1.2), 341
(66), 315 (53), 276 nm (68��1 cm�1).

Syntheses of series B complexes : In a similar manner to the series A
complexes (above), the series B complexes were prepared by slow (several
days) evaporation of a mixed CH2Cl2/hexane solution (7:1 v/v, 15 cm3)
containing [Cl2Pt(dppz)] and [Ln(tta)3(H2O)2] in a 1:1 molar ratio, typically
50 �mol of each. Bright red crystals of the dinuclear complexes Ln(B)
formed; these were collected by filtration, washed with a small amount of
CH2Cl2 and then a large volume of hexane before drying. Unlike the
series A and series C complexes, these series B complexes are only
sparingly soluble in CH2Cl2. The complexes are stable to air and moisture.
Satisfactory analytical data were obtained (see Table 4). UV/Vis data for
Gd(B): �max (10�3�)� 424 (3.5), 341 (60), 277 nm (35��1 cm�1).

Syntheses of series C complexes: A mixture of [Cl2Pt(dppz)] and
[Ln(btfa)3(H2O)2] in a 1:1 molar ratio, typically 50 �mol of each, was
dissolved in CH2Cl2 to give a clear red solution, which was stirred for 1 h.
Reduction in volume on a rotary evaporator resulted in precipitation of the
orange/red Ln(C) complex, which was filtered off, washed with hexane and
dried. The complexes are stable to air and moisture. Satisfactory analytical
data were obtained (see Table 4). UV/Vis data for Nd(C): �max (10�3�)�
424 (3.5), 324 (54), 270 nm (36��1 cm�1).

X-ray crystallography : For each complex a suitable crystal was coated with
hydrocarbon oil and attached to the tip of a glass fibre, which was then
transferred to a Bruker-AXS SMART (at 173 K) or APEX (at 100 K)
diffractometer. Details of the crystal parameters, data collection and
refinement for each of the structures are collected in Table 5. After data
collection, in each case an empirical absorption correction (SADABS) was
applied,[30] and the structures were then solved by conventional direct
methods and refined on all F 2 data using the SHELX suite of programs.[31]

In all cases, non-hydrogen atoms were refined with anisotropic thermal
parameters; hydrogen atoms were included in calculated positions and
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Table 4. Yield and analytical data for the new complexes

Yield [%] Elemental analysis[a]

%C %H %N

La(A) 84 49.8 (49.9) 2.6 (2.8) 1.7 (1.6)
Nd(A) 80 49.9 (49.9) 2.7 (2.8) 1.8 (1.6)
Gd(A) 75 49.3 (49.4) 2.6 (2.8) 1.6 (1.6)
Er(A) 73 49.5 (49.1) 2.6 (2.8) 1.7 (1.6)
Yb(A) 72 49.3 (49.0) 2.5 (2.7) 1.7 (1.6)
Nd(B) 69 34.2 (34.8) 1.5 (1.7) 4.1 (4.3)
Gd(B) 67 34.7 (34.6) 1.7 (1.7) 4.2 (4.2)
Er(B) 78 34.3 (34.3) 1.7 (1.7) 4.3 (4.2)
Yb(B) 83 34.1 (34.1) 1.3 (1.7) 3.9 (4.2)
Nd(C) 70 41.5 (41.0) 2.4 (2.2) 4.4 (4.3)
Er(C) 72 40.8 (40.3) 2.1 (2.1) 4.3 (4.3)
Yb(C) 61 40.6 (40.1) 2.2 (2.1) 4.3 (4.3)

[a] Calculated values in parentheses.
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refined with isotropic thermal parameters which were about 1.2� (aro-
matic CH) or 1.5� (Me) the equivalent isotropic thermal parameters of
their parent carbon atoms.

All of the structural determinations were complicated by varying degrees
of disorder in lattice solvent molecules, the orientations of the thiophene
rings (for the series A and B structures) and orientations of the CF3 groups
(for the series A and B structures); this resulted in weak data in every case.
Diffuse solvent corrections were used when lattice solvent molecules were
so badly disordered that they could not be modelled. For the series A
complexes, one of the thiophene rings is disordered over two orientations
involving a 180� rotation about the bond connecting it to the rest of the
ligand, such that the S atom and one of the C atoms exchange positions
(e.g., for Er(A) the atoms concerned are S(16) and C(19)). These two atom
sites were accordingly refined as a mixture of fractional S and C atoms that
were constrained to have identical positional and thermal parameters. In
Nd(B), disorder of one of the thiophene rings again occurred, but the entire
thiophene ring could be split into two positions (see main text) with
geometric restraints being necessary to keep the geometries of the two
components reasonable. In every case the F atoms of the CF3 groups gave
evidence for unresolved rotational disorder and had high thermal
parameters. In some cases it was necessary to use isotropic thermal
parameters for disordered atoms to keep the refinement stable. In all cases
the highest residual electron density peaks were associated with absorption
effects (close to a heavy metal atom) or unresolved disorder (close to a CF3

group).

CCDC 210374 ± 210378 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223 ±
336033; or email : deposit@ccdc.cam.ac.uk.
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Table 5. Crystal, data collection and refinement details for the new crystal structures.
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[a] The value of R1 is based on selected data with I� 2	(I); the value of wR2 is based on all data.
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