
In the previous chapters we discussed small organic fluo-
rophores typified by the Dansyl, fluorescein, rhodamine,
and cyanine dyes. Numerous probes of this type have been
characterized and are commercially available. The majority
of these probes have extinction coefficients ranging from
10,000 to 100,000 M–1 cm–1 and decay times ranging from
1 to 10 ns. Some of these probes are photostable, but all the
organic fluorophores display some photobleaching, espe-
cially in fluorescence microscopy with high illumination
intensities. We now describe different types of lumino-
phores that are mostly inorganic or display unusually long
lifetimes. These classes of probes are semiconductor
nanoparticles, lanthanides, and transition metal–ligand
complexes (MLCs). We occasionally use the term lumino-
phore, especially with the MLCs, because it is not clear if
the emission occurs from a singlet or triplet state, but we
will mostly use the term fluorescent to describe the emis-
sion from any of these species.

20.1. SEMICONDUCTOR NANOPARTICLES

Starting in 19981 there has been rapid development of fluo-
rescent semiconductors nanoparticles. The main component
of these particles is usually cadmium selenide (CdSe), but
other semiconductors are also used. Particles of CdS, CdSe,
InP, and InAs with diameters ranging from 3 to 6 nm can
display intense fluorescence. Perhaps the best way to intro-
duce the semiconductor nanoparticles (NPs) or quantum
dots (QDots) is by their visual appearance. Figure 20.1
shows a color photograph of suspensions of NPs with dif-
ferent sizes.2 These are core–shell NPs where the core is
CdSe and the shell is ZnS. Another photograph of NPs with
different sizes can be found in Figure 21.47. A wide range
of emission wavelengths is available by changing the size or
chemical composition of the NPs (Figure 20.2). The range
of emission wavelengths has been extended to 4 μm using

PbSe particles.3 PbSe QDots with emission wavelengths
near 2 μm display quantum yields as high as 25%.

Studies of luminescent NPs first appeared in the early
1980s.4–7 At that time the quantum yields were low. The
NPs were chemically and photochemically unstable and
had a heterogeneous size distribution. Since that time there
have been many advances in synthesis of homogeneous and
stable NPs.8–11 The chemical and optical properties of NPs
have been described in many reviews.12–16 Figure 20.3
shows a schematic of a typical QDot. Chemical and photo-
chemical stability are improved by coating the CdSe core
with a material that has a higher bandgap. The bandgap of
a semiconductor is the energy of the longest-wavelength
absorption. ZnS has a higher bandgap than CdSe, which
means the long-wavelength absorption of ZnS is at a short-
er wavelength than CdSe.

The optical properties of NPs are similar to a quantum
mechanical particle in a box. Absorption of light results in
creation of an electron–hole pair. Recombination of the pair
can result in emission. The energy of the excited state
decreases as the particle size increases. The energy of the
excited state also depends on the material. The use of a
higher bandgap shell confines the excited state to the center
of the particle. This prevents interactions with the surface
that decrease the quantum yield and chemical stability. In
order to use the NPs in biological systems they need to be
water soluble, which is accomplished with a polymer or sil-
ica layer. This layer is then used to attach proteins or nucle-
ic acids.

Several different methods are used to make the NPs
biocompatible and to introduce binding specificity.17–20 The
surfaces can be coated with sulfhydryl groups using mole-
cules like mercaptoacetic acid or dihydrolipoic acid, fol-
lowed by crosslinking to amino groups on the biomolecules
(Figure 20.4). NPs have also been coated with silica, for
which the surface chemistry is well known. Biomolecules
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can also be bound to the surface by hydrophobic or electro-
static interactions. Using these procedures NPs have been
coated with avidin and antibodies. Avidin, which is posi-
tively charged, binds spontaneously to negatively charged
QDots.18 When using NPs as probes it is useful to visualize
their size.21 NPs are comparable in size to modest size pro-
teins (Figure 20.5), larger than GFP and smaller than IgG.
NPs are much larger than standard fluorophores.

20.1.1. Spectral Properties of QDots

QDots display several favorable spectral features. The
emission spectra of homogeneously sized QDots are about

twofold more narrow than typical fluorophores.22 This fea-
ture can be seen by comparing the emission spectra of cya-
nine dyes with QDots (Figure 20.6). Additionally, the
QDots do not display the long-wavelength tail common to
all fluorophores. These tails interfere with the use of multi-
ple fluorophores for imaging or multi-analyte measure-
ments. The emission spectra of the QDots are roughly sym-
metrical on the wavelength scale and do not display such
tails. For this reason the QDots are being used for optical
bar codes for multiplexed assays.23–24 This approach is
shown in Figure 20.4 (lower right), which shows a polymer
bead containing QDots with different emission wave-
lengths. See also Section 21.6.

An important spectral property of the QDots is their
absorption at all wavelengths shorter than the onset of the
absorption.22 Many of the commonly used organic fluo-
rophores display strong long-wavelength absorption, but

676 NOVEL FLUOROPHORES

Figure 20.1. Color photographs of cadmium selenide nanoparticles
illuminated with a long-wave UV lamp. Revised from [2].

Figure 20.2. Emission spectra of semiconductor nanoparticles. The
approximate diameters are labeled on the figure. These are core–shell
particles. For CdSe the shell is ZnS or CdS. Revised from [1].

Figure 20.3. Schematic of a core–shell NPs with a biologically com-
patible surface.

Figure 20.4. Methods used to attach biomolecules to NPs. Revised
from [20].



much less absorption at shorter wavelengths. For example,
Cy3 and Cy5 are essentially non-absorbing at 400 nm (Fig-
ure 20.6). In contrast, the QDots absorb at these shorter
wavelengths. This spectral property allows excitation of a
range of NP sizes using a single light source, which is need-
ed for practical multiplex assays. The wide absorption spec-
tra also allow excitation with a spectrally wide light source.

The QDots also have large extinction coefficients (ε)
that on a molar basis can be up to tenfold larger than rho-
damine.25–26 Small QDots have ε values similar to that of
R6G, near 200,000 M–1 cm–1. Larger QDots can have ε val-
ues as large as 2 x 106 M–1 cm–1. And, finally, QDots can be
highly photostable (below), making them useful probes for
fluorescence microscopy.

20.1.2. Labeling Cells With QDots

Quantum dots are relatively large, and cadmium is toxic, so
it was not known if they would be useful for cell labeling.
QDots can be cytotoxic under some conditions,27–28 but it
seems that the core–shell particles are nontoxic. Quantum
dots covered with mixtures of n-poly(ethylene glyco)phos-
phatidylethanolamine (PEG-PE) and phosphatidylcholine
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Figure 20.5. Relative sizes of luminescent probes and some biomole-
cules. Revised from [21].

Figure 20.6. Absorption and emission spectra of Cy3- and Cy5-labeled oligomers and QDots with bound oligomers. Reprinted with permission from
[22]. Copyright © 2003, American Chemical Society.



(PC) were injected into Xenopus embryos, with no effect on
their development.29

QDots can be used for specific labeling of fixed and
live cells.30–31 Her2 is a cancer marker that is overexpressed
on the surface of some breast cancer cells. Fixed cells were
incubated with monoclonal antibodies against the external
domain of Her2. QDots emitting at 535 nm or 630 nm were
conjugated to anti-IgG antibodies. These protein-coated
antibodies bound specifically to the Her2 markers (Figure
20.7).

An important property of the QDots is their photosta-
bility. Figure 20.8 shows cells labeled with both QDots and
the photostable fluorophore Alexa 488. In the top row of
images the QDots were localized in the nucleus. In the bot-
tom row of images the QDots were bound to the micro-
tubules in the cytoplasm. These images show that the signal
from Alexa 488 is quickly bleached but the QDots remain
fluorescent. These results also show that it is possible to
label internal cellular structures with QDots and that the
intracellular QDots can be highly photostable.

20.1.3. QDots and Resonance Energy Transfer

QDots appear to behave like any other fluorophore with
regard to energy transfer. RET occurs between QDots.32–39

The schematic in Figure 20.9 shows a system used to test
for RET from a CdSe QDot to a rhodamine acceptor. The
QDot surface was coated with biotinylated BSA. Addition
of streptavidin labeled with tetramethylrhodamine (SAv-
TMR) resulted in quenching of the QDot emission.
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Figure 20.7. Labeling of the Her2 marker on breast cancer cells using
QDots emitting at 535 (left) or 630 nm (right). From [30].

Figure 20.8. Photostability comparison between QDots and Alexa
488. Top row: the nuclear antigens were labeled with 630-nm QDots
and the microtubules with Alexa 488. Second row: the microtubules
were labeled with 630-nm QDots and the nuclear antigens with Alexa
488. The graph shows the intensities with continuous illumination.
From [30].

Figure 20.9. RET from CdSe QDots to tetramethylrhodamine. The
QDot donor intensity decreased (top to bottom at 540 nm) as the con-
centration of TRM-streptavidin increased. Reprinted with permission
from [39]. Copyright © 2001, American Chemical Society.



20.2. LANTHANIDES

The lanthanides europium (Eu3+) and terbium (Tb3+) are
unique fluorescent probes. In contrast to all fluorophores
described so far these lanthanides display line spectra from
the individual atoms. The emission lifetimes of Eu3+ and
Tb3+ are on the millisecond timescale and arise from transi-
tions between the f orbitals. The emission rates are low
because the transitions are formally forbidden. The inner
shell f orbital electrons are shielded from the environment,
so that lanthanides do not display polarity-dependent spec-
tral shifts and are not quenched by oxygen.

The use of lanthanides in biochemistry originated with
their use as a luminescent substitute for calcium.40–42 Fluo-
rescent probes are usually sensitive to the surrounding envi-
ronment. The lanthanides can be sensitive to their environ-
ment, but in ways different from typical fluorophores. The
decay times of the lanthanides depend on the number of
coordinated water molecules.43–45 The number of bound
water molecules (n) is given by

(20.1)

where the lifetimes are measured in H2O and D2O. The val-
ues of q are 1.05 and 4.2 for Eu3+ and Tb3+, respectively.
The lanthanides can bind to proteins in place of calcium and
the lifetimes can be used to determine the hydration of the
protein-bound ions. The lanthanide decay times can also be
affected by RET. Since the lanthanides have low extinction
coefficients they are not useful as acceptors. However, the
lanthanides can have high quantum yields and can serve as
donors. At present most applications of the lanthanides are
based on their use as RET donors.

Because of their low extinction coefficients the lan-
thanides are not usually excited directly. The ions are at
first bound to chelators that contain a fluorophore (Figure
20.10). The energy from the fluorophore can be efficiently
transferred to the lanthanide. The energy of the excited flu-
orophore must be adequate to excite the lanthanide. The
chelators serve two other purposes. The chelator increases
the quantum yield of the lanthanide by displacing the bound
water molecules that act as quenchers. The chelator also
provides a means to bind the lanthanide to a biomolecule
using standard coupling chemistry. A large number of
chelators have been described.46–48 The more recent papers
often describe chelators that are conjugatable or otherwise
designed for biological applications.49–54 However, many of

these chelators are not commercially available. The need to
synthesize suitable chelators appears to limit the use of lan-
thanides in biochemical research.

Figure 20.11 shows the emission spectra and intensity
decays of Tb3+ and Eu3+ when complexed with DTPA-
cs124. These emission spectra show no component from the
carbostyril 124, which is part of the chelator. These spectra
were recorded using a light chopper with a 145-μs delay to
suppress the prompt fluorescence from carbostyril 124. It is
possible to use such long time delays because of the 0.61-
and 1.54-ms lifetimes of the Eu3+ and Tb3+ chelates, respec-
tively. If the spectra were recorded without time-delayed

n � q ( 1

τH2O
 �  

1

τD2O
)
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Figure 20.10. Conjugatable chelators for lanthanides. Reprinted with
permission from [46]. Copyright © 1999. With kind permission of
Springer Science and Business Media.

Figure 20.11. Emission spectra and intensity decays of Tb3+ and Eu3+

complexed with DTPA-cs124. Emission from Tb3+ in 5D4 → 7Fj and
from Eu3+ in 5D0 → 7Fj. Reprinted with permission from [46].
Copyright © 1999. With kind permission of Springer Science and
Business Media.



detection there would probably be a large contribution from
carbostyril 124, which would be due to DTPA-cs124 with-
out bound lanthanide.

20.2.1. RET with Lanthanide

Lanthanides have a number of favorable properties as RET
donors.46,55–57 The value of R0 are typically 50–70 Å for
transfer from chelated lanthanides. The Förster distances
can be as large as 90 Å for transfer to allophycocyanine.
The quantum yields of lanthanide chelates depend on the
concentration of water, so that the quantum yield and the
value of R0 can be adjusted to some degree using the
H2O/D2O mixture. The emission from lanthanides is unpo-
larized so there is less concern with κ2, which must be
between 1/3 and 4/3 for the most extreme cases. This range
of κ2 values can result in a maximum error in the distance
of only 12%. The long decay times make it possible to
measure the decays with high precision and with suppres-
sion of background. And, finally, use of the long-lived
acceptor emission allows selective observation of only the
D–A pairs without observing free donor or free acceptor.

Figure 20.12 shows an example of RET from a chelat-
ed lanthanide to a Cy5 acceptor. The donor and acceptor are
linked to opposite ends of a DNA oligomer.55–56 The emis-
sion spectrum for the D–A pair shows the expected europi-
um emission spectrum and emission from Cy5 centered
near 668 nm (Figure 20.13). This component was not due to
directly excited Cy5 because the emission spectra were col-
lected with a time delay of 90 μs and the decay time of
directly excited Cy5 is close to 1 ns. The intensity decay of
the donor alone is a single exponential. The donor decay in

the D–A pair shows two decay times: 0.22 and 2.40 ms. The
2.40-ms component is the same decay time as the donor
alone and the component is due to donor strands of DNA
that are not hybridized with acceptor strands.

A valuable property of lanthanide donor–acceptor pairs
is the ability to selectively observe the pairs in the presence
of unpaired donors and acceptors. The rapidly decaying
component in Figure 20.13 is for the sensitized acceptor
emission measured at 668 nm. This acceptor emission is
due to energy transfer from the donor, and it decays with the
same rate as the donor. Hence the decay time of this com-
ponent (0.22 ms) represents the decay time of the donor in
D–A pairs. Selective observation of this component is pos-
sible because of the structured emission of the donor that
does not emit at the maximum of the acceptor emission.
The 59-μs component in the sensitized acceptor emission is
due to an artifact in the detector.

There are several aspects of RET with lanthanide do-
nors that are worthy of mention. RET occurs due to dipolar
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Figure 20.12. Lanthanide–cyanine donor–acceptor pair linked by a
DNA oligomer. Revised and reprinted with permission from [57].
Copyright © 1994, American Chemical Society.

Figure 20.13. Emission spectra and intensity decays of the
donor–acceptor pair shown in Figure 20.12. The emission spectra
were collected with a time delay of 90 μs. The intensity decays were
measured for the donor at 617 nm and for the sensitized acceptor
emission at 668 nm. Reprinted with permission from [46]. Copyright
© 1999. With kind permission of Springer Science and Business
Media.



interactions. The two shorter wavelengths transitions
around 590–600 nm for europium are thought to be magnet-
ic dipoles and are not included in calculation of the overlap
integrals. The intensity decay of the sensitized acceptor, and
thus also that of the donor, are single exponentials. This is
somewhat surprising because the flexibility of the linkers
(Figure 20.12) is expected to result in a distribution of
donor-to-acceptor distances. Any effect of a distance distri-
bution is probably eliminated due to diffusive motions dur-
ing the donor lifetime (Sections 15.5 and 15.6). It is also
interesting to notice that RET from a lanthanide donor
occurs on a millisecond timescale, whereas RET from a
nanosecond donor occurs on a nanosecond timescale. This
dependence on the decay time of the donor is because the
transfer rate is proportional to the radiative decay rate of the
donor (Section 13.2).

In Section 3.9.1 we described the use of lanthanides
with gated detection for high-sensitivity assays. The detec-
tor is gated on after the prompt autofluorescence has
decayed. With gated detection the goal is not to measure
distances but rather to obtain the highest possible sensitivi-
ty. Figure 20.14 shows examples of DNA hybridization
assays and immunoassays using lanthanides and RET.58–59

In both cases the signal levels are increased by the use of
multiple-lanthanide donors. The immunoassay uses allo-
phycocyanine as the acceptor, which results in large Förster

distances due to the high extinction coefficients of the phy-
cobiliproteins. The DNA hybridization assay uses Cy3 as
the acceptor.

RET with lanthanides can also be used for structural
studies of proteins.60 One example is tropomyosin that was
labeled with a terbium donor and a TMR acceptor on cys-
teine residues at positions 56 and 100, respectively (Figure
20.15). The shortest component of 0.03 ms is due to a ring-
ing artifact in the gated detector. The decrease in lifetime
from 1.37 to 0.61 ms indicates a transfer efficiency of 56%.
Based on the Förster distance of R0 = 57 Å, this efficiency
indicates a distance of 55 Å. This distance is shorter than
the value of 65 Å obtained from the x-ray structure. The
smaller recovered distance is probably due to flexing of
tropomyosin during the millisecond donor lifetime.

20.2.2. Lanthanide Sensors

Because of the shielded f orbitals the lanthanides are rather
insensitive to their local environment. This makes it diffi-
cult to develop analyte-sensitive probes like those available
for calcium and other ions (Chapter 19). However, lan-
thanide-based sensors have been developed using different
principles. Lanthanide-based sensors can depend on
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Figure 20.14. Schematic of an immunoassay and a DNA assay using
RET with a lanthanide donor. APC, allophycocyanine; B, biotin; SA,
streptavidin. The chelators are not shown. Revised from [58–59].

Figure 20.15. Intensity decays of tropomyosin labeled with a Tb3+

donor, or with both the donor and a TMR acceptor. The chelator was
a sulfhydryl-reactive version of DPTA-cs124. Revised and reprinted
with permission from [60]. Copyright © 2004, American Chemical
Society.



changes in hydration or changes in RET from the chela-
tor.61–67 The lanthanide chelate shown in Figure 20.16 dis-
plays an increased intensity at higher pH values. This
increase in intensity is due to removal of a bound water
molecule that is displaced by the sulfonamide at high pH.
Figure 20.17 shows excitation spectra of a cyclodextran ter-
bium complex with increasing concentrations of naphtha-
lene. The increased emission intensity of terbium at 544 nm
is due to energy transfer from naphthalene as it binds in the
cyclodextran cavity.

20.2.3. Lanthanide Nanoparticles

The long lifetime and large Stokes shift of the lanthanides
make them useful in high-sensitivity assays. The sensitivity

can be increased using nanoparticles that contain a large
number of lanthanide chelates.68–71 These nanoparticles are
just becoming available, and the compositions are likely to
evolve. Some of the particles are polystyrene and contain
the lanthanide and a hydrophobic chelator. Other prepara-
tions are based on silica-coated particles of the chelated lan-
thanide (Figure 20.18). In both cases the surfaces are
derivatized to contain reactive groups for binding to bio-
molecules.

20.2.4. Near-Infrared Emitting Lanthanides

Red-emitting or near-infrared (NIR) emitting fluorophores
can be useful for high-sensitivity detection because of the
decreased autofluorescence at longer wavelengths. NIR-
emitting lanthanides are also known. Erbium (Er),
neodymium (Nd), and ytterbium (Yb) emit at wavelengths
ranging from 900 to 1500 nm (Figure 20.19).72–74 Because
of their longer-wavelength absorption spectra these lantha-
nides can be sensitized by longer-wavelength fluorophores
like fluorescein and eosin,73 and even by an NIR fluo-
rophore absorbing at 980 nm.75 The spectra shown in Fig-
ure 20.19 were recorded with excitation at 488 nm, where
these fluorophores absorb. At present, the quantum yield of
the NIR lanthanides are low. However, there are ongoing
efforts to synthesize chelators that result in higher quantum
yields from the NIR lanthanides.76–77 The NIR lanthanides
are beginning to find a use in immunoassays.78
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Figure 20.16. Lanthanide-based pH sensor. From [66].

Figure 20.17. Excitation spectra of a cyclodextran terbium complex
with increasing concentrations of naphthalene. Excitation at 275 nm
and emission at 544 nm. Revised and reprinted with permission from
[67]. Copyright © 1996, American Chemical Society.

Figure 20.18. Lanthanide-containing nanoparticles. The particles are
about 42 nm in diameter. Revised and reprinted with permission from
[71]. Copyright © 2004, American Chemical Society.



20.2.5. Lanthanides and Fingerprint Detection

Detection and imaging of fingerprints is often performed in
a crime-scene investigation (CSI). Fingerprints are often
detected with colorimetric or fluorogenic reagents that react
with amino groups.79–80 Lanthanides can also be used for
visualization of fingerprints.81–83 Detection is based on the
quenching of lanthanides by water. Fingerprints are often
treated with cyanoacrylate, which reacts with molecules in
the prints. These treated prints can be sprayed by a lan-
thanide chelate that has several bound water molecules. The
chelator is usually hydrophobic. The chelator with its bound

lanthanide partitions into the polymer and/or fingerprints.
When this occurs the water is left behind and the lan-
thanides become more brightly fluorescent. The large
Stokes shift and narrow emission spectra of the lanthanides
allows for effective use of filters to remove the incident
light and unwanted background fluorescence.

20.3. LONG-LIFETIME METAL–LIGAND 
COMPLEXES

Organic fluorophores have decay times ranging from 1 to
20 ns and lanthanides have millisecond decay times. These
timescales are useful for many biophysical measurements,
but there are numerous instances where intermediate decay
times are desirable. For instance, one may wish to measure
rotational motions of large proteins or membrane-bound
proteins. In such cases the overall rotational correlation
times can be near 200 ns, and can exceed 1 μs for larger
macromolecular assemblies. Rotational motions on this
timescale are not measurable using fluorophores that dis-
play ns lifetimes. Processes on the μs or even the ms
timescale have occasionally been measured using phospho-
rescence.84–86 However, relatively few probes display useful
phosphorescence in room temperature aqueous solutions.
Also, it is usually necessary to perform phosphorescence
measurements in the complete absence of oxygen. The lan-
thanides are not quenched by oxygen, but their emission is
not polarized so they are not useful for measurements of
rotational diffusion. Also, the millisecond lanthanide life-
times are too long for measurements of many dynamic
processes. Hence, there is a clear need for probes that dis-
play microsecond lifetimes. In this section we describe a
family of metal–ligand probes that display decay times
ranging from 100 ns to 10 μs. The long lifetimes of the
metal–ligand probes allow the use of gated detection, which
can be used to suppress interfering autofluorescence from
biological samples and thus provide increased sensitivity.87

And, finally, the metal–ligand probes display high chemical
and photochemical stability and are reasonably soluble in
water. Because of these favorable properties, metal–ligand
probes can have numerous applications in biophysical
chemistry, clinical chemistry, and DNA diagnostics.

20.3.1. Introduction to Metal–Ligand Probes

The term metal–ligand complex (MLC) refers to transition
metal complexes containing one or more diimine ligands.
This class of probes is typified by [Ru(bpy)3]2+, where bpy
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Figure 20.19. Emission spectra of NIR-emitting lanthanide chelators.
Excitation at 488 nm. Revised from [72].



is 2,2'-bipyridine (Figure 20.20). This class of compounds
was originally developed for use in solar energy conversion
and has become widely used as model compounds to study
excited-state charge transfer. Upon absorption of light
[Ru(bpy)3]2+ becomes a metal-to-ligand charge-transfer
species, in which one of the bpy ligands is reduced and
ruthenium is oxidized:

(20.2)

where RuIII is a strong oxidant and bpy– a strong reductant.
It was hoped that this charge separation could be used to
split water to hydrogen and oxygen. A wide variety of lumi-
nescent MLCs are now known, some of which are strongly
luminescent and some of which display little or no emis-
sion. The metals are typically rhenium (Re), ruthenium
(Ru), osmium (Os), or iridium (Ir). A number of extensive
reviews of their spectral properties is available.88–96

Prior to discussing the spectral properties of the MLCs,
it is useful to have an understanding of their unique elec-
tronic states (Figure 20.21). The π orbitals are associated
with the organic ligands and the d orbitals are associated
with the metal. All the transition metal complexes we will
discuss have six d electrons. The presence of ligands splits
the d-orbital energy levels into three lower (t) and two high-
er (e) orbitals. The extent of splitting is determined by the
crystal field strength Δ. The three lower energy d orbitals
are filled by the six d electrons. Transitions between the
orbitals (t ⊗ e) are formally forbidden. Hence, even if d–d
absorption occurs the radiative rate is low and the emission
is quenched. Additionally, electrons in the e orbitals are
antibonding with respect to the metal–ligand bonds, so
excited d–d states are usually unstable.

The appropriate combination of metal and ligand
results in a new transition involving charge transfer between
the metal and ligands (Figure 20.22). For the complexes
described in this chapter the electrons are promoted from
the metal to the ligand, the so-called metal-to-ligand charge

RuII(bpy ) 2�
3  →

hv
 RuIII

 (bpy ) 2 (bpy�) 2�
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Figure 20.20. Chemical structure of [Ru(bpy)3]2+ and of [Ru(bpy)2-

(dcbpy)]2+. The latter compound is conjugatable and displays strong-
ly polarized emission.

Figure 20.21. Orbital and electronic states of metal–ligand complex-
es. The d orbitals are associated with the metal, and are split by ener-
gy Δ due to the crystal field created by the ligands. The π orbitals are
associated with the ligand. Reprinted with permission from [97].
Copyright © 1994. With kind permission of Springer Science and
Business Media.

Figure 20.22. Metal-to-ligand charge transfer (MLCT) transition in
[Ru(bpy)3]2+. From [98].



transfer (MLCT) transition. The MLCT transition is the ori-
gin of the absorbance of the ruthenium MLCs near 450 nm.
Emission from these states is formally phosphorescence.
However, these states are shorter lived (microseconds) than
normal phosphorescent states, and thus can emit prior to
quenching. The luminescence of MLCs is thought to be
short lived due to spin–orbit coupling with the heavy metal
atom, which increases the allowedness of the normally for-
bidden transition to the ground state.

A Jablonski diagram for the metal–ligand complexes is
shown in Figure 20.23. Following absorption the complex
undergoes intersystem crossing to the triplet MLCT state.
This occurs rapidly:99–102 in less than 300 fs and with high
efficiency. Once in the MLCT state the excited-state com-
plex decays by the usual radiative (Γ) and non-radiative
(knr) decay pathways. In general the values of knr are larger

than Γ, and the decay times are determined mostly by the
non-radiative decay rates.

For an MLC to be luminescent several criteria must be
satisfied. The crystal field must be strong enough to raise
the d–d state above the MLCT state. Hence, iron MLCs
[Fe(L-L)3]2+ are non-luminescent due to the low lying d–d
state (Figure 20.24). In contrast [Ru(L–L)3]2+ is lumines-
cent because the d–d states are above the MLCT state and
do not serve as a major route of radiationless decay. [Os(L-
L)3]2+ has still higher d–d energies. Since the d–d levels are
not accessible, osmium complexes are highly photostable.
However, osmium MLCs are usually weakly luminescent.
This is a result of the energy gap law. As the energy of the
excited state becomes closer to the ground state, the rate of
radiationless decay increases due to the energy gap law.
Smaller energy gaps result in more rapid radiationless
decay (Section 20.3.4). Osmium MLCs typically have long-
wavelength emission, a low-energy MLCT state, and a
rapid rate of radiationless decay.

The relative levels of MLCT and d–d states determine
the sensitivity of the MLC decay times to temperature. If
the d–d levels are close to the MLCT level, then the d–d
states are thermally accessible. In such cases increasing
temperature results in decreased lifetimes due to thermal
population of the d–d states, followed by rapid radiationless
decay. Osmium complexes with thermally inaccessible d–d
levels are less sensitive to temperature.103–104

20.3.2. Anisotropy Properties of 
Metal–Ligand Complexes

The interest in MLCs as biophysical probes was stimulated
by the observation that some MLCs display strongly polar-
ized emission. The structure of [Ru(bpy)3]2+ is highly sym-
metrical with three identical ligands. Hence, one does not
expect the excited state to be localized on any particular lig-
and, and the emission is expected to display low or zero
anisotropy. However, it was found that Ru MLCs that con-
tained nonidentical diimine ligands displayed high
anisotropy. The first such compound studied105 was the
dicarboxy derivative [Ru(bpy)2(dcbpy)]2+, where dcpby is
4,4'-dicarboxy-2,2'-bipyridyl (Figure 20.20, right). The
excitation anisotropy spectrum of this MLC is shown in
Figure 20.25, along with that of several similar RuMLCs.
The dicarboxy ligand was conjugated to human serum albu-
min (HSA) via the carboxyl groups. Higher fundamental
anisotropies (r0) were observed for the dicarboxy derivative
than for [Ru(bpy)3]2+. Also, usefully high anisotropies were
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Figure 20.23. Jablonski diagram for a metal–ligand complex
[Ru(bpy)3]2+. The decay time is near 400 ns.

Figure 20.24. Lowest energy triplet states for metal–ligand complex-
es with increasing crystal field strength. Revised and reprinted with
permission from [103]. Copyright © 1991, American Chemical
Society.



observed for a number of MLCs (Figure 20.26). A variety
of bioconjugatable MLCs have now been described,106–112

including a biotin-containing MLC.113 MLC-labeled
nucleotides have also been reported.114–118

The potential of the MLCs as biophysical probes is
illustrated by the range of decay times and quantum yields
available with this diverse class of compounds. The chemi-

cal structures of useful rhenium (Re), ruthenium (Ru), and
osmium (Os) complexes are shown in Figure 20.27. When
conjugated to HSA in oxygenated aqueous solution at room
temperature, the rhenium MLC display lifetimes as long as
2.7 μs, and up to 4 μs in the absence of oxygen.119 The
osmium complex displays a much shorter lifetime and
lower quantum yield,120 but can be excited at 680 nm. The
possibility of long-wavelength excitation and long decay
times shows that the MLCs have significant potential as
biophysical probes.121–123

20.3.3. Spectral Properties of MLC Probes

The metal–ligand complexes have favorable absorption and
emission spectra. Absorption and emission spectra of three
conjugatable MLCs are shown in Figure 20.28. The long-
wavelength absorption of the Ru MLCs is not due to

686 NOVEL FLUOROPHORES

Figure 20.25. Excitation anisotropy spectra of [Ru(dcbpy)(bpy)2]2+,
[Ru(mcbpy)(bpy)2]2+ and [Ru(phen-ITC)-(bpy)2]2+, conjugated to
HSA. [Ru(bpy)2L]-HSA in 6:4 (V/V) glycerol/water, T = –55°C. Also
shown is the anisotropy spectrum of [Ru(bpy)3]2+ in 9:1 (V/V) glyc-
erol/water, –55°C (dashed).

Figure 20.26. Conjugatable metal–ligand complexes.

Figure 20.27. Chemical structures of ruthenium (II), osmium (II), and
rhenium (I) metal–ligand complexes. The decay times and quantum
yields are for these compounds covalently linked to human serum
albumin. The decays are multi-exponential.



absorption of the metal alone or the ligand alone. Localized
absorption by the ligand, referred to as ligand centered (LC)
absorption, occurs at shorter wavelengths near 300 nm.
Absorption by the d–d transitions of the metal is forbidden
and the extinction coefficients are very low (1 to 200 M–1

cm–1). The broad absorption band at 450 nm is due to the
metal-to-ligand charge transfer (MLCT) transition (eq.
20.2). The MLCT transitions display extinction coefficients
of 10,000 to 30,000 M–1 cm–1. These values are not as large
as fluorescein or cyanine dyes, but these extinction coeffi-
cients are comparable to those found for many fluo-
rophores, and are adequate for some applications.

The emission of the metal–ligand complexes is also
dominated by the MLCT transition, which is centered near
650 nm (Figure 20.28) for the Ru(II) complexes. The MLCs
behave like a single chromophoric unit. In contrast to the
lanthanides, the absorption and emission are not due to the
atom, but rather to the entire complex. Also, the metal–lig-
and bonds are covalent bonds, and the ligands and metal do
not dissociate under any conditions that are remotely phys-
iological.

Examination of Figure 20.28 reveals another favorable
spectral property of the MLCs, namely a large Stokes shift,

which makes it relatively easy to separate the excitation and
emission. This large shift results in minimal probe–probe
interaction. In contrast to fluorescein, which has a small
Stokes shift, the MLCs do not appear to self-quench when
multiple MLCs are attached to a protein molecule. Addi-
tionally, the MLCs do not appear to be prone to self-associ-
ation.

For the ruthenium complexes, comparison of Figures
20.25 and 20.28 reveals that the MLCs with the longest
emission wavelengths display the highest anisotropy. This
behavior seems to correlate with the electron-withdrawing
properties of the ligand, which are highest for dcbpy and
lowest for phenanthroline isothiocyanate. In general it
seems that having one ligand to preferentially accept the
electron in the MLC transition results in high fundamental
anisotropies. This suggests that MLCs with a single chro-
mophoric ligand will have high anisotropies, which has
been observed for Re(I) complexes.119

20.3.4. The Energy Gap Law

One factor that affects the decay times of the metal–ligand
complexes is the energy gap law. This law states that the
non-radiative decay rate of a metal–ligand complex increas-
es exponentially as the energy gap or emission energy
decreases.124–130 One example of the energy gap law is
shown in Table 20.1 for Re(I) complexes. The structure of
these complexes is similar to the lowest structure in Figure
20.27, except that the chromophoric ligand is bpy. In this
complex the emission maximum is sensitive to the structure
of the non-chromophoric ligand. The radiative decay rates
(Γ) are relatively independent of the ligand but the non-
radiative decay rate (knr) is strongly dependent on the ligand
and emission maximum. The dependence of knr on emission
energy for a larger number of Re(I) complexes is shown in
Figure 20.29. The value of knr increases as the emission
energy decreases. Because knr is much larger than Γ, the
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Figure 20.28. Absorption and emission spectra of [Ru(bpy)2-

(dcbpy)]2+, [Ru(bpy)2(mcbpy)]+, and [Ru(bpy)2 phen-ITC]2+ conjugat-
ed to HSA. Excitation wavelength 460 nm, at 20°C. Structures are
shown in Figures 20.26 and 20.27. Revised from [110]. Copyright ©
1996, with permission from Elsevier Science.

Table 20.1. Spectral properties of the Rhenium
MLC fac-Re(bpy)(CO)3La

L            λem (nm)       Q τ (ns)          Γ (s–1)             knr (s–1)

Cl– 622 0.005 51 9.79 x 104 1.95 x 107

4-NH2 Py 597 0.052 129 4.06 x 105 7.34 x 106

Py 558 0.16 669 2.36 x 105 1.26 x 106

CH3 CN 536 0.41 1201 3.43 x 105 4.90 x 105

aData from [124].



decay times of these complexes are determined mostly by
the value of knr.

Another example of the energy gap law is shown in
Figure 20.30 and Table 20.2 for osmium complexes. In this
case the shortest-wavelength (highest energy) emission was
found for the osmium complex with two phosphine
(dppene) ligands. When the dppene ligands are replaced
with phenanthroline ligands (phen) the emission maximum
occurs at longer wavelengths. When this occurs the quan-
tum yield (Q) and lifetime decreases in agreement with the

energy gap law. These decreases are due to an increase in
the non-radiative decay rate. The energy gap law is useful
in understanding how the quantum yield and lifetime are
related to the emission maxima, but it cannot be used to
compare different types of complexes. The energy gap law
works well within one homologous series of complexes, but
is less useful when comparing different types of complexes.

20.3.5. Biophysical Applications of 
Metal–Ligand Probes

The MLCs can be used as biophysical probes. We present
three representative applications: studies of DNA dynam-
ics, measurement of domain–to-domain motions in pro-
teins, and examples of metal-ligand lipid probes.

DNA Dynamics with Metal–Ligand Probes: Some
metal–ligand complexes bind spontaneously to DNA. The
strength of binding depends on the ligands and stereochem-
istry of the complexes. The MLCs have been used to probe
DNA,131–138 and some MLCs are quenched by nearby gua-
nine residues.139–141 One application is to study DNA
dynamics using the polarized emission.142–145 A spherical
molecule will display a single correlation time, and, in gen-
eral, globular proteins display closely spaced correlation
times due to overall rotational diffusion. In contrast, DNA
is highly elongated and expected to display motions on a
wide range of timescales: from ns to μs (Section 12.8).
Most experimental studies of DNA dynamics have been
performed using ethidium bromide (EB), which displays a
decay time for the DNA-bound state near 30 ns, or acridine
derivatives that display shorter decay times. The short
decay times of most DNA-bound dyes is a serious limita-
tion because DNA is expected to display a wide range of
relaxation times, and only the ns motions will affect the
anisotropy of ns probes. In fact, most studies of DNA
dynamics report only the torsional motions of DNA, which
are detectable on the ns timescale. The slower bending
motions of DNA are often ignored when using ns probes.
These slower binding motions may be important for pack-
aging of DNA into chromosomes.
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Figure 20.29. Dependence of the non-radiative decay rate of Re(I)
complexes on the emission maxima. Revised and reprinted with per-
mission from [124]. Copyright © 1983, American Chemical Society.

Figure 20.30. Osmium MLCs with different lifetimes and quantum
yields. See Table 20.2.

Table 20.2. Spectral Properties of Osmium MLCsa

Com-
pound              λem (nm)       Q τ (ns)       Γ (s–1)         knr (s–1)

[Os(phen)3]2+ 720 0.016 260 6.15 x 104 3.79 x 106

[Os(phen)2 dppene]2+ 609 0.138 1830 7.54 x 104 4.71 x 105

[Os(phen) (dppene)2]2+530 0.518 3600 1.44 x 105 1.37 x 105

aData from [125].



An MLC probe that intercalates into double-helical
DNA is shown in Figure 20.31. This probe is quenched in
water and is highly luminescent when bound to DNA. The
emission spectrum of [Ru(bpy)2(dppz)]2+ bound to calf thy-
mus DNA is shown in Figure 20.32. In aqueous solution the
probe luminescence is nearly undetectable. In the presence
of DNA the luminescence of [Ru(bpy)2dppz]2+ is dramati-
cally enhanced,146–147 an effect attributed to intercalation of
the dppz ligand into double-helical DNA. This MLC is
highly luminescent in aprotic solvents but is dynamically
quenched by water or alcohols.148–149 The increase in fluo-
rescence upon binding to DNA is due to shielding of the
nitrogens on the dppz ligand from the solvent. This
enhancement of emission upon binding to DNA means that
the probe emission is observed from only the DNA-bound
forms, without contributions from free probe in solution. In
this respect [Ru(bpy)2(dppz)]2+ is analogous to ethidium
bromide, which also displays significant emission from
only the DNA-bound form.

In order to be useful for anisotropy measurements, a
probe must display a large fundamental anisotropy (r0). The
excitation anisotropy spectrum of [Ru(bpy)2(dppz)]2+ in vit-
rified solution (glycerol, –60EC) displays maxima at 365
and 490 nm (Figure 20.32). The high value of the
anisotropy indicates that the excitation is localized on one
of the organic ligands, not randomized among the ligands.
It seems reasonable to conclude that the excitation is local-
ized on the dppz ligand because shielding of the dppz lig-
and results in an increased quantum yield. The time-
resolved intensity decay of [Ru(bpy)2(dppz)]2+ bound to
calf thymus DNA is shown in Figure 20.33. The intensity
decay is best fit by a triple-exponential decay with a mean
decay time near 110 ns. Anisotropy decay can typically be
measured to about three times the lifetime, suggesting that
[Ru(bpy)2dppz]2+ can be used to study DNA dynamics to
300 ns or longer.

The time-resolved anisotropy decay of DNA-bound
[Ru(bpy)2(dppz)]2+ is shown in Figure 20.34. The anisot-
ropy decay could be observed to 250 ns, several-fold longer
than possible with EB. The anisotropy decay appears to be
a triple exponential, with apparent correlation times as long
as 189.9 ns. Future intercalative MLC probes may display
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Figure 20.31. Chemical structure of a DNA anisotropy probe,
[Ru(bpy)2(dppz)]2+.

Figure 20.32. Absorption, emission, and excitation anisotropy spectra
(dashed) of [Ru(bpy)2(dppz)]2+ bound to calf thymus DNA. The exci-
tation anisotropy spectrum is in 100% glycerol at –60°C. From [144].

Figure 20.33. Time-dependent intensity decay of DNA labeled with
[Ru(bpy)2(dppz)]2+. The data are shown as dots. The solid line and
deviations (lower panel) are for the best three decay time fit, with
decay times of 12.4, 46.6, and 126 ns. From [144].



longer decay times. Studies of DNA-bound MLC probes
offers the opportunity to increase the information content of
the time-resolved measurements of nucleic acids by extend-
ing the observations to the microsecond timescale.

Domain-to-Domain Motions in Proteins: There is
presently considerable interest in measuring the rates of
domain flexing in multi-domain proteins. Domain motions
in proteins occur in signaling proteins such as calmodulin
and sugar receptors. Domain motions are thought to occur
in proteins such as hexokinase,150 creatine kinase,151–152

protein kinase C, phosphoglycerate kinase,153 and immuno-
globulin.153–155 As described in Section 14.7, such motions
can be detected by the effects of donor-to-acceptor diffu-
sion on the extent of resonance energy transfer. These
measurements have not been successful to date, primarily
because the decay time of most fluorophores is too short for
significant motion during the excited state lifetime.153 This
fact is illustrated in Figure 20.35, which considers the effect
of D-to-A diffusion on the donor decay, as measured in the
frequency domain. For domain-to-domain motions the
mutual diffusion coefficients are expected to be 10–7 cm2/s,
or smaller. If the donor decay time is 5 ns, then diffusion
has essentially no effect on the extent of energy transfer
(top). For this reason the donor decay contains no informa-
tion on the diffusion coefficient and cannot be used to

recover the diffusion coefficient. Suppose now the donor
decay time is increased to 200 ns. Then a diffusion coeffi-
cient of 10–7 cm2/s has a significant effect on the extent of
resonance energy transfer (RET), as shown by the shaded
area in the bottom panel of Figure 20.35. To date, RET with
MLCs has not been used to measure domain flexing in pro-
teins. However, the potential seems clear, especially in light
of the long decay times possible with rhenium MLCs.
Decay times as long as 4 μs have been found in aqueous
solution,119 suggesting that domain flexing will be measur-
able with D values smaller than 10–8 cm2/s.

MLC Lipid Probes: Long-lifetime probes are expected
to be especially valuable in membrane biophysics. Long-
lifetime MLC probes could be used to study rotational
motions of entire lipid vesicles, or to measure diffusion by
its effect on resonance energy transfer. Several MLC lipids
have been described (Figure 20.36), all of which show
polarized emission.156–157 The Ru MLC lipids display life-
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Figure 20.34. Time-dependent anisotropy decay of DNA labeled with
[Ru(bpy)2(dppz)]2+. The data are shown as dots. The solid line and
deviations (lower panel) are for the best three correlation time fits with
correlation times of 3.1, 22.2, and 189.9 ns. From [144].

Figure 20.35. Simulated data illustrating effect of donor lifetime on
the contribution of interdomain diffusion to the frequency-domain
donor decays. For the simulations we assumed a D–A distance distri-
bution with R0 = = 30 Å and hw = 20 Å. The insert shows a schemat-
ic donor (D) and acceptor (A) labeled domains for calmodulin. Top:
for a donor decay time of 5 ns. Bottom: for a donor decay time of 200
ns.



times near 400 ns, and the Re MLC lipid a lifetime near 4
μs in dipalmitoyl-L-α-phosphatidylglycerol (DPPG) vesi-
cles, in the presence of dissolved oxygen. Such long-life-
time probes can be used to measure microsecond correla-
tion times in membranes, or even the rotational correlation
times of lipid vesicles (Section 11.10.2).

20.3.6. MLC Immunoassays

Fluorescence-polarization immunoassays (FPIs) can be
performed using MLCs.158–162 FPIs are based on the
changes in polarization (or anisotropy) that occur when a
labeled drug analogue binds to an antibody specific for that
drug. The anisotropy of the labeled drug can be estimated
from the Perrin equation:

(20.3)

where r0 is the anisotropy observed in the absence of rota-
tional diffusion and Θ is the rotational correlation time.

Suppose the fluorophore is fluorescein (Fl) with a lifetime
near 4 ns and the analyte (A) is a small molecule with a
rotational correlation time near 100 ps (Figure 20.37, top).
The assay is performed using a covalent adduct of fluores-
cein and the analyte (Fl–A). When free in solution, the
anisotropy of Fl–A is expected to be near zero. The correla-
tion time of an antibody is near 100 ns and the anisotropy
of the Fl–A–IgG complex is expected to be near r0. FPIs are
typically performed in a competitive format. The sample is
incubated with a solution containing the labeled drug
(Fl–A) and antibody (Figure 20.37, bottom). The larger the
amount of unlabeled drug, the more Fl–A is displaced from
the antibody, and the lower the polarization. For an FPI to
be useful there needs to be a substantial difference in the
anisotropy between the free and bound forms of the labeled
drug.

The usefulness of MLCs in clinical FPIs is illustrated
by consideration of an FPI for a higher-molecular-weight
species (Figure 20.38). Suppose that the antigen is HSA,
with a molecular weight near 66 kD and a rotational corre-
lation time near 50 ns. This correlation time is already much
longer than the lifetime of fluorescein, so that the anisot-
ropy is expected to be near r0. For this reason, FPIs are typ-
ically used to measure only low-molecular-weight sub-
stances.

The use of MLC probes can circumvent these limita-
tions of FPIs to low-molecular-weight antigens. The
dependence of the anisotropy on the probe lifetime and the
molecular weight of the antigen is shown in Figure 20.39.

r �
r0

1 � τ/Θ
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Figure 20.36. MLC lipid probes.

Figure 20.37. Schematic of a fluorescence polarization immunoassay.



For typical probes with lifetimes near 4 ns (fluorescein or
rhodamine) the anisotropy of low-molecular-weight anti-
gens (MW < 1000) can be estimated from Figure 20.39 to
be near 0.05. An antibody has a molecular weight near
160,000, resulting in an anisotropy near 0.29 for the anti-
gen–antibody complex. Hence a large change in anisotropy
is expected upon binding of low-molecular-weight species
to larger proteins or antibodies. However, if the molecular
weight of the labeled antigen is larger—above 20,000 Dal-
tons—then the anisotropy changes only slightly upon bind-
ing of the labeled antigen to a larger protein. For example,
consider an association reaction that changes the molecular
weight from 65,000 to 1 million daltons. Such a change
could occur for an immunoassay of HSA using polyclonal

antibodies, for which the effective molecular weight of the
immune complexes could be 1 million or higher. In this
case the anisotropy of a 4-ns probe would change from
0.278 to 0.298, which is too small of a change for quantita-
tive purposes. In contrast, by use of a 400-ns probe, which
is near the value found for our metal–ligand complex, the
anisotropy value of the labeled protein with a molecular
weight of 65,000 is expected to increase from 0.033 to
0.198 when the molecular weight is increased from 65,000
to 1 million daltons (Figure 20.39).

FPIs of the high-molecular-weight antigen HSA have
been performed using the Ru and Re MLCs.160–161 The Re
MLC shown in Figure 20.27 displays a quantum yield of
0.2 and a lifetime over 2700 ns.162 Absorption, emission,
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Figure 20.38. Fluorescence polarization immunoassay of a high-molecular-weight species using an Ru(II) metal–ligand complex.

Figure 20.39. Molecular-weight-dependent anisotropies for probe
lifetimes from 4 ns to 4 μs. The curves are based on eq. 20.3 assum-
ing ν + h = 1.9 ml/g for the proteins, r0 = 0.30, in aqueous solution at
20°C with a viscosity of 1 cP.

Figure 20.40. Absorption and emission spectra of [Re(bcp)(CO)3(4-
COOHPy)]+ (RE) conjugated to HSA in 0.1 M phosphate-buffered
saline (PBS) buffer, pH 7.0. Excitation wavelength was 400 nm. The
excitation anisotropy spectrum in 100% glycerol at –60°C was meas-
ured with an emission wavelength of 550 nm. Reprinted with permis-
sion from [162]. Copyright © 1998, American Chemical Society.



and anisotropy spectra of this probe are shown in Figure
20.40. The Re complex can be excited near 400 nm, which
is due in part to the long-wavelength absorption of the 4,7-
dimethyl-1,10-phenanthroline (bcp) ligand. These wave-
lengths can be obtained from LEDs. The large Stokes shift
from 350 to 520 nm makes it easy to isolate the MLC emis-
sion. Importantly, the Re MLC displays a high fundamental
anisotropy near 0.3 for excitation at 400 nm.162–163 This is
probably due to the presence of just one chromophoric lig-
and, so there is no possible randomization of the excitation
to other ligands.

The high-quantum-yield rhenium MLC was covalently
bound to HSA used to detect binding of an antibody against
human serum albumin (Figure 20.41). The steady-state
anisotropy was found to increase nearly fourfold upon bind-
ing of IgG, and there was no effect from nonspecific IgG.
These results demonstrated that long-lifetime MLCs are
useful for immunoassays of high molecular weight anti-
gens. It is important to note that the sensitivity of most flu-
orescence assays is limited not by the ability to detect the
emission but rather by the presence of interfering autofluo-
rescence that occurs on the 1- to 10-ns timescale. The avail-
ability of probes with longer decay times should also allow
increased sensitivity by the use of gated detection following
decay of the unwanted autofluorescence.

For many applications it is preferable to use the longest
possible wavelength for excitation. At longer wavelengths
there is less sample absorbance, less autofluorescence, and
the light sources are less expensive. However, the quantum
yields of long-wavelength MLCs are usually low. It is a
challenge to obtain long-wavelength excitable MLCs that

display long lifetimes and high quantum yields. Some
progress has been made toward developing long-wave-
length long-lifetime MLCs. It is known that the decay times
of Os MLCs can be increased by the use of tridentate lig-
ands in place of bidentate ligands.164–166 Several such com-
pounds have been synthesized (Figure 20.42). These Os
complexes display long-wavelength absorption and decay
times longer than 100 ns. Another approach to increasing
the quantum yield and decay times of Os MLCs is by the
use of arsine and phosphine ligands.167 Using this approach
it is possible to obtain high quantum yields. Unfortunately,
the absorption spectra shift to shorter wavelengths, and the
450 nm absorption is weak. Some Ru MLCs display emis-
sion wavelengths as long as 715 nm and lifetimes over 100
ns.
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Figure 20.41. Steady-state fluorescence polarization of [Re(bcp)-
(CO)3(4-COOHPy)]–HSA at various concentrations of IgG specific
for HSA (anti-HSA, circles) or nonspecific IgG (squares). Revised
and reprinted with permission from [162]. Copyright © 1998, Ameri-
can Chemical Society.

Figure 20.42. Long-wavelength long-lifetime osmium (II) complexes.



20.3.7. Metal–Ligand Complex Sensors

Another area of interest is the use of MLCs in ion sensing.
MLCs that are sensitive to ions168–175 or pH176–181 have
recently become available. One example is the pH-sensitive
MLC [Ru(bpy)2(deabpy)]2+, where deabpy is 4,4'-diethy-
laminomethyl-2,2'-bipyridine (Figure 20.43). The emis-
sion spectra of [Ru(deabpy)(bpy)2]2+ at pH values
ranging from 2 to 12 are shown in Figure 20.44. The emis-
sion intensity increases about threefold as the pH increases
from 2.23 to 11.75. The pH-dependent intensity changes
show a pKA value near 7.5. This pKA value is ideally suited
for measurements of blood pH, for which the clinically rel-
evant range is from 7.35 to 7.46, with a central value near
7.40. In addition, much cell culture work is performed near
pH 7.0–7.2. The changes in emission with a change in pH
are believed to be due to deprontonation of the amino

groups of [Ru(bpy)2(deabpy)]2+. The emission spectrum of
the MLC pH probe shifts to longer wavelengths as the
amino groups are prontonated at low pH (Figure 20.44).
This suggests the use of [Ru(bpy)2(deabpy)]2+ as a wave-
length-ratiometric probe (Figure 20.45). Such ratiometric
probes are already in widespread use for measurement of
Ca2+ and pH (Chapter 19), but these display ns decay times.

The emission shift to longer wavelengths at low pH
(Figure 20.44) seems to be generally understandable in
terms of the electronic properties of the excited MLCs. The
long-wavelength emission is from a metal-to-ligand charge
transfer (MLCT) state in which an electron is transferred
from Ru to the ligand. The protonated form of deabpy is
probably a better electron acceptor, lowering the energy of
the MLCT state, shifting the emission to longer wave-
lengths, and thereby decreasing the lifetime. These results
suggest a general approach to designing wavelength-ratio-
metric MLC probes based on cation-dependent changes in
the electron affinity of the ligand. Changes in the emission
spectra can be expected to cause changes in lifetime in
accordance with the energy gap law (Section 20.3.4). The
emission spectra (Figure 20.44) reveal that the probe is
luminescent in both the protonated and unprotonated forms.
This suggests that it can be useful as a lifetime probe
because each form is luminescent and may display distinct
decay times. At present there is an understandable interest
in detection of dangerous substances. A cyanide-sensitive
MLC has been reported (Figure 20.46). The emission inten-
sity decreases as the cyanide concentration increases.

And, finally, the MLCs appear to be highly photo-
stable. [Ru(bpy)2(dcbpy)]3+ and fluorescein were illuminat-
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Figure 20.43. Structure of [Ru(bpy)2(deabpy)]2+, a long-lifetime
MLC pH sensor. From [181].

Figure 20.44. pH-dependent emission spectra of Ru(bpy)2-

(deabpy)(PF6)2. Excitation at 414 nm. Revised from [181].

Figure 20.45. Wavelength-ratiometric measurements of pH using the
emission intensities of [Ru(bpy)2(deabpy)]2+ at 620 and 650 nm. From
[181].



ed with the 488-nm output of an argon ion laser (Figure
20.47). The MLC was stable for extended periods of time,
under conditions where fluorescein was rapidly bleached.
The initial decrease in the MLC intensity is thought to be
due to heating. The long-term photostability of MLCs
should make them useful for high-sensitivity detection in
fluorescence microscopy, fluorescence in-situ hybridiza-
tion, and similar applications.

20.4. LONG-WAVELENGTH LONG-LIFETIME
FLUOROPHORES

Red- and NIR-emitting probes are desirable for many appli-
cations of fluorescence. However, the red–NIR probes with
high extinction coefficients and high quantum yields also
display short lifetimes. For MLCs the quantum yields de-
crease as the emission wavelength increases, and none of
the MLCs have high extinction coefficients. Some of these
disadvantages of MLCs can be circumvented using MLCs
as donor to high quantum-yield long-wavelength accep-
tors.182–184

A tandem MLC–red fluorophore can be used to obtain
a fluorophore that has both a long emission wavelength and

a long lifetime. Assume the donor is an MLC with a 1000-
ns decay time and that the distance between the donor and
acceptor is r = 0.7R0. An acceptor at this distance will
reduce the lifetime of the MLC to about 100 ns. Because the
acceptor lifetime is short (τA = 1 ns), the acceptor intensity
will closely follow the donor intensity. The acceptor will
display essentially the same decay time(s) as the donor.
Most acceptors will display some absorption at the donor
excitation wavelength. In this case the acceptor emission
will typically display an ns component as a result of a
directly excited acceptor, and a long decay time near 100 ns
resulting from RET from the donor. The long-lifetime emis-
sion acceptor can be readily isolated with gated detection.

An important advantage of such an RET probe is an
increase in the effective quantum yield of the long-lifetime
D–A pairs. This increase in quantum yield occurs because
the transfer efficiency can approach unity even though the
donor quantum yield is low. The result of efficient RET
from the donor is that the wavelength integrated intensity of
the D–A pair can be larger than that of the donor or accep-
tor alone (Figure 20.48). Thus tandem RET probes with
MLC donors can be used to create long-lifetime probes,
with red–NIR emission, with the added advantage of an
increased quantum yield for the D–A pair. The modular
design of these probes allows adjustment of the spectral
properties, including the excitation and emission wave-
lengths and the decay times.

At first glance an increase in the overall quantum yield
due to RET is a surprising result, but some simple consid-
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Figure 20.46. Structure and emission spectra of a cyanide-sensitive
MLC. Revised and reprinted with permission from [175]. Copyright
© 2002, American Chemical Society.

Figure 20.47. Photostability of [Ru(bpy)2(dcbpy)]2+ and fluorescein.



erations explain why this occurs. Consider a mixture of
donor and acceptor where RET does not occur. The total
emission of both the donor and acceptor is given by the sum
of the two emissions. This total intensity is given by

(20.4)

where QD
0 and QA

0 are the quantum yields of the donor and
acceptor in the absence of RET, and εD and εA are the
extinction coefficients of the donor and acceptor, respec-
tively. Now assume RET occurs with efficiency E. The total
emission is now given by

(20.5)

If the transfer efficiency is high the total intensity
becomes

(20.6)

so that the total quantum yield is determined by the quan-
tum yield of the acceptor, and not the donor.

If the acceptor does not absorb at the donor excitation
wavelength, then

(20.7)

so that the total quantum yield is determined by the quan-
tum yield of the acceptor, and not the donor.

If the energy transfer is too efficient then the donor life-
time will be too short. However, it is possible to find condi-
tions where the quantum yield is substantially increased and
the acceptor lifetime is still acceptably long. An Ru MLC
donor and a high-quantum-yield acceptor were linked by an
polyproline linker (Figure 20.49). The acceptor emission is
considerably more intense from the D–A pair than from the

FT � QAεD

FT � QA(εA � εD )

FT � FD � FA � QO
D εD (1 � E ) � QO

A (εA � EεD )

F0
T � F0

D � F0
A � Q0

D 
εD � Q0

A 
εA
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Figure 20.48. Schematic of a long-lifetime probe based on RET. For
the simulated spectra we assumed the acceptor does not absorb at the
donor excitation wavelength.

Figure 20.49. Structure of a tandem MLC–acceptor pair emission
spectra, and intensity decays reconstructed from the frequency-
domain data. Revised and reprinted with permission from [184].
Copyright © 2001, American Chemical Society.



donor or acceptor alone. In the absence of RET the donor
lifetime is 820 ns. In the D–A pair the long component in
the acceptor lifetime is 130 ns, which is long enough to use
with gated detection. These results show a general approach
to obtain the desired emission wavelengths and lifetime
using MLCs as donors in tandem probes.
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PROBLEMS

P20.1.  Effect of Off-Gating on the Background Level: Figure
20.50 shows the intensity decay of a long-lifetime
sensing probe (τ2) with an interfering autofluorescence
of τ1 = 7 ns.

A. The decay time of the long-lifetime component
is 400 ns. Confirm this by your own calcula-
tions.

B. What are the values of αi in the intensity decay
law? That is, describe I(t) in terms of α1

exp(–t/τ1) + α2 exp(–t/τ2).

C. What are the fractional intensities (fi) of the two
components in the steady-state intensity meas-
urements?

D. Suppose the detector was gated on at 50 ns, and
that the turn-on time is essentially instantaneous
in Figure 20.50. Assume that the intensities are
integrated to 5 μs, much longer than τ2. What
are the fractional intensities of each compo-
nent? Explain the significance of this result for
clinical and environmental sensing applications.
It is recommended that the integrated fractional
intensities be calculated using standard comput-
er programs.

P20.2.  Oxygen Bimolecular Quenching Constant for a
Metal-Ligand Complex: The complex of ruthenium
with three diphenylphenanthrolines [Ru(dpp)3]2+

displays a long lifetime near 5 μs and has found
widespread use as an oxygen sensor. Recently a
water-soluble version of the sensor has been synthe-
sized (Figure 20.51).185 Frequency-domain intensi-
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Figure 20.50. Intensity decay of a long-lifetime probe having a decay
time of 400 ns, with an interfering autofluorescence of 7 ns.

Figure 20.51. Structure of a water-soluble MLC used as an oxygen
sensor.



ty data for [Ru(dpp(SO3Na)2)3]Cl2 are shown in
Figure 20.52. Calculate the oxygen bimolecular

quenching constant for this complex. Assume the
solubility of oxygen in water is 0.001275 M/atm.
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Figure 20.52. Frequency-domain intensity decay of
[Ru(dpp)(SO3Na)2)3]Cl2 in water, under an atmosphere of
argon (o), air (�), or oxygen (�).
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