
MICROREVIEW

DOI: 10.1002/ejic.201100481

Design and Synthesis of Near-Infrared Emissive Lanthanide Complexes Based
on Macrocyclic Ligands

Xunjin Zhu,[a] Wai-Kwok Wong,*[a] Wai-Yeung Wong,[a] and Xiaoping Yang[b]

Keywords: Lanthanides / Porphyrinoids / Macrocyclic ligands / Luminescence

This review firstly summarizes our recent work on the prepa-
ration and photophysical properties of cationic or neutral lan-
thanide(III) monoporphyrinate complexes, as well as some
bridging dinuclear complexes, in which the porphyrinate
anion can sensitize the NIR emission of NdIII, YbIII and ErIII

ions by serving as an antenna that absorbs visible light and
transfers the energy to the excited state of the lanthanide(III)
ion, followed by relaxation through the NIR emission. Next,
several d–f heterobimetallic diporphyrin complexes, in which
a transition metal (M = Zn, Pd, and Pt) porphyrinate moiety
serves as a donor by transferring its energy to the Yb3+ ion
and enhances the NIR emission, are described. In addition,

Introduction

Lanthanides or the lanthanoid (IUPAC nomenclature)
series from lanthanum to lutetium occupy unique positions
in the periodic table. All lanthanides are f-block elements
and their trivalent cations possess characteristic electronic
structure [Xe]4fn (n = 0–14); thereafter the chemistry of the
lanthanides differs from that of the main group elements
and transition metals because of the nature of the 4f orbit-
als.[1] With the exception of LaIII and LuIII, all of the lan-
thanide trivalent ions are luminescent, either fluorescent
(PrIII, NdIII, HoIII, ErIII, YbIII)[2] or phosphorescent (SmIII,
EuIII, GdIII, TbIII, DyIII, TmIII),[3] or both. Their emission
covers the entire spectrum (0.3–3 μm), from UV (GdIII) to
visible (e.g. blue TmIII, green TbIII, orange SmIII, or red
EuIII), and NIR spectral ranges. Because of the core nature
of the 4f electrons, which are shielded from the coordina-
tion environment by the 5s25p6 electrons, little vibrational
coupling with the environment is seen, and the emission
band of the LnIII ions based on f–f transitions is narrow
and ion-specific, which leads to pure colors and potentially
high emission efficiencies.[4] These ions have been the most
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the synthesis and photophysical properties of some GdIII por-
phyrinate complexes and monophthalocyaninato lanthanide
complexes are also described in this contribution. Apart from
the above compounds, we also discuss the construction of
multidecker multimetallic lanthanide Schiff base assemblies,
which demonstrate that these varieties of salen-type Schiff
base ligands can stabilize LnIII centers and provide the an-
tenna for lanthanide luminescence. By taking advantage of
the absorption and emission properties of transition-metal
Schiff base complexes, multinuclear and polynuclear ZnII–
LnIII Schiff base complexes have also been constructed with
improved luminescence properties.

popular luminescent elements for practical applications
such as lasers, sensors, and display devices, and, indeed,
complexes of TbIII and EuIII that emit strongly in the visible
region of the spectrum are employed for applications such
as fluoroimmunoassay and fluorescence microscopy, where
the long luminescence lifetimes and sharp, line-like emission
make detection particularly easy.[5] Recently, there is con-
siderable interest in the study of the photophysical proper-
ties of lanthanide complexes such as YbIII, NdIII, PrIII, and
ErIII, which are luminescent in the NIR region.[6] There are
two particular driving forces for this recent interest in NIR
luminescence. Firstly, telecommunication plays an increas-
ingly important role in our society, and optical telecommu-
nication networks based on silica fibers are spanning the
earth to send information by NIR radiation (in the range
of ca. 1–1.6 μm) because of its high transparency in the
NIR part of the electromagnetic spectrum. However, even
the slightest losses will eventually lead to significant inten-
sity dissipation over long distances, and occasional amplifi-
cation of the optical signals will thus be necessary. In par-
ticular, the emission lines of PrIII at 1.3 μm (1G4�3H5) and
ErIII at 1.5 μm (4I13/2�4I15/2) match well the “transparency
window” in silica and are consequently used in optical am-
plifiers for fiber-optic networks.[7] Secondly, human tissue
is relatively transparent at around 0.8–1 μm. In the visible
region, the absorbance is high principally because of the
porphyrin chromophores; further into the NIR region, the
absorbance is high because of the O–H vibrational over-
tones from water. Metal ions that are luminescent in the
intermediate region, e.g. YbIII at 980 nm and NdIII at
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880 nm, are ideal candidates for in vivo luminescence im-
aging, since their emission can be detected through a con-
siderable thickness of the animal tissue.[8]

As a consequence of electric dipole selection rules, even
if many lanthanide-containing compounds display a high
quantum yield, direct excitation of the LnIII ions rarely
yields highly luminescent materials. Indirect excitation,
termed sensitization or the antenna effect, has to be used.
There are three important principles to take into account
when designing complexes for the sensitization of NIR
emission of lanthanide ions. First of all, effective sensitiza-
tion of NIR emission requires energy transfer from a
strongly absorbing antenna group, usually an organic chro-
mophore, to overcome the difficulty of direct excitation into
the parity-forbidden, and hence extremely weak, f–f transi-
tions.[9] For energy transfer from the sensitizer to work re-
quires that its lowest-energy triplet state lies above (by
1000–2000 cm–1) the energy of the emitting state of the lan-
thanide ion.[10] With NIR emitters, this allows the use of
relatively long wavelength light for excitation, which has im-
portant practical advantages. For medical imaging, for ex-
ample, it means that excitation of the probe (as well as the
resultant emission) can occur at a long wavelength to which
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body tissue is relatively transparent. For optical devices,
long-wavelength sensitization will allow the use of cheap
and widely available semiconductor diode lasers in the red
region of the spectrum. To this end, sensitization of NIR
lanthanide emission has been demonstrated by using chro-
mophores such as fluoroscein, eosin, and fluorexon, which
have absorption maxima at ca. 500 nm.[11] Next, the an-
tenna group must be close to the metal to overcome the
strong distance dependence of the energy-transfer process
and minimize the competing deactivation of its triplet state
by oxygen. Finally, the low-energy excited states responsible
for NIR emission are easily quenched by nearby O–H,
N–H, and C–H oscillators.[12] It is therefore desirable to mini-
mize the number of these groups close to the metal center by
using units such as C–D or C–F bonds instead of C–H.[13]

Many kinds of organic ligands fall into this category and
have been used in lanthanide complexes because lanthanide
ions can bond to a variety of elements such as oxygen, ni-
trogen, and carbon. The strong coordination ability and
high extinction coefficient in the UV region make β-dike-
tone ligands good antennae for sensitizing lanthanide
ions.[14] Those complexes have been studied for more than
forty years. Carboxylic acids can readily coordinate to lan-
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thanide ions because of the strong affinity between oxygen
atoms and lanthanide ions. Usually, lanthanide complexes
based on aromatic carboxylic acids exhibit good stability
and luminescence properties.[15] Lanthanide macrocyclic
chemistry started in the late 1960s when the need for NMR
shift reagents prompted the study of lanthanide phthalocy-
anines and porphyrins.[16] Another most studied class of
macrocyclic ligands in lanthanide coordination chemistry
is, without any doubt, the molecules derived from 1,4,7,10-
tetraazadodecane (cyclen), a 12-membered ring bearing
four amino functions.[6w,17] Macrocyclic ligands are often
able to provide a coordination cage of suitable size for lan-
thanide ions. Appended chromophores on the macrocyclic
ring can efficiently capture UV light for the sensitization of
lanthanide ions.

On the other hand, the use of strongly absorbing d-block
chromophores as sensitizers for the NIR emissions from
lanthanides has attracted increasing attention since the first
report by van Veggel and co-workers on NdIII and YbIII

luminescence sensitized by the transition-metal complexes
Ru(bpy)3

2+ and ferrocene in 2000.[18] Subsequently, many
d-block chromophores, based on related transition metals,
such as PtII,[19] RuII,[20] ReI,[8a,19b] OsII,[20b,20d,21] PdII,[22]

ZnII,[23] CrIII,[20b] and CoIII[20b,24] that sensitize the NIR
emissions of lanthanides (NdIII, YbIII, and ErIII) were ex-
tensively studied. Specifically, zinc(II) Schiff base com-
plexes, which are known to be effective emitters, could act
as effective antenna chromophores for lanthanide-ion sensi-
tization.[23,25] Because most of the energy levels of these d-
block chromophores are at around 13000–18000 cm–1, en-
ergy transfers from the transition metals to the lanthanide
centers are most efficient, and the characteristic emissions
from these NIR-emitting lanthanide complexes were suc-
cessfully obtained.

In this review, we will mainly summarize our efforts on
the design and synthesis of NIR-emitting complexes con-
taining NdIII, ErIII, or YbIII based on macrocyclic ligands
(viz. porphyrins and their derivatives) and half-macrocyclic
ligands (i.e. Schiff bases and their transition-metal com-
plexes). We focus on describing the various synthetic strate-
gies proposed for encapsulating these ions into molecular
edifices and making use of macrocyclic or acyclic ligands
or of d-transition-metal complexes. We also describe the
photophysics of the NIR-emitting trivalent lanthanide ions.
This contribution will end with a brief conclusion on the
chromophores for sensitizing NIR-emitting trivalent lan-
thanide ions. A literature search up to March 2011 will be
covered here.

Lanthanide(III) Porphyrinate Complexes

Porphyrins undoubtedly represent one of the most
studied macrocyclic rings with exceedingly delocalized π
systems and high stability. Consequently, they exhibit a
wide range of intriguing optical, electrical, magnetic, and
spectroscopic properties, which render them useful in the
fields of materials science,[26] catalysis,[27] biology, and medi-

Eur. J. Inorg. Chem. 2011, 4651–4674 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4653

cine.[26a,28] They absorb strongly in the UV/Vis region,
which is not available for many other chromophores. The
energy level of its triplet state is at ca. 15000 cm–1, which is
aligned above the energy level of excited states of the lan-
thanide ions and is perfect for effective energy transfer dur-
ing sensitization.[29] Porphyrins also bind strongly to lantha-
nide ions through direct coordination of four central pyrro-
lic nitrogen atoms.[29–30] This direct contact between the
porphyrin ring and the lanthanide ion facilitates the sensiti-
zation process for NIR emission. The first examples of lan-
thanide monoporphyrinate complexes were demonstrated in
1976 by Horrocks et al.[31] Since then, there has been an
increasing number of papers describing the use of por-
phyrins to sensitize the NIR emission from lanthanide
ions.[6v,6w,30a,30c,30d,30h,30i,30p,30q,32] Energy transfer from the
porphyrin chromophore was ascertained by the excitation
spectrum of the YbIII luminescence being identical to the
absorption spectrum of the complex. Figure 1 shows a sim-
ple, widely accepted photophysical model for the descrip-
tion of the sensitization process. In this process, the por-
phyrin absorbs the light and is excited to its singlet state
(S1). The energy is then transferred to its triplet state (T1),
which is, in part, transferred to the excited state of lantha-
nide ion (LnIII)*, and lastly produces the luminescence.

Figure 1. A Jablonski diagram for the sensitization of LnIII by a
porphyrin ring.

Cationic and Neutral Lanthanide(III) Monoporphyrinate
Complexes

Initially, the synthesis of lanthanide tetraphenylporph-
yrinates was targeted at utilizing them as dipolar probes for
nuclear magnetic resonance, which involved distillation of
acetylacetone from a lanthanide acetylacetonate in the pres-
ence of the tetraphenylporphyrin dianion (TPP2–) to give
[Ln(TPP)(acac)] (acac = acetylacetonate) in low yield (10–
30%).[33] However, this method cannot be applied to the
preparation of non-β-diketonate-coordinated monopor-
phyrinate lanthanide complexes because it is quite difficult
to displace β-diketonate by other ligands in [Ln(Por)(β-di-
ketonate)] complexes (Por = porphyrinate dianion). There-
fore, the luminescence properties and application of these
lanthanide ions in porphyrinate dianion coordinated com-
plexes were not fully explored. Synthetic routes for the
preparation of lanthanide monoporphyrinate complexes
with non-diketonate anionic axial ligands have been devel-
oped in recent years. The lanthanide alkyl monoporphyrin-
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ate complexes [Ln(OEP)(R)] [H2OEP = octaethylporphyrin;
Ln = Lu, Y; R = CH(SiMe3)2] was prepared by protonolysis
of LnR3 with H2OEP in toluene[34] and the lanthanide ha-
lide monoporphyrinate complexes [Ln(Por)(X)(S)] [X = Cl
or I; S = dimethoxyethane or bis(2-methoxyethyl) ether]
either by protonolysis of LnX[N(SiMe3)2]2 with H2Por or
interaction of [LnX3(THF)4] with porphyrinate dianions
Li2(Por).[35]

A higher yield synthesis was also proposed by our group
(Scheme 1), which involves the reaction of Ln[N(SiMe2)3]·
x[LiCl(THF)3] with a porphyrin free-base in bis(methoxy-
ethyl) ether; yields of up to 85 % have been obtained.[36]

However, the above synthetic route did not work for lantha-
nide ions with large ionic radii. For instance, with lighter
lanthanide ions, such as NdIII, which has a larger ionic ra-
dius, the [Nd(Por)(H2O)3]Cl complex, which was only ob-
served spectroscopically, was found to be rather unstable
and decomposed rapidly by demetallation to regenerate the
porphyrin free-base upon exposure to air and moisture.[32j]

Scheme 1. Synthesis of the [Ln(Por)(H2O)3]Cl (Ln = YIII, ErIII, and
YbIII) complexes.

The structures of the [Ln(Por)(H2O)3]Cl (Ln = YIII, ErIII,
and YbIII) complexes were ascertained by X-ray crystal-
lography and are isomorphous.[36c] A perspective drawing
of [Yb(TMPP)(H2O)3]Cl is shown in Figure 2. Crystal

Figure 2. (a) Perspective view of the cation of [Yb(TMPP)(H2O)3]Cl. (b) A side view of the molecular structure of the complex.[36c]

Reproduced by permission of The Royal Society of Chemistry.
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structure analyses reveal that the lanthanide(III) ions are
eight coordinate, surrounded by four N atoms of the por-
phyrinate dianion and four aqua ligands of which two are
disordered with a site occupancy of 0.5, and have a square-
antiprismatic coordination geometry. The average dihedral
angle between a pair of N–Yb–N and O–Yb–O planes is
47.6°. The structural data are similar to that of
[Tb(Cl8TPP)(O2CMe)(Me2SO)2],[37] in which the metal also
adopts a square-antiprismatic coordination geometry in
which the average dihedral angle between a pair of N–Tb–
N and O–Tb–O planes is 46.7°. The average Yb–N and Yb–
O bond lengths are 2.301 and 2.307 Å, respectively. The dis-
placement of the Yb atom from the mean planes formed by
four N atoms and four O atoms are 1.082 and 1.640 Å,
respectively. The two mean planes are almost parallel to
each other with a separation of 2.716 Å. The porphyrin ring
exhibits a saddle-like distortion. As shown by the edge-on
view [Figure 2(b)], the independent THF solvate molecules
and the anionic Cl atom form acceptor hydrogen bonds
with the aqua ligands.

The [Ln(Por)(H2O)3]Cl (Ln = YIII, ErIII, and YbIII) com-
plexes are stable in air and in most organic solvents and
can be purified by column chromatography. Their electronic
absorption spectra are characteristic of normal metallopor-
phyrins[38] and are similar to those of the cationic lanth-
anide monoporphyrinate complexes [Ln(TMPyP)(acac)]I4

[Ln = SmIII, EuIII, GdIII, TbIII; H2TMPyP = tetrakis(N-
methylpyridinium-4-yl)porphyrin tetracation].[33] Figure 3
shows the typical UV/Vis spectra for [Yb(TMPP)(H2O)3]-
Cl and tetrakis(p-methoxyphenyl)porphyrin (H2TMPP) in
chloroform. The Soret band is observed at ca. 425 nm,
which is very close to that of their porphyrin free-base.
However, the Q bands for the metal complexes are quite
different from those for the free base. The number of ab-
sorption bands in the Q region is reduced from four to two,
and the bands are centered at 554 and 593 nm. The ab-



Design and Synthesis of Near-Infrared Emissive Lanthanide Complexes

sorbance at 554 nm is greater than that at 593 nm. This is
in good agreement with Gouterman’s four-orbital model,
which predicts that because of an increase in symmetry, the
four Q bands of the porphyrin free-base will be reduced to
two upon the formation of a metalloporphyrin.[39]

Figure 3. UV/Vis spectra of [Yb(TMPP)(H2O)3]Cl (solid line) and
H2TMPP (dotted line) in CHC13 at room temperature (concentra-
tion 1.5 �10–6 molL–1). Reprinted from ref.[36d] with permission of
Elsevier.

It is known that OH oscillators, e.g. bound water mo-
lecules and OH-containing solvents, can quench the lumi-
nescence.[12e] As a result of the effect of the coordinated
aqua molecule on the luminescence efficiency, a solution of
[Yb(Por)(H2O)3]Cl in acetone or methanol exhibits quite a
weak NIR emission centered at 976 nm with an emission
lifetime of 1.24 μs (Figure 4), which can be assigned to the
2F5/2�2F7/2 transition of YbIII. The results show that the

Scheme 2. Synthesis of neutral LnIII porphyrinate complexes.
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emission intensity is quite weak in methanol and acetone,
and quite strong in DMF. On the other hand, the emission
enhancement of the [Ln(Por)(H2O)3]Cl complexes in DMF
can only be attributed to the substitution of coordinated
H2O by DMF. This is further demonstrated by X-ray crys-
tallography as a neutral species [Yb(TPP)(Cl)(DMF)2].[25g]

Figure 4. Room-temperature NIR emission (excited at 420 nm) of
[Yb(Por)(H2O)3]Cl (dotted line) and [Yb(TPP)(Cl)(DMF)2]
(dashed line).

As pointed out above that the NIR luminescence of lan-
thanide ions can be quenched by O–H vibrations,[12e] re-
placement of the aqua molecules of the [Ln(Por)(H2O)3]Cl
complexes (Ln = NdIII, YbIII, and ErIII) by ligands that
do not contain the OH functional group should be able to
enhance the NIR emission of the lanthanide ions. Kläui’s
O3-tripodal ligand LOR

– [(cyclopentadienyl)tris(dialkylphos-
phito)cobaltate][40] and Trofimenko’s scorpionate ligands
Tp

R– [hydridotris(pyrazolyl)borate][41] are mono-anionic 6-
electron donors that are isoelectronic to the cyclopen-
tadienyl ligands (η5-C5R5). These tripodal ligands are
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known to stabilize metal ions in high oxidation states and
should be able to stabilize oxophilic metal ions such as Ln3+

metal ions. These ligands should be ideal ligands to displace
the three coordinated aqua molecules of the [Ln(Por)-
(H2O)3]+ complexes, to stabilize the resultant lanthanide
porphyrinate complexes, and to enhance their NIR lumines-
cence. At room temperature, the cationic lanthanide por-
phyrinate complexes [Ln(Por)(H2O)3]+ (Ln = YbIII and
ErIII) reacted readily with the anionic tripodal nucleophile
LOR

– or Tp
H– to give the neutral complexes [Ln(Por)(LOR)]

or [Ln(Por)(Tp
H)], respectively, in high yields

(Scheme 2).[30q,36b,42] Although we cannot isolate the un-
stable cationic [Nd(Por)(H2O)3]Cl complexes yet,
[Nd(Por)(L2X)] (L2X– = LOR

– or Tp
H–) complexes can be

prepared in high yield by first protonolyzing the lanthanide
amide with porphyrins, followed by addition of the tripodal
anions before workup in air. The results are depicted in
Scheme 5.[30q,36b,42] Presumably, the precursor intermediate
[Nd(Por)(NR2)Cl]–, generated upon protonolysis of the lan-
thanide amide with the porphyrin, underwent a nucleo-
philic displacement reaction with the tripodal anion to form
the stable product [Nd(Por)(L2X)] (L2X– = LOR

– or Tp
H–)

before it hydrolyzed to form the unstable cationic complex
[Nd(Por)(H2O)3]Cl. All the neutral [Ln(Por)(L2X)] (Ln =
NdIII, YbIII, and ErIII) complexes are air stable and soluble
in most organic solvents and can be purified by column
chromatography. Their absorption spectra are similar to
that of [Ln(Por)(H2O)3]Cl and are characteristic of normal
metalloporphyrins.[38] Recently, [Ln(Por)(LOEt)] and
[Ln(Por)(Tp

H)] were also prepared by nucleophilic displace-
ment of the halide ligand from [Ln(Por)(X)(DME)] (Ln =
Yb, Tm, Er, Ho, Nd, Pr; X = Cl, I; DME = dimethoxy-
ethane) by the anionic tripodal ligands LOEt

– and Tp
H–.[35]

The solid-state structures of [Ln(Por)(LOR)] and
[Ln(Por)(Tp

H)] (Ln = NdIII, YbIII, and ErIII) complexes
were ascertained by X-ray crystallography.[32m,36b,42–43] Per-
spective drawings of [Yb(TMPP)(LOEt)][36b] and
[Yb(TPP)(Tp

H)][43b] are shown in Figure 5.[36b,43b] The cor-
responding Nd and Er complexes are isostructural to the

Figure 5. A perspective drawing of [Yb(TMPP)(LOEt)] (left)[36b] (reproduced by permission of The Royal Society of Chemistry) and
[Yb(TPP)(Tp

H)] (right).
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Yb complexes. Specifically, the decrease in the Ln–N dis-
tance in the series NdIII � ErIII � YbIII is in good agree-
ment with lanthanide contraction and reflects a decrease in
the ionic radii: 1.12 � 1.03 � 1.01 Å.[44] The data show
clearly that because of the larger radius of the NdIII ion,
the distances between NdIII and the porphyrin ring are
longer than those for the ErIII and YbIII complexes. This
may be the reason why the [Nd(Por)(H2O)3]Cl complexes
are so unstable relative to their ErIII and YbIII analogues.
Since the lanthanide ions are too large to fit into the cavity
of the porphyrinate ring, the porphyrinate ring adopts a
domed conformation to maximize the Ln–N interactions.
The structures further show that the sterically bulky anions
provide a congested environment around the metal center.
This minimizes the metal–solvent interactions, which may
reduce the quantum yield for luminescence.

When [Yb(porp)(H2O)3]Cl was treated with sterically
bulky nucleophiles such as hydridotris(3,5-dimethylpyrazol-
1-yl)borate (Tp

Me–), the μ-OH bridged dimer [Yb(TPP)(μ-
OH)(H2O)]2[25g] was obtained instead of the expected neu-
tral complex [Yb(TPP)(Tp

Me–)]. This implies that there is
competition between the formation of dimers and adducts.
When the externally added ligand is sterically hindered, di-
merization is preferred even though the N and O atoms in
these ligands have a strong coordinating ability to the metal
ions.

Figure 6 shows the absorption, emission (excited at
414 nm), and excitation (monitored at 648 nm) spectra of
[Yb(TPP)(Tp

H)], which are typical for lanthanide monopor-
phyrinate complexes. The absorption bands at 421, 550, and
588 nm and the emission peak at 648 nm (τ = 12.9 ns and
Φem = 0.11 � 10–3) for [Yb(TPP)(Tp

H)] can be assigned to
the intraligand π�π* transitions of the porphyrinate li-
gand. In addition to the visible emission, all NdIII, YbIII,
and ErIII monoporphyrinate complexes exhibit LnIII ion
emission in the NIR region. For the NdIII monoporphyrin-
ate complexes, the emissions at 875 and 1068 nm can be
assigned to the 4F3/2�4F9/2 and 4F3/2�4F11/2 transitions of
NdIII, respectively. For the YbIII and ErIII monoporphyrin-
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ate complexes, the emission peaks at 1515 and 976 nm can
be assigned to the 4I13/2�4I15/2 transition of ErIII and to
the 2F5/2�2F7/2 transition of YbIII, respectively. These NIR
emissions are very similar to those reported for NdIII, ErIII,
and YbIII, and the lifetime values are in good agreement
with the literature values.[45] The NIR luminescence lifetime
is about 20 μs for the YbIII complexes and 450–825 ns for
the NdIII complexes and is much longer than the lifetime
of the porphyrinate emission. Because of the limitation of
our equipment, we were unable to measure the excitation
(monitored at 1540 nm) spectrum and the NIR lumines-
cence lifetime of the ErIII complexes. The NIR sensitization
process was carefully examined by using [Ln(TPP)(L2X)]
(Ln = NdIII and YbIII; L2X = LOR

– and Tp
H–) as model

complexes.

Figure 6. Room-temperature absorption, NIR emission (excited at
414 nm) and excitation (monitored at 648 nm) spectra of
[Yb(TPP)(Tp

H)].

Excitation bands of [Yb(TPP)(Tp
H)] in chloroform solu-

tion at 298 K (monitored at 980 nm) are observed at 560
and 596 nm, which almost coincide with its visible absorp-
tion bands at 550 and 588 nm. This clearly shows that the
excitation of the YbIII ion originates from the π�π* transi-
tions of the porphyrinate antenna, and excitation of the
porphyrin represents the photophysical pathway leading to
the observable NIR luminescence. Photophysical studies
show that the porphyrinate antenna transfers its absorbed
visible energy of the Q band to the excited state of the metal
ion, which then relaxes through emission in the NIR region.

The NIR emission intensity of the lanthanide por-
phyrinate complexes follows the trend YbIII � NdIII �
ErIII. The trend is consistent with observations for other
luminescent lanthanide complexes and reflects the fact that
the efficiency of nonradiative decay increases as the energy
of the luminescent state decreases according to the energy
gap law. The emission yields of the [Ln(TPP)(LOR)] and
[Ln(TPP)(Tp

H)] complexes are generally higher than those
for other YbIII, NdIII and ErIII complexes.[35a,46] The en-
hanced emission yields for the [Ln(TPP)(LOR)] and
[Ln(TPP)(Tp

H)] complexes are believed to arise because the
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coordination environment provided by the porphyrinate in
combination with the tripodal anion (LOR or Tp

H) effec-
tively shield the LnIII ion from interacting with the solvent
(C–H) vibrational modes, which enhance the rate of nonra-
diative decay.[13b] This premise is supported by the observa-
tion that Φem of [Yb(TPP)(Tp

H)] only increases from 0.032
in CHCl3 to 0.034 in CDCl3.[35a] The observed emission
lifetime of neutral lanthanide porphyrinate capped with a
tripodal anion (20 μs) is almost twenty times longer than
that of the aqua-coordinated complex [Yb(Por)(H2O)3]Cl
(1.24 μs).

Previous studies highlight the potential of developing
novel lanthanide hydrophilic porphyrinate complexes as an-
ticancer therapeutics, which can combine the unique fea-
tures of the lanthanide ions with those of the water-soluble
porphyrins, rendering them biocompatible with human tis-
sues. Very recently, several novel water-soluble lanthanide
porphyrinate complexes based on the meso-pyridyl-substi-
tuted porphyrin free-base were prepared and fully charac-
terized (Figure 7).[47] In addition to the photophysical prop-
erties of the complexes, particularly the NIR emissions cor-
responding to the LnIII ion, the interaction of water-soluble
lanthanide(III) porphyrinate complexes with DNA was in-
vestigated. The complexation of the aqua-coordinated com-
plexes [(cis/trans-DMPyDPP)Yb(H2O)3]Cl3 with DNA re-
sults in a loss of the coordinated water, which therefore
leads to the observed enhanced NIR luminescence and in-
creased lifetime. For example, without CT-DNA, the NIR
lifetime measured for [(cis-DMPyDPP)Yb(H2O)3]Cl3 (mon-
itored at 980 nm) is 388 ns, while in the presence of 1- and
2 equiv. CT-DNA, the NIR lifetimes increase to 645 ns. The
primary research result indicates that these novel water-sol-
uble lanthanide porphyrinate complexes are potential can-
didates as anticancer photodynamic therapeutic agents.

Figure 7. Structure of water-soluble lanthanide(III) porphyrinate
complexes.

Reactivity of Cationic LnIII Monoporphyrinate Complexes

The catioinic lanthanide porphyrinate complexes
[Ln(Por)(H2O)3]Cl are very versatile precursor complexes
for the preparation of other lanthanide monoporphyrinate
complexes. Particularly, the [Ln(Por)(H2O)3]Cl complexes
have a high tendency to form bridging dinuclear complex-
es.[25g] During our initial effort of removing H2O for better
NIR emission, interaction of the complex [Yb(TPP)-
(H2O)3]Cl with either 4,4�-bipyridine or K2CO3 in CH2C12

gave the hydroxy-bridged dimer [Yb(TPP)(μ-OH)(H2O)]2,
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Scheme 3. Synthesis of OH-, Cl-, and/or 8-hydroxyquinaldine-bridged dinuclear complexes.

Scheme 4. Synthesis of cyanido-bridged d–f trinuclear lanthanide porphyrinate complexes.

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 4651–46744658
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and with 8-hydroxyquinaldine (QH) in the presence of
K2CO3 gave the bridging dinuclear complex [Yb(TPP)]2-
(μ-OH)(μ-Q) in high yield. Biphasic reaction of
[Yb(TMPP)(H2O)3]Cl in CH2C12 with aqueous HCl af-
forded the chloro-bridged dimer [Yb(TPP)(μ-Cl)(H2O)]2,
again in good yield (Scheme 3). The structures of these di-
nuclear complexes were ascertained by X-ray crystallogra-
phy.[25g] In general, the NIR emission is somewhat more
intense for the dimers than for the monomers. This is ex-
pected, as there are two emissive centers in the dimers,
whereas there is only one in the monomers. Furthermore,
both the NIR emission intensity and the observed lifetimes
in the range 1.24–3.17 μs decrease as the number of O–H
oscillators in the molecule increases.

The metathesis reaction between 2 equiv. [Ln(TPP)-
(H2O)3]Cl (Ln = YbIII and ErIII; TPP2– = tetraphenylpor-
phyrinate dianion) and 1 equiv. cyanometallate in DMF at
room temperature under nitrogen for 24 h gave the cyanido-
bridged d–f trinuclear complexes {[Ln(TPP)(DMF)n]2[(μ-
NC)2M(CN)2]} (Ln = YbIII, n = 2, M = Ni; Ln = ErIII, n
= 3, M = Ni; Ln = YbIII, n = 2, M = Pt; Ln = ErIII, n =
3, M = Pt), a trinuclear complex {[Er(TPP)(DMF)2][(μ-NC)2-
Fe(CN)4][Er(HTPP)(DMF)2]}, and a dinuclear complex
{[Er(TPP)(DMF)(H2O)](μ-NC)Ag(CN)} when the cyano-
metallate used is the dianion [M(CN)4]2– (M = Pt and Ni),
trianion [Fe(CN)6]3–, and monoanion [Ag(CN)2], respec-
tively (Scheme 4). The molecular structures of these com-
plexes were ascertained by X-ray crystallography. Photolu-
minescence studies of those complexes show that these com-
plexes display photophysical properties characteristic of
normal metal porphyrinate complexes. Their absorption
bands and emission peaks in the visible region are typical
of intraligand transitions of the porphyrinate ligand.
Furthermore, these complexes exhibit emissions character-
istic of the lanthanide(III) ion in the NIR region, which are
quenched by the cyanometallates. Their particularly short
luminescence lifetimes (≈1 μs) are approximately one order
of magnitude shorter than those of the coordinatively satu-
rated YbIII complexes, typically �10 μs.[43b] We ascribe this

Figure 8. The structures of lanthanide complexes of N-confused porphyrins (left) and a perspective drawing of [Yb(NCPor)(LOMe)] (R =
F) (right).[43a] Reproduced by permission of The Royal Society of Chemistry.
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to the presence of the relatively high-energy C�N oscil-
lators at around 2142 cm–1, which are directly coordinated
to the lanthanide centers.

Synthesis and Structure of Other Neutral
Monoporphyrinate Lanthanide(III) Complexes

N-Confused porphyrins (NCPor) are isomers of por-
phyrins which contain an inverted pyrrole ring linked to
the porphyrin conjugate system through a β-carbon atom
(Figure 8). Treatment of N-confused porphyrins with
Ln[N(SiMe3)2]3·[LiCl(THF)3]x in toluene heated to reflux,
followed by the addition of Na(LOMe) at room temperature,
resulted in the crystallization of green complexes with the
formula [Ln(NCPor)(LOMe)] (Ln = ErIII, YbIII) in 75%
yield.[43a] According to its X-ray structure (Figure 8), the
YbIII compound is eight coordinate, in which the Yb atom
is bound to the three O atoms of the capping ligand, to the
three N atoms from the confused porphyrin, as well as to
the inner C–H edge of [Yb(NCPor)(LOMe)] through an
agostic η2 bond. It displays a weak NIR luminescence with
a very short lifetime of 0.26 μs upon excitation at 600 nm,
the intensity of which is one order of magnitude smaller
when compared with [Yb(por)(LOMe)]. This provides fur-
ther evidence for the formation of the agostic bond, and the
strong quenching of the luminescence is attributed to the
presence of a C–H oscillator in the inner coordination
sphere.

The aforementioned work demonstrated that the por-
phyrinate anion can sensitize the NIR emission of the NdIII,
YbIII and ErIII ions by serving as an antenna that absorbs
visible light, transfers the energy to the excited state of the
lanthanide(III) ion, which then relaxes through NIR emis-
sion. However, the f�f states of gadolinium(III) are located
at exceptionally high energies owing to the extreme stability
of its half-filled f-shell (f7). The lowest-energy f�f transi-
tion appears as an emission line at 312 nm. Accordingly,
GdIII complexes are frequently characterized by emissive in-
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Figure 9. The structures of the GdIII porphyrinate complexes (left) and their NIR phosphorescence spectra excited at 412 nm at 77 K
(right). (solid line, R = p-C6H5CN; dashed line, R = Py; dotted line, R = C6H5; dashed-dotted line, R = C6F5).

traligand states at lower energies. Owing to its heavy-atom
effect and paramagnetism, GdIII induces a strong singlet/
triplet mixing in the ligand.[48] It follows that the fluores-
cence is largely quenched, while the phosphorescence is fa-
cilitated.[49] First results on the quite unique luminescence
properties of gadolinium porphyrins have recently been re-
ported.[29] We have also extended our study to explore the
chemistry of GdIII porphyrinate complexes. A series of
GdIII porphrinate complexes supported by the tripodal
anion, LOMe

– {LOMe
– = (η5-C5H5)Co[P(=O)(OMe)2]3–}

were prepared (Figure 9 left). The visible emissions, lumi-
nescence yields, NIR phosphorescence and lifetimes of
these complexes have been examined. The electronic spectra
reveal NIR phosphorescence from the triplet state of the
porphyrinate ligand and show a very characteristic vib-
ronic-structured emission (Figure 9 right).

Synthesis and Photophysical Properties of d–f
Heterobimetallic Bisporphyrin Complexes

Long-lived transition-metal ions, such as CrIII, RuII, and
PtII, have been explored as sensitizers to extend the emissive
lifetime of lanthanide ions in d–f heterobimetallic complex-
es.[6r,7a,18,20b,32k,50] For example, the lifetime of the lantha-
nide ions in Cr–Ln (Ln = Nd, Yb) heterobimetallic com-
plexes, through CrIII�LnIII intramolecular energy transfer,
can be extended from a microsecond to millisecond times-
cale at 10 K.[6r] However, for these d–f heterobimetallic
complexes, the ligands employ only absorbed light in the
high-energy region between 247–334 nm. To extend this

Figure 10. Chemical structure (left) and NIR emissions (right) of d–f heterobimetallic diporphyrin complexes. {solid line, YbPd; dashed
line, YbPt; dashed-dotted line, YbZn; dotted line, [Yb(TPP)(LOMe)]}.
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strategy to transition-metal complexes that absorb strongly
in the UV/Vis region, a series of d–f heterobimetallic dipor-
phyrin complexes, in which a YbIII porphyrinate moiety is
linked to a transition-metal (M = Zn, Pd and Pt) por-
phyrinate moiety through a flexible three-carbon chain, has
been reported (Figure 10).[32j] These complexes exhibit both
visible and NIR emissions that originate from the π�π*
transition of the porphyrinate antenna, and the visible emis-
sion corresponds to the fluorescence of the antenna and
the NIR emission to the 2F5/2�2F7/2 transition of YbIII.
Fluorescence studies show that for these d–f diporphyrin
dyads, in addition to the fact that the porphyrinate unit
directly bonded to the YbIII ion acts as an antenna, the
[M(TPP)] moiety also serves as a donor by transferring its
energy to the YbIII ion, which enhances the NIR emission.
Relative to [Yb(TPP)(LOMe)], the YbIII luminescence life-
time of the d–f diporphyrin dyad is extended from 30 to 40
and 70 μs for M = Pd and Pt, respectively. A proposed
scheme for the energy-transfer process for the d–f dipor-
phyrin dyads is shown in Figure 11.[32j] Optical absorption
of the 1M(TPP) unit leads to S0�S1 transition to the singlet
excited state 1M(TPP)*, followed by fluorescence emission
or intersystem crossing to the triplet excited state
3M(TPP)*, which results in radiative phosphorescence emis-
sion and nonradiative deactivation with rate constants, kr

and knr, respectively. The energy of the 3M(TPP)* excited
state can be transferred to (YbIII)* with the rate constant
kET so that the YbIII NIR emission is enhanced and lifetime
is extended. Furthermore, these d–f diporphyrin dyads, by
open-aperture Z-scan studies, were shown to possess two-
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photon absorption and optical-limiting properties. For in-
stance, the Pt dyad exhibits a two-photon absorption cross-
section value of 247 GM at 800 nm, which is about nine
times that of H2TTP (28 GM), and an optical-limiting per-
formance comparable to that of C60 at 532 nm.

Figure 11. Scheme for the energy transfer from the transition-metal
porphyrin unit to the Yb porphyrin unit (LC = ligand center). kET

is the rate constant for energy transfer; kr is the rate constant for
radiative deactivation; knr is the rate constant for nonradiative de-
activation. kr + knr = τ0

–1 and kr + knr + kET = τ–1.

Synthesis and Structure of (Monophthalocyaninato)
lanthanide(III) Complexes

A macrocyclic ligand that closely resembles a porphyrin
is phthalocyanine. Bis(phthalocyaninato)-, heteroleptic
bis(phthalocyaninato)-, tris(phthalocyaninato)-, heterolep-
tic tris(phthalocyaninato)-, and mixed porphyrinato–(na)-
phthalocyaninato lanthanide complexes are well
studied;[32d,51] however, there are relatively few studies on
monophthalocyaninato lanthanide complexes, possibly be-
cause of their instability. Recently, we have shown that the
anionic capping agent LOMe

– can be used to stabilize the
intermediates, and we have synthesized a number of mono-
phthalocyaninato lanthanide complexes [(Pc)Ln(LOMe)]
(H2Pc = phthalocyanine free-base; Ln = Yb, Er)
(Scheme 5).[32d]

Scheme 5. Synthesis of monophthalocyaninato lanthanide com-
plexes [(Pc)Ln(LOMe)]. Reaction conditions: (a) Ln[N(SiMe3)2]3·
[LiCl(THF)3]x, reflux in dry toluene; (b) NaLOMe, room tempera-
ture.
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The solid-state structure of [(Pc)Yb(LOMe)] was ascer-
tained by X-ray crystallography (Figure 12) and is very sim-
ilar to its porphyrinate analogue [(Por)Yb(LOMe)]. The crys-
tal structure analysis reveals that the YbIII ion is sand-
wiched between the phthalocyaninato ring and the anionic
tripodal ligand and is seven coordinate, surrounded by four
nitrogen atoms from the phthalocyaninate (Pc) dianion and
three oxygen atoms from the LOMe

– anion.

Figure 12. A perspective view of [(Pc)Yb(LOMe)]. Hydrogen atoms
are omitted for clarity.

Photophysical studies show that the phthalocyaninate di-
anion is an effective antenna. In addition to the visible fluo-
rescence of the antenna, the complex also displays either
singlet oxygen (1O2) phosphorescence at 1270 nm or lanth-
anide ion emission at ca. 1530 nm (4I13/2�4I15/2 transition
of ErIII) when the lanthanide metal is YbIII or ErIII, respec-
tively.[32d] This metal-ion dependent observation probably
arises because of back energy transfer from the metal ex-
cited state (*LnIII) to the ligand-centered triplet state (3LC).
It has been shown that efficient back energy transfer takes
place in LnIII complexes when ΔE(3LC–*LnIII) �
1850 cm–1.[51d] The energy level of the 3LC state of the
phthalocyaninate ligand of the complexes can be estimated
to be at about 9300 cm–1 for metallophthalocyaninate com-
plexes, and is about 2794 cm–1 higher than the energy of
the 4I13/2 ErIII luminescence level (6506 cm–1) and lies at al-
most the same energy of the 2F5/2 YbIII luminescence level
(10300 cm–1).[52] Thus, efficient ligand-to-metal energy
transfer for the ErIII complex and significant back energy
transfer for the YbIII complex is observed. It is well docu-
mented that the 3LC phosphorescence of the phthalocyan-
inate ligand can be quenched effectively by molecular oxy-
gen with the production of singlet oxygen (1O2). The pres-
ence of the 3LC state can be inferred by the photogenera-
tion of 1O2. However, 1O2 phosphorescence was not ob-
served upon photo-irradiation of an aerated solution of the
ErIII complex. This suggests that the rate of energy transfer
from the 3LC state to the metal excited state (*LnIII) is
faster than the rate of reaction between the 3LC state and
molecular oxygen (3O2). The photophysical and photo-
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chemical processes of the YbIII and ErIII compounds are
shown in Figure 13.[32d] Upon photo-irradiation, the
phthalocyaninate ligand is excited to its singlet state (S1),
which then undergoes either fluorescence or energy transfer
to its triplet state (T1). In its triplet state, the phthalocyanin-
ate ligand can either interact with molecular oxygen (3O2)
to generate 1O2 or transfer its energy to the excited state of
the lanthanide ion (*LnIII) with a rate constant of k(O2) or
k(et), respectively. In the case of the ErIII complex, where
the energy of the emissive state 4I13/2 of ErIII is much lower
than that of T1 and back energy transfer is insignificant,
efficient energy transfer takes place [k(et) �� k(O2)]. This
results in the sensitization of the ErIII ion without the ob-
servation of 1O2 phosphorescence in the NIR region. How-
ever, in the case of the YbIII complexes, where the energy
of the emissive state 2F5/2 of YbIII is about the same as that
of T1 and back energy transfer becomes significant, energy
transfer to the emissive state is thus very inefficient, which
results in k(O2) �� k(et). As a consequence, only 1O2 phos-
phorescence, but not YbIII emission, is observed in the NIR
region.

Figure 13. Photophysical and photochemical processes of lanth-
anide(III) phthalocyaninate complexes. (i) Photoexcitation, (ii)
fluorescence, (iii) intersystem crossing, (iv) nonradiative decay, (v)
generation of 1O2 with a rate constant of k(O2), (vi) energy transfer
with a rate constant of k(et), (vii) back energy transfer, and (viii)
near-infrared emission.

Multimetallic Lanthanide Schiff Base Assemblies

There is currently considerable interest in the rational de-
sign and synthesis of coordination framework materials
prepared from multifunctional organic ligands and lantha-
nide ions since they have potential applications related to
luminescence, magnetism, gas absorption, and sensing.[7e,53]

Schiff base ligands are among the most widely studied che-
lators for metal ions owing to their relatively easy synthesis
and their versatility for the formation of stable complexes.
It can act as a flexible linker featuring N and O atom do-
nors in the construction of d block transition metal- or f
block lanthanide frameworks. Our recent studies demon-
strated that a variety of “salen” style Schiff base ligands
can stabilize LnIII centers and provide the antenna for lan-
thanide luminescence (Figure 14).[54] An interesting emerg-
ing feature exhibited by these complexes is the self-assembly
of stacked “multidecker” structures in which the LnIII ions
are sandwiched between alternating layers of the Schiff base
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ligands. These studies raised the possibility to construct
larger multidecker, multimetallic lanthanide Schiff base as-
semblies by careful adjustment of the stoichiometry, anion
selection, and reaction conditions. Since a multidecker
framework could be effective in keeping solvent and water
molecules away from LnIII center, it seemed reasonable to
assume that enhanced luminescence properties could be
achieved with these types of architectures.

Figure 14. Schiff base ligands H2L1–3.

The triple-decker complex [Yb3(L1)3(OAc)2Cl] (1) is
formed from the reaction of H2L1, YbCl3·6H2O, and
Zn(OAc)2·2H2O in 25% yield [H2L1 = N,N�-bis(5-bromo-3-
methoxy-salicylidene)phenylene-1,2-diamine].[55] The solid-
state structure of this compound reveals the presence of two
independent, chiral Yb3L1

3 units of the complex (Fig-
ure 15). Intermolecular π–π stacking interactions, C–H···π
interactions, and Br···H–C hydrogen bonds between one set
of chiral Yb3L1

3 units create a 3D network that encloses
1D strands formed by another set of chiral Yb3L1

3 units.
In the chiral Yb3L1

3 unit, each YbIII ion is eight coordinate
and is bound by the N2O2 donor sets of two L groups;
intermetallic distances range between 3.7 and 3.8 Å. A so-
lid-state sample and a solution in acetonitrile exhibit metal-
centered NIR luminescence (Figure 16), while solutions in
methanol and deuterated methanol are less luminescent,
probably because of some dissociation of the complex.
When compared to the emission of a solution of
[ZnYb(L1)(NO3)2(OAc)][23f] in acetonitrile having the same
absorbance, the fluorescence intensity of 1 at 976 nm is
higher by a factor 2.7, which supports the idea that the
helical ligand framework in the trimetallic complex provides
improved shielding of the metal ions.

Interestingly, the reaction conditions and the nature of
counter anions used for the synthesis of these types of mate-
rials are critical. With the addition of Et3N, the reaction of
H2L1 with Ln(NO3)3·6H2O (4:5) (Ln = NdIII) in MeOH
heated to reflux gave the pentanuclear tetradecker lanth-
anide Schiff base complexes, formulated as [Nd5(L1)4(OH)2-
(NO3)5MeOH] (2) (Scheme 6).[56] A view of the structure is
shown in Figure 17. The two outer NdIII ions, Nd(1) and
Nd(5), have similar coordinate environments and each is
bound to the O2O2 cavities of the outer Schiff base ligand.
Nd(1) is nine coordinate and is surrounded by a total of
nine O atoms, four O atoms from the L1 group, three O
atoms from two NO3

– anions, one O atom from the OH–

anion, and one O atom from the MeOH molecule. For
Nd(5), an additional bidentate NO3

– anion results in a co-
ordination number of ten. The two inner NdIII ions, Nd(2)
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Figure 15. View of the two independent molecules of 1 present in the asymmetric unit. Reprinted with permission from ref.[55] Copyright
2008 American Chemical Society.

Figure 16. The NIR luminescence of 1 in CH3CN at room tempera-
ture. Reprinted with permission from ref.[55] Copyright 2008
American Chemical Society.

and Nd(4), have similar nine-coordinate environments com-
prising the N2O2 donor set of one outer L1 group, the O2O2

set of one inner L1 group, and one bridged NO3
– anion.

The central Nd(3) ion has an eight-coordinate pseudo-
square-based antiprismatic geometry formed by the two
N2O2 donor sets of the internal L1 ligands. The Nd–Nd
separations are similar, 3.937 and 3.940 Å for Nd(2)–Nd(3)
and Nd(3)–Nd(4), respectively, while they are 3.660 and
3.744 Å for Nd(1)–Nd(2) and Nd(4)–Nd(5), respectively.
The inner two L1 ligands are virtually planar, while the
outer two L1 ligands display a curved bowl-like configura-
tion. Intramolecular π–π stacking interactions between
phenylene units are found in the structure, which may fur-
ther add to the stability of the complex (Figure 17). Upon
excitation of the ligand-centered (L1) absorption band, this
complex shows NIR luminescence of the NdIII ion
(4F3/2�4Ij/2 transitions, j = 9, 11, 13) (Figure 18).
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Scheme 6. Formation of pentanuclear tetradecker lanthanide com-
plexes.

Figure 17. A view of the molecular structure of 2. Hydrogen atoms
are omitted for clarity. Intramolecular π–π stacking interactions:
X1A···X1B: 3.705 Å, X1C···X1D: 3.619 Å, X1E···X1F: 3.731 Å.[56]

Reproduced by permission of The Royal Society of Chemistry.

It should be noted that the skeletal adaptability and co-
ordination flexibility of the ligands enable them to support
a myriad of discrete molecular systems and extended net-
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Figure 18. NIR luminescence of 2 in CH3CN at room temperature.

work materials.[57] By applying more flexible Schiff base li-
gands H2L2 and H2L3, four 1D coordination lanthanide
polymers {[Ln2(L2)2(CF3SO3)(H2L2)4(MeOH)]·CF3SO3}n

{Ln = Nd (3) and Er (4)}, [Yb2(L2)2(OAc)2(MeOH)2]n (5),
and [Er2(H2L3)(OAc)6]n (6) have been prepared and struc-
turally characterized.[58] The stoichiometry and structures
of these compounds are dependent on the Schiff base ligand
employed in their syntheses as well as on the nature of the
anion present (CF3SO3

– vs. OAc–). Complexes 3 and 4 are
isomorphous. As shown in Figure 19, each Nd(1) ion is co-
ordinated to a deprotonated salen group (L2)2– and two
neutral salen ligands H2L2, while Nd(2) is coordinated to
three salen ligands and one (L2)2– ligand. Nd(1) and Nd(2)
are bridged by a neutral salen ligand with a separation of
10.171 Å to form a 1D polymeric structure. In 5, each YbIII

ion is bound by the N2O2 cavity of a deprotonated salen
ligand and is eight coordinate (Figure 20). Interestingly, the
acetate (OAc–) group is employed as a linker in the forma-
tion of 1D polymeric structures. In 6, each Er atom is coor-
dinated to one bidentate OAc– anion (Figure 21). They are
bridged by four other OAc– anions with a separation of
3.985 Å. The 1D polymeric framework is completed by neu-
tral Schiff base ligands (H2L3), which link the Er2 units
through the phenol and methoxy O atoms.

Figure 19. A view of the molecular structure of 3.[58] Reproduced
by permission of The Royal Society of Chemistry.
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Figure 20. A view of the 1D polymeric chain in 5.[58] Reproduced
by permission of The Royal Society of Chemistry.

Figure 21. A view of the molecular structure of 6.[58] Reproduced
by permission of The Royal Society of Chemistry.

Benzimidazole-based ligands can be used to prepare lu-
minescent lanthanide complexes with supramolecular archi-
tectures.[59] Planar benzimidazole-based ligands can engage
in π–π stacking interactions and also exhibit ligand-to-
metal energy transfer (LMET) properties in lanthanide
complexes. Reaction of the benzimidazole-based ligand 2-
(1H-benzoimidazol-2-yl)-4-bromo-6-methoxyphenol (HL4)
with LnCl3·6H2O gave trinuclear complexes [Ln3(L4)4-
Cl4(H2O)2]·Cl {Ln = Yb (7) and Er (8)} [see Scheme 7(a)].
Under similar conditions, but in the presence of the OAc–

anion, complex {[Yb3(L4)4(OAc)4]·Cl}n (9) can be isolated
[Scheme 7(b)].[60] Complexes 7 and 8 are isomorphous. The
structure of 7 contains three nonlinear YbIII ions (Yb–Yb–
Yb angle 141.15°) bound by four deprotonated (L4)– li-
gands (Figure 22). The central Yb ion is eight coordinate
and is bonded to six O atoms and two N atoms from the
(L4)– ligands. The terminal Yb ions are each bound to two
Cl– groups and a water molecule in addition to the (L4)–

ligands and are seven coordinate. The terminally bound Cl–

and H2O groups appear to play a key role in the formation
of a 3D open network since there are close Cl···H–O inter-
actions that link adjacent molecules. The overall structure
of the Yb3(L4)4 core of 9 is similar to that of 7, with the
exception that each terminal YbIII ion now bears a chelat-
ing OAc– group (Figure 23). Interestingly, 9 crystallizes in
the same space group (P4/ncc) and exhibits a similar crys-
tal-packing behavior in the solid state as 7 and 8. These
three complexes have similar 3D open network structures.
Complex 7 shows the NIR luminescence of the Yb3+ ion
that is assigned to the 2F5/2�2F7/2 transition at 978 nm, and
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Scheme 7. Formation of two lanthanide complexes: (a) complexes 7 and 8; (b) complex 9.

Figure 22. A view of the Yb3L4
4 core structure of 7. Reprinted

with permission from ref.[60] Copyright 2008 American Chemical
Society.

Figure 23. 1D coordination polymer structure of 9. Reprinted with
permission from ref.[60] Copyright 2008 American Chemical Soci-
ety.
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8 shows that of the ErIII ion that is attributable to the
4I13/2�4I15/2 transition at about 1510 nm (Figure 24). It is
noteworthy that 9 shows superior luminescence properties
than 7.

Figure 24. NIR emission spectra of 7 and 8 in CH3CN at 298 K
(solid line, 7; dashed line, 8).

Sensitizing the NIR Emission of Lanthanides
(NdIII, YbIII, and ErIII) by ZincII Schiff Base
Complexes

Acyclic Schiff base derivatives represent a resourceful
class of compartmental ligands that are prepared by self-
condensation of appropriate formyl and amine precursors.
The condensation reaction is simple and generally leads to
the desired product in high yield. Metal Schiff base com-
plexes have been shown to be effective emitters.[61] Further-
more, it has been shown that the electronic properties of
transition-metal Schiff base complexes could be fine tuned
by varying the steric and electronic nature of the spacer
between the two imino groups and the substituents on the
phenyl rings of the Schiff base ligand.[62] This would enable
the tuning of the absorption and emission properties of
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transition metal Schiff base complexes. Taking advantage
of the fact that the triplet state of a metal Schiff base lies
at about 18000 cm–1, it can act as antenna chromophores
for lanthanide-ion sensitization.

Compartmental salen-type Schiff bases have two dissimi-
lar metal-binding sites, one being specific for the d metal
ion and the other for the f metal ion. Our recent studies
have focused on the use of a variety of salen-style Schiff
base ligands for the synthesis of NIR Zn–Ln complexes
(Figure 25). Using the synthetic strategy shown in
Scheme 8, we synthesized and structurally characterized a
series of 3d–4f bimetallic Schiff base complexes with the
general formula [Zn(L�)Ln(NO3)3(H2O)] (Ln = LaIII, NdIII,
GdIII, HoIII, ErIII, or YbIII).[23f,23g,25e] Structural analyses
reveal that the relatively soft transition-metal ion, ZnII, is
located in the inner N2O2 cavity, and the LnIII ion in the
outer O4 cavity of the compartmental Schiff base ligand
(Figures 26 and 27).

Figure 25. Structure of the Schiff base ligands H2L1–4.

Photoluminescence studies also show that, in methanol
solution, the Zn–Ln (Ln = Nd, Yb, or Er) Schiff base com-
plexes exhibit emissions characteristic of the lanthanide(III)
ion in the NIR region (Figure 28).[23f,23g,63] For the Zn–Nd
complex, the emissions at 875 and 905 nm can be assigned
to the 4F3/2�4I9/2 transition, 1068 nm to the 4F3/2�4I11/2

transition, and 1356 nm to the 4F3/2�4I13/2 transition of
NdIII. For the Zn–Er and Zn–Yb complexes, the emissions
at 1515 and 976 nm can be assigned to the 4I13/2�4I15/2

transition of ErIII and the 2F5/2�2F7/2 transition of YbIII,
respectively. The luminescence lifetimes for Zn–Yb (moni-
tored at 976 nm with approximately 10 μs) are similar to
those of the coordinatively saturated YbIII porphyrinate
complexes (typically � 10 μs).[43b] Photophysical studies re-
veal that the NIR emissions of the Zn–Ln complexes (Ln
= Nd, Er, and Yb) originate from the absorption corre-
sponding to the ZnII Schiff base complex.[23f,23g,63b] We have

Scheme 8. Preparation of [MLn(L4)(NO3)3] complexes.
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Figure 26. Crystal structure of [Zn(μ-L1)Ln(NO3)3MeOH]. Re-
printed with permission from ref.[23f] Copyright 2008 American
Chemical Society.

Figure 27. Crystal structure of [Zn(μ-L2)Ln(NO3)3(H2O)]. Re-
printed with permission from ref.[23f] Copyright 2008 American
Chemical Society.

demonstrated that the ZnII Schiff base complex is capable
of generating an antenna effect for lanthanide(III) ions. The
effectiveness of this effect depends on the structure of the
complex, the nature of the lanthanide(III) ion, and the sub-
stituents on the Schiff base. The photophysical properties
of the Schiff base complexes can be fine tuned by changing
the linkage between the two Schiff base units or the elec-
tronic properties of the substituents on the flanking phenyl
rings.[23f] By extending the conjugation through the substit-
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uents, the absorption and emission spectra of the complexes
are redshifted by about 20 nm. The effect is even more pro-
nounced with the variation of the spacer. When the spacer
is changed from an ethylene to a phenylene bridge, the emis-
sion maximum is redshifted by about 60 nm. For the Zn–
Nd complexes with Schiff base ligands H2L1–4, NIR sensiti-
zation studies of the [Zn(μ-L�)Nd(NO3)3(H2O)n] (L� = L1,
L2, L3 and L4) complexes further show that NdIII sensitiza-

Figure 28. Room-temperature NIR emission of Nd (–), Er (----)
and Yb (···) in CH3OH upon excitation at 350 nm.

Scheme 9. Syntheses of Zn–Nd complexes.
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tion takes place via the 3LC and 1LC state when the spacer
between the imine groups of the Schiff base ligand is an
ethylene and a phenylene unit, respectively.[23f]

We further demonstrated that we could manipulate the
nuclearity of the resulting complexes by varying (i) the ratio
of the amounts of zinc Schiff base complexes to
LnX3·xH2O and (ii) the nature of the anion X
(Scheme 9).[63a] In trinuclear Zn2Nd complexes [Nd(ZnL1)2-
(NO3)2(H2O)2]·NO3 and [Nd(ZnL1)2Cl2(H2O)3]·Cl, the
NdIII ion is sandwiched between the two ZnL1 units, which
are virtually parallel to each other (Figures 29 and 30). Al-
though there is a NdIII ion sandwiched between two ZnL
moieties, the planar aromatic groups of each ligand are suf-
ficiently close to each other to form intramolecular π–π
stacking interaction in both molecules (the shortest distance
between the aryl units is 3.498 Å). The structure of the tet-
ranuclear Zn2Nd2 complex [Nd2(ZnL1)2Cl6(MeOH)2] com-
prises two ZnNdL1 units linked together by two bridging
Cl atoms bound to both Nd3+ ions (Figure 31). The ZnII

and NdIII ions in this complex are located in the inner N2O2

and O2O2 cavities of each Schiff base ligand, respectively.
The Nd–Nd separation is 4.477 Å, which effectively rules
out the possibility of any π–π stacking between the aro-
matic groups of the ligands. For all these complexes, exci-
tation of the ligand-centered absorption bands results in
NdIII NIR emission bands assigned to the 4F3/2�4Ij/2 (j =
9, 11, 13) transitions. However, their luminescence proper-
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ties are dependent on both the coordination structures and
outside solvent environment. In trinuclear Zn2Nd com-
plexes, the NdIII ion is sandwiched between two ZnL1 li-
gands and is fairly well protected from the outside solvent
environment; as a result, its photophysical properties are
less affected by outside solvent molecules.[63a]

Figure 29. Crystal structure of trinuclear Zn2Nd [Nd(ZnL1)2-
(NO3)2(H2O)2]·NO3. Reprinted with permission from ref.[63a]

Copyright 2008 American Chemical Society.

Figure 30. Crystal structure of trinuclear [Nd(ZnL1)2Cl2(H2O)3]·Cl.
Reprinted with permission from ref.[63a] Copyright 2008 American
Chemical Society.

The nuclearity of 3d–4f Schiff base complexes can be ma-
nipulated by using different linkers to interact with the 3d–
4f building blocks.[64] Recently, we have also shown that the
di- and trinuclear 3d–4f complexes can be used as building
blocks for making molecules of higher nuclearity by em-
ploying different linkers (Scheme 10).[65] The structures of
these tetra- and hexanuclear 3d–4f complexes have been as-
certained by X-ray crystallography. In the hexanuclear Zn–
Nd complex [Zn4Nd2L4(1,4-BDC)2]·[Nd(NO3)5(H2O)] (1,4-
BDC = 1,4-benzenedicarboxylate), the use of the 1,4-BDC
ligand results in the stabilization of two trimetallic
Zn2NdL2 fragments instead of simple bimetallic 3d–4f units
(Figure 32). The Zn ions are bound inside the O2N2 cavities
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Figure 31. Crystal structure of tetranuclear Zn2Nd2 complex
[Nd2(ZnL1)2Cl6(MeOH)2]. Reprinted with permission from ref.[63a]

Copyright 2008 American Chemical Society.

of each L group, while the Nd ion is bound by the outer
O2O2 sets of both L groups. Two BDC groups bridge the
Zn2Nd moieties such that each carboxylate group spans a
Zn–Nd set. The 1H NMR spectrum of this complex shows
that the complex keeps the same bridged structure in solu-
tion as that in the solid state (Figure 33). This complex
shows typical NIR emission bands of NdIII assigned to the
4F3/2�4Ij/2 (j = 9, 11, 13) transition upon excitation of the
ligand-centered absorption band (Figure 34). Interestingly,
this complex, in which the central metal ion is encapsulated
by four chromophoric ligands and is shielded from solvent
interactions, has superior luminescence properties than
those of the related simple dinuclear Zn–Nd complex
[ZnNdL(OAc)(NO3)2].[23f,23g] With the same absorbance
value at 275 nm, the relative emission intensity at 1068 nm
is estimated to be 5 times higher than for the simple dinu-
clear Zn–Nd complex. The structure of the tetranuclear
Zn–Nd complex [Zn2Nd2(L3)2(4,4�-bpy)(NO3)6] (4,4�-bpy =
4,4�-bipyridine) is shown in Figure 35. In this complex, two
independent Zn–Nd dimers are linked by one 4,4�-bipyridyl
group. NIR luminescence studies show that the use of 4,4�-
bipyridyl linkers does not only construct higher nuclearity
Zn–Nd complexes but also improves their luminescence
properties.

Following the same motivation of improving the NIR lu-
minescence, two of the simplest ligands, with potentially
dual binding sites, the linear ions cyanate (OCN–) and thio-
cyanate (SCN–) were selected to construct higher polynu-
clear species or multidimensional network structures. Reac-
tion of the heterobimetallic 3d–4f precursor compounds
[ZnLn(L3)(H2O)(NO3)3] with potassium cyanate (KOCN)
or ammonium thiocyanate (NH4SCN) in acetonitrile
heated to reflux, followed by filtration and slow evaporation
of solution, produced analytically pure X-ray quality crys-
tals of the new complexes after several weeks
(Scheme 11).[66] Single-crystal X-ray diffraction studies con-
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Scheme 10. Controlled design of multinuclear heterometallic 3d–4f complex.

Figure 32. A view of the Zn4Nd6 core structure.[65a] Reproduced by
permission of The Royal Society of Chemistry.

Figure 33. 1H NMR spectrum of the Zn4Nd6 complex in
CD3OD.[65a] Reproduced by permission of The Royal Society of
Chemistry.

Figure 34. (left) Absorption spectra of the free ligands: BDC (dashed line), H2L (dashed-dotted line), and Zn4Nd6 complex (solid line)
in CH3OH; (right) NIR luminescence of the Zn4Nd6 complex in CH3OH.
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Figure 35. Crystal structure of [Zn2Nd2(L3)2(4,4�-bpy)(NO3)6]. Re-
printed from ref.[65b] with permission from Elsevier.

firm that a 1D framework species bridged by cyanate
(OCN–) in a zigzag chain and a trinuclear complex based
on SCN– were formed, formulated as [ZnLn(L3)(NO3)2-
(H2O)(μ-OCN)]� and [Zn2Ln(L3)2(NO3)(SCN)2], respec-
tively. The 1D polymeric structure of [ZnLa(L3)(NO3)2-
(H2O)(μ-OCN)]� is shown in Figure 36. The OCN–groups
bridge the (L3ZnLa) moieties through coordination of the
N atom to Zn and the O atom to La, as expected from the
hard/soft donor–acceptor properties of the ligand and the
3d and 4f metals. The structure of the trinuclear complex
[Zn2Nd(L3)2(NO3)(SCN)2] is shown in Figure 37. Interest-
ingly, since the S atom in SCN– is much softer than the O
atom in OCN–, it does not coordinate with the hard Ln3+

ions in this complex. As a result, it does not show the 1D
framework structure found in the complex with cyanate li-
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gand. The photophysical properties of these complexes in
solution are also reported. This work demonstrates that cy-
anato-bridged 1D 3d–4f polymeric or trinuclear 3d–4f–3d
Schiff base complexes with enhanced luminescence proper-
ties can be formed from the corresponding bimetallic pre-
cursors by self-assembly.

Scheme 11. Synthesis of heterometallic 1D polymeric and trimetal-
lic 3d–4f complexes.

Figure 36. A view of the 1D polymeric chain in [ZnLa(L3)(NO3)2-
(H2O)(μ-OCN)]�.[66] Reproduced by permission of The Royal Soci-
ety of Chemistry.

Figure 37. Crystal structure of the trinuclear complex [Zn2Nd(L3)2-
(NO3)(SCN)2].[66] Reproduced by permission of The Royal Society
of Chemistry.

Conclusions

This review describes the synthetic route for the prepara-
tion of cationic or neutral lanthanide(III) monoporphyrin-
ate complexes, as well as some bridging dinuclear com-
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plexes. Photoluminescence studies of lanthanide(III) por-
phyrinate complexes show that the porphyrinate anion can
sensitize NIR emission of the NdIII, YbIII, and ErIII ions
by serving as an antenna that absorbs visible light and
transfers the energy to the excited state of the lanth-
anide(III) ion, which then relaxes through NIR emission.
The NIR emission intensity increases as the number of O–
H, N–H, and C–H oscillators within the molecules de-
creases. Several d–f heterobimetallic diporphyrin complexes,
in which a YbIII porphyrinate moiety is linked to a transi-
tion-metal (M = Zn, Pd, and Pt) porphyrinate moiety by a
flexible three-carbon chain, are also presented. Fluores-
cence studies show that for these d–f diporphyrin dyads, in
addition to the fact that the porphyrinate unit directly
bonded to the YbIII ion acts as an antenna, the [M(TPP)]
moiety also serves as a donor by transferring its energy to
the YbIII ion, which enhances the NIR emission. As for the
monophthalocyaninato lanthanide complexes capped by a
tripodal anion, in addition to the visible fluorescence of the
antenna, the complexes display either lanthanide-ion emis-
sion at ca. 1530 nm (4I13/2�4I15/2 transition of ErIII), which
results from efficient ligand-to-metal energy transfer, or sin-
glet oxygen (1O2) phosphorescence at 1270 nm without
YbIII ion emission when back energy transfer becomes sig-
nificant and energy transfer to the emissive state is thus
very inefficient. Further, a series of GdIII porphyrinate com-
plexes capped by the tripodal anion LOMe

– {LOMe
– = (η5-

C5H5)Co[P(=O)(OMe)2]3–} were prepared. The electronic
spectra reveal the NIR phosphorescence from the triplet
state of the porphyrinate ligand and show a very character-
istic vibronic structured emission. The Schiff base ligands,
which are the most widely studied chelators, can also act as
flexible linkers that feature N and O atom donors in f-block
lanthanide frameworks. We constructed a series of larger
multidecker, multimetallic lanthanide Schiff base assemblies
by careful adjustment of the stoichiometry, anion selected
and reaction conditions, which demonstrates that these
varieties of “salen”-type Schiff base ligands can stabilize the
LnIII centers and provide the antenna for lanthanide lumi-
nescence. It should be noted that the multidecker frame-
work can be effective in keeping solvent and water mole-
cules away from the LnIII centers, and enhanced NIR lumi-
nescence can be achieved because of the decreasing energy
of the vibrational oscillators located in the surroundings of
the emitting ion. Given the characteristic absorption and
emission properties of transition-metal Schiff base com-
plexes, multinuclear and polynuclear ZnII–LnIII Schiff base
complexes have also been constructed with improved lumi-
nescence properties.

However, exploration of organic ligands or transition-
metal chromophores to sensitize NIR luminescence remains
a real challenge because of the intrinsically weak f–f transi-
tions. On the other hand, almost every field of our present
technological society needs the help of lanthanide lumines-
cence. In order to obtain effective and useful materials
based on lanthanide ions, we must further focus on the de-
sign and synthesis of ligands or d block chromophores,
which are easily obtained and thermally stable with the
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lanthanide metal complexes and have better energy transfer
to the lanthanide ions.
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