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The design of responsive luminescent lanthanide
probes and sensors

David Parker, (2 *2° Jack D. Fradgley® and Ka-Leung Wong

The principles of the design of responsive luminescent probes and sensors based on lanthanide emission are
summarised, based on a mechanistic understanding of their mode of action. Competing kinetic pathways
for deactivation of the excited states that occur are described, highlighting the need to consider each of the
salient quenching processes. Such an analysis dictates the choice of both the ligand and its integral
sensitising moiety for the particular application. The key aspects of quenching involving electron transfer and
vibrational and electronic energy transfer are highlighted and exemplified. Responsive systems for pH, pM,
pX and pO, and selected biochemical analytes are distinguished, according to the nature of the optical
signal observed. Signal changes include both simple and ratiometric intensity measurements, emission
lifetime variations and the unique features associated with the observation of circularly polarised
luminescence (CPL) for chiral systems. A classification of responsive lanthanide probes is introduced.
Examples of the operation of probes for reactive oxygen species, citrate, bicarbonate, o,-AGP and pH are
used to illustrate reversible and irreversible transformations of the ligand constitution, as well as the
reversible changes to the metal primary and secondary coordination sphere that sensitively perturb the
ligand field. Finally, systems that function by modulation of dynamic quenching of the ligand or metal
excited states are described, including real time observation of endosomal acidification in living cells, rapid
urate analysis in serum, accurate temperature assessment in confined compartments and high throughput
screening of drug binding to G-protein coupled receptors.
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1. Introduction

The low molar absorption coefficients of the lanthanide ions,
associated with the forbidden nature of f-f transitions, mean
that direct excitation of the metal ion is a very inefficient means
of stimulating lanthanide luminescence. Accordingly, an indirect
pathway is required in which an energy matched sensitising group
is incorporated into the metal complex to harvest light efficiently.
Ideally, the excitation wavelength should be tuned to the output of
common laser or pulsed LED sources (e.g. 337, 355, 365, 405 nm).
Careful consideration must be given to the photophysical
properties of the sensitising (antenna) groups, notably their molar
absorptivities (high ¢), internal charge transfer (ICT), singlet and
triplet energies and the size of the energy gap that determines the
facility of inter-system crossing. Small S;-T; energy gaps favour
fast k;sc, which typically needs to be >10° s~ to compete with k;
which is of the order of 3 x 10® s™". These features determine the
choice of the excitation wavelength (1), the efficiency of triplet
excited state formation and the feasibility of an energetically
downhill process that allows intramolecular energy transfer to
populate the lanthanide excited state efficiently.'™

1.1. Competing mechanistic pathways in sensitised
luminescence

A mechanistic scheme can be put forward, (Scheme 1), char-
acterising the competing pathways. The salient excited states
have a short lived existence and may follow various radiative or
non-radiative decay processes, each defined by a rate constant.
Simple energetics determine the need for a downhill energy
cascade, such that the sensitising excited state donor must lie
close but be more than 10ks7 (2050 cm™ ' at ambient temperature)
higher in energy than the accepting Ln excited state. In this way,
the back energy transfer step is not prone to thermal activation.

In such an analysis, there are up to three excited states that
can be perturbed to give ‘responsive probes’, for which changes
in the observed lanthanide luminescence emission behaviour
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Scheme 1 Mechanistic pathways in sensitised lanthanide luminescence,
where ket and kgt/kget refer to electron and forward/back energy transfer
processes, kisc refers to the rate constant of inter-system crossing, kyip
relates to vibrational energy transfer to neighbouring energy matched
oscillators and kg is the second order rate constant for collisional quenching
of a ligand triplet state (ca. 10° M~ s™% by molecular oxygen, forming
singlet oxygen.

may occur, potentially modulating the intensity, spectral form,
lifetime or circular polarisation of the emitted light.®® These
excited states have very different lifetimes: the relaxed S; and
ICT states typically exist for no more than a few nanoseconds,
the triplet state for up to a microsecond but the lanthanide
excited state lifetime falls in the microsecond (e.g. Dy, Yb, Nd,
Er) to millisecond (Eu, Tb) range. The longer lifetimes and large
pseudo-Stokes’ shifts of sensitised lanthanide luminescence
allow the use of time-gated methods of data acquisition for
spectroscopy or microscopy, averting the problems associated
with light scattering, self-absorption and autofluorescence that
may compromise the scope and utility of analyses using short
lived fluorophores. A selection of the chromophores that have
been explored as sensitisers for lanthanide emission, with their
triplet energies, (Et), and absorption maxima (Aex), highlights
the predominance of heterocyclic and aromatic systems
(Scheme 2).'°7® The Ln ion needs to be as close as possible
in space to the chromophore, in order to optimise the efficiency
of the ligand to metal energy transfer step, and so is best
coordinated to the lanthanide ion by an integral donor,
typically a pyridine nitrogen or an anionic oxygen atom. By
minimizing the donor-acceptor distance, efficient wave
function overlap is created that allows optimal energy transfer
to occur by the Dexter electron exchange mechanism.>”*®

The N-alkyl acridone,’®' carbostyril antennae'™® and
phenathridinium* sensitising groups were originally placed
more than 5 A away from the lanthanide centre and often gave
modest overall emission quantum yields, owing to the slower
rate of the ligand to lanthanide energy transfer step. With more
remote antennae, kgt from the ligand T, state may be of the same
order as k¢[O,], so that a sensitivity to dissolved oxygen concen-
tration may occur. For the acridones and azathiaxanthones,'” the
rate of fluorescence, kr is competitive with ksc, so that radiative
decay of the excited singlet state competes with triplet formation
and fluorescence emission was commonly observed to be more
intense than lanthanide luminescence.

This journal is © The Royal Society of Chemistry 2021
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and absorption maxima in their lanthanide complexes.®™*° The emissive
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In certain cases, europium sensitisation is believed to take
place via an efficient intramolecular energy-transfer process
that involves a relaxed internal charge transfer (ICT) excited
state rather than by a ligand triplet state. In particular, such a
situation arises for sensitisers with strongly electron donating
groups on the aryl ring, e.g. in arylalkynylpyridines and certain
acridones.’"*'"?* In the former case with relatively weak donor
groups on the aryl ring, the ICT state lies at higher energy and
consequently a classical triplet-mediated sensitisation process
occurs, with energy transfer via the Dexter exchange mechanism.

Examples of energy transfer directly from the singlet excited
state to a proximate Eu ion have also been established, notably
when the rate of S;-T; inter-system crossing is relatively
29732 Sych a situation occurs with some coumarin sensitising
groups, where the Eu °D; excited state may be populated
preferentially, decaying within a few microseconds by vibrational
relaxation to the longer lived °D, Eu emissive state.

In each example of terbium complexes incorporating
chromophores with triplet energies of 22000 cm™" or less,
reverse energy transfer, kgpr is competitive with the rate of
radiative emission from the Ln ion, ki, rendering the observed
luminescence intensity and emission lifetime sensitive to variations
in dissolved oxygen concentration and to changes in temperature.
Sensitisation of Eu, Dy and Tb is only possible for four of the shown
systems: namely, the azaxanthone, tetraazatriphenylene, pyrazoyla-
zaxanthone and certain terpyridyl series. And, whilst the isophtha-
lamides are excellent sensitisers for Tb*" and Dy*" they are not
normally used for Eu sensitisation, as k.r from the ligand singlet
excited state to the ground state Eu®" ion is fast with respect to kisc.

slow.

2. Competitive excited state
quenching processes

Considering each of the electron transfer and electronic energy or
vibrational energy transfer steps in more detail, the key competitive
quenching processes for the ligand or lanthanide excited states can
be identified, in the pursuit of effective and efficient responsive
probes. In every case, the facility of both intermolecular and

This journal is © The Royal Society of Chemistry 2021
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intramolecular processes needs to be considered. In this section,
we trace the development of the thinking that allows mechanistic
understanding of the role of quenching that is a key aspect in how
responsive systems should be designed.

2.1. Electron transfer quenching, k.r

An electron transfer process may quench the singlet or ICT
excited state, involving charge transfer to Eu®*" and Yb**
(but not to Dy** or Tb*"), from the high energy ligand excited
state. In ligands with electron rich aryl groups, the emission
intensity and overall emission quantum yields are reduced but
the lanthanide excited state lifetime is not perturbed.

A simple example involves electron transfer from the singlet
excited state of the sensitising chromophore to a nearby
lanthanide ion. Such a process is not relevant for complexes
of Dy** or Tb*', as these ions are difficult to reduce (Ey,(red) <
—3.5 V), (Table 1). In complexes of Eu*", Yb** and to a lesser
extent Sm®*, with octadentate ligands, for example polyamino-
carboxylates or carboxamides, the reduction potential occurs in
the range —0.8 to —1.2 'V for Eu and —1.4 to —2.0 V for the Yb(u)
analogues. Thus, while simple phenyl rings and substituted
analogues (e.g. X = OMe, CN or CO,Me) can be superb, simple
sensitizing groups for Tb** in complexes containing this chro-
mophore, the overall quantum yield for Eu emission is much
lower. Thus, with the cationic tetra-amide complex, [EuL'[?,
¢em is more than three orders of magnitude lower when X = H,
and is even smaller when X = OMe.*® Similar reasoning explains
the higher emission quantum yields found for terbium peptide
complexes, compared to their Eu analogues, where the metal
ion is close in space to electron rich Trp, Tyr or Phe residues.

i
0 H

Tl
7\

\ DN
SOU
H

[LnL'p3*

The likelihood of electron transfer can be predicted, using
the approach first put forward by Weller** for photo-induced
electron transfer processes, eqn (1).

Table 1 Emission lifetimes (ms) and quantum yields for Eu/Tb complexes
of L*e

X=H X =CN X = CO,Me
7: “(H,0) 0.58 0.57 0.58
1: °(D,0) 1.74 1.69 1.75
1: “(H,0) 2.44 2.27 2.44
7™"(D,0) 3.45 3.03 3.13
¢ ( 0) 3x10°° 0.01 0.12
P (D 0) 0.48 0.41 0.81

“ Note the lack of significant variation of the Eu and Tb emission
lifetime, as X varies; each complex has one coordinated water.*?

Chem. Soc. Rev., 2021, 50, 8193-8213 | 8195
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AGygr = NF([Eox — Ered] — Es — €*/er) ] mol ™ (1)

In the original description, E, is the oxidation potential of a
donor (e.g. a nitrogen lone pair or the HOMO of an electron rich
aromatic group), E.q is the reduction potential of the acceptor (e.g
an aryl group or a Ln®" ion), Ej is the singlet excited state energy in
eV and e*/er is an attractive energy term related to formation of a
radical ion pair; this term is often less than +0.2 eV. The Weller
equation therefore estimates the free energy of activation for the
electron transfer step involving a particular excited state that drives
the overall process. Application of the equation highlights the
facility of photoinduced electron transfer to the Eu®" centre.

Consider the case in which a simple phenyl group is the
hypothetical sensitiser, eqn (2), where Es is 4.46 eV, E, is
+1.76 V and E,eq is —1.1 V for a Eu(m) complex.

AGy, = F[(2.48 + 1.1) — 4.90 — 0.15] = —1.47F = —142 k] mol *

(2)

This quenching process is energetically very favourable but
it does not occur with the para-carboxymethyl analogue. In this
case, the electron-withdrawing CO,Me group raises the
oxidation potential of the aryl ring beyond +3.3 V (¢f. +2.48 V
and +1.76 V for Ph-H and Ph-OMe). Accordingly, the
overall quantum yield for sensitised emission in the p-CO,Me
substituted Eu complex is much higher, (12%, Table 1).

Intermolecular electron transfer from a halide anion to the
singlet excited state of the chromophore occurs may occur
readily (I > Br~ > Cl"), especially for cationic complexes that
favour ion-pair encounter; the reduction of ligand fluorescence
is echoed by the diminution of lanthanide luminescence
intensity. The lanthanide emission lifetime is unaffected in each
case. For example, with the N-methyl-phenanthridinium com-
plexes, [EuL’]", Stern-Volmer quenching constants, K, (eqn (3)),
have been examined for iodide, bromide and chloride
quenching, monitoring the modulation of Eu emission intensity.
The Kgy " values for 1™, Br~ and Cl~ quenching were 50, 16, and
5 mM " respectively, consistent with the ease of oxidation of the
halide anion.™*

Me|N Bu |7
o S
Me-‘-l‘:’—O H \
(A~
N | WY
R0
s W
o=h~\\/Y
e 0-p-Me
(o}
[EuL?)*
I/ I =1+ K [X7] (3)

The ligand triplet excited state is always at a lower energy
than the singlet and typically has a longer lifetime, lengthening
the time window for competitive quenching to occur. For
example, aromatic amines and other electron rich aromatics
that can form resonance stabilised radical cations,*> quench
the T, state by fast electron transfer, even when kis¢ is fast with
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respect to ker for the S; state from which it derived. Evidently,
such aromatic and heterocyclic ring systems are not going to be
effective intramolecular sensitisers, because fast electron
transfer quenches either the S; or the T; excited state. In
examples of intermolecular quenching for example, quenching
rate constants are of the order of 10°-10"° M~ " s~

With many electron poor sensitising groups (Scheme 2),
exciplex formation may occur between an electron rich species
and the ligand triplet excited state. Exciplex formation can be
considered to involve partial charge transfer, and the ligand
excited state is lowered in energy and broadened as a result.
The best examples reported have involved intermolecular
quenching by the natural anti-oxidants, urate and ascorbate,
and by certain catecholates that each serve to lower the energy
of the ligand triplet excited state.*® In doing so, notably for
terbium complexes, more efficient, thermally activated back
energy transfer, kggr, becomes possible from the higher lying
terbium °D, state to the transient exciplex, leading to dynamic
quenching of the metal excited state and a reduction in its
emission lifetime.

Quenching by urate, ascorbate and selected catechols, such
as dopamine (ascorbate, E.x = +0.30 V; urate, +0.59 V; catecho-
lates, ca. +0.53 V at pH 7), is more effective for Tb(u) over Eu(ur)
complexes. Excited state complex formation occurs between
the electron-rich reductant and the electron-poor heterocyclic
sensitising moiety, as in the Ln complexes [LnL*®] with tetra-
azatriphenylene, azaxanthone and pyrazoyl-azaxanthone
groups, (Fig. 1).>%%”

The efficiency of quenching did not faithfully follow trends
based on consideration of ligand reduction and quencher
oxidation potentials, (Table 2), but was sensitive to the steric
shielding created by the local ligand environment, notably
when the carboxylate donors were replaced by more bulky
phosphinate or amide carbonyl donors. Moreover, in the
presence of serum albumin, when a non-covalent complex
forms with the ligand sensitising moiety, urate quenching

Ui ]
H;0, /\—\ T
4
AN N o N /N/\N(\»
STy Lm =N
<o Qe
A\/ / O, &\/N N, NN
VY Y
0o 'Bu 0N d 0

[LnL4(H,0)]

Fig. 1 Lanthanide complexes sensitive to dynamic quenching by urate or
ascorbate involving exciplex formation; |~ quenches by collisional
encounter with the ligand triplet.*>’

Table 2 Stern-Volmer quenching constants (Ksy~/mM) for the dynamic
quenching of the Tb/Eu excited state (298 K, pH 7.4, 0.1 M HEPES, 10 mM
NaCl)*¢*’

Quencher Tb/Eu-L? Tb/Eu-L* Tb/Eu-L°
Urate 0.005/0.11 0.012/0.28 0.03/0.45
Ascorbate 0.35/2.92 0.57/8.90 1.39/8.43
Iodide 2.1/10° 53/125 5.4/72

This journal is © The Royal Society of Chemistry 2021
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was much less efficient and could be completely suppressed
with the complexes based on pyrazoyl-azaxanthones, which
have the highest association constants with serum albumin.>’

With urate and ascorbate quenching of the lanthanide
excited state was reduced as temperature increases, as long-
lived exciplex formation is an entropically disfavoured bimolecular
process, with a negative entropy of activation. Such a temperature
dependence may be contrasted with the less efficient dynamic
quenching by iodide (E, = +0.53 V), where collisional encounter
with the ligand triplet is favoured by Coulombic attraction, and the
quenching efficiency increased with temperature (vide infra for
direct k.r to Ln*).

[LnLS}*

The metal based excited states may be populated directly by
laser excitation, for Eu at 397 ("Fo—"Lg), 457 nm (’F,—"D,) and
for Tb at 488 nm ("F¢-"D,). Under this mode of excitation, no
change was found in the lifetime of the lanthanide excited state
nor the metal-based emission intensity, following addition of
0.1 mM urate, 4 mM ascorbate or 100 mM iodide to solutions
containing the Eu(m) and Tb(m) complexes of L*-L’°. Such
observations establish unequivocally that intermolecular
quenching of the lanthanide excited state is occurring by a
process that involves the excited state of the sensitising
moiety.?” Direct quenching of the lanthanide excited state by
intermolecular electron transfer with these electron rich
species does not occur.

We can extend this thinking to systems with an integral
electron-rich moiety. Comparing emission lifetimes for the pair
of dpqC complexes, [LnL*] and [LnL®], the Tb and Eu lifetimes
are lower for the complex with the trans-catecholamide group
(Table 3). Here, intramolecular charge transfer may occur
shortening the metal excited state lifetime in water and in
D,0, thereby reducing the overall emission quantum yield. The
observation by mass spectroscopy of H/D exchange in the dpqC
chromophore (E..q = —1.1 V) of [TbL®], but not with [TbL?]
following excitation, and the greater quenching of the Tb
excited state compared to the Eu analogue, support the hypothesis
of intramolecular exciplex formation, with transient radical anion
character in the dpqC moiety®’.

Thinking more generally, quenching of the lanthanide
excited state itself may in principle occur by intramolecular
electron transfer from a proximate electron rich aryl group or a

Table 3 Comparison of radiative decay rates: [LnL®] vs. [LnL®] (295 K, pH
5.5, dexc 348 nm)*’

[LnL®] k(H,0)/ [thé] k(D,0)/ [th:’] k(H,0)/ [Ln}f] k(D,0)/

Lanthanide ms™* ms ms ms
Tb 2.13 1.45 0.64 0.56
Eu 1.45 0.99 0.93 0.60

This journal is © The Royal Society of Chemistry 2021
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N lone pair, reducing the excited state lifetime. Consider the
following series of complexes, [EuL’*?], (Fig. 2).>***® The set
of three Eu complexes, [EuL’?], containing increasing numbers
of electron rich chromophores and can be compared with the
set of complexes, [EuL'®"?*] where the chromophore also
possesses a conjugated nitrogen lone pair in the upper aryl
ring,*® (Table 4). With [EuL”"°], there is a small decrease in the
lifetime of emission as the number of chromophores increases,
suggesting that electron transfer from the electron rich sensi-
tising moiety quenches the Eu excited state, to some extent.

The Weller equation considers the free energy of activation
for the electron transfer process and can be applied to assess
the feasibility of the quenching of the europium excited state by
intramolecular electron transfer from the lowest lying orbital,
i.e. the nitrogen lone pair orbitals present on the antenna(e) in
[EuL'®"?]. The oxidation potential of a typical N,N-dialkylaniline,
such as N,N-dimethylaniline, is +0.53 V in acetonitrile compared
to +1.2 V for a typical trialkylamine, eg triethylamine.
The reduction potential of the Eu®* ion lies in the range —0.8
to —1.2 V, when coordinated by a polar polydentate ligand

0.8

0.6 4

Normalised Intensity / a.u.

0.2

280 330 380 430 480 530 580 630 680 730
Wavelength / nm

Fig. 2 Absorption (blue), excitation and emission spectra of [EuL®], showing
the five major transitions in the visible region from the Dy Eu excited state

(295 K, 0.1 M NaCl). Adapted with permission from the Royal Society of
Chemistry.2*

Chem. Soc. Rev., 2021, 50, 8193-8213 | 8197
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Table 4 Europium excited state lifetimes for [EulL’~12]232438
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Complex 7% /ms® Comment

[EuL’] 1.39 Small lifetime decrease with increasing number of electron rich chromophores
[EuL®] 1.27

[EuL’ 1.21

:EuLll] 0.53” PeT quenching effect increases with number of N-substituted chromophores
[EuL'] 0.34°

[EuL'? 0.25"

:EuHLL’]+ 1.16° N-Protonation suppresses electron transfer quenching

[EuHL'']" 1.00°

[EuHL"*]* 0.84°

@295 K, 0.1 M NaCl, H,0. ? pH 8, 0.1 M NaCl, H,O0. ¢ pH 4, 0.1 M NacCl, H,0; pK, values are 6.75, 6.30 and 6.21, respectively.

(estimated as —1.1 V here). The energy of the excited Eu*" D,
state lies at 17220 cm ™" (equivalent to +2.13 eV or 206 k] mol %),
compared to the Tb** °D, excited state at 20450 cm ™" (2.54 eV,
245 k] mol ") and 10200 cm™* for *Fsj, Yb*" (+1.26 eV, 122 kJ mol ).

AGg, = F[(0.53 + 1.1) — 2.13 — 0.15] = —0.65 F = —63 k] mol '

(4)

Given these values, the free energy for the electron transfer
process from the m-conjugated donor of an N,N-dialkylaniline
to the Eu®" ion is energetically favourable, eqn (4). This analysis
assumes that the excited state reduction potential of the
europium ion is the same as in the ground state. Moreover,
such an electron transfer process to the lanthanide excited state
is not favourable for analogues where a methylene group spaces
the nitrogen lone pair from the n system.

The Eu excited state is prone to quenching by an intra-
molecular electron transfer process associated with the amine N
lone pair of the diethylamino group. Consider the behaviour of
the Eu(ur) complexes of ligands L'°-L'?, The rate of proton transfer
to and from nitrogen (typically 10" to 10" s™') occurs much
faster than the rate of decay of the excited europium ion (10* s™)
and of the intermediate ligand ICT or triplet excited states.
Furthermore, the rate of electron transfer from the unprotonated
chromophore to the excited Eu ion is much faster than the rate of
energy transfer populating *D, Eu* and of its own radiative rate of
emission. Thus, during the long lifetime of the Eu *D, excited
state, deprotonation of the amine group can occur, allowing fast
electron transfer to occur from the unprotonated chromophore to
the Eu ion, quenching the Eu emission and shortening the ‘time-
averaged’ observed lifetime. Such an effect is more likely to occur
with increasing numbers of chromophores bearing the amine
group, consistent with the observation that the trisubstituted
complex, [EuL'?], has the shortest observed emission lifetime
(4), and the complex with one amine-containing chromophore,
[EuL'?], has the longest, both at pH 4 and 8. Moreover, in a key
control experiment the same pH dependence of emission lifetime
was observed for [EuL’ '] following direct excitation of the Eu ion
at 397 nm. In this case, it is the Eu excited state that is quenched
and not an intermediate ligand excited state.

2.2. Electronic energy transfer quenching, kgy

Electronic energy transfer, in principle, may occur at any point along
the photochemical pathway, perturbing the ligand-based singlet, ICT

8198 | Chem. Soc. Rev., 2021, 50, 8193-8213

and triplet excited states or the lanthanide excited state, (Scheme 1).
The process may be inter- or intramolecular in nature, and in each
case the relevant excited state lifetime is reduced.*

There are two mechanisms that have been suggested to describe
energy transfer from a donor to an acceptor. In Dexter transport, the
exciton is believed to hop between components in a short-range
process that depends on the orbital overlap between the donor and
the acceptor. In this case, the symmetry of each component is
preserved and triplet to singlet energy transfer is not formally
allowed. However, a change in spin symmetry may be possible by
incoherent electron exchange when the donor exciton breaks up
and reforms on the acceptor. Forster put forward an alternative
rationale in which molecular transition dipoles are coupled and can
exchange energy. In this case, the energy transfer efficiency, g can
be described by eqn (5), in which &, and &, are the rates of radiative
and non-radiative decay of the donor, r is the donor-acceptor
separation, kgr is the rate of energy transfer and R, is the distance
for a 50% efficient transfer. In Forster theory, both kgr and k; are
directly proportional to the oscillator strength of the transition.

N = ker/(ker + ke + ko) = 1/(1 + (1/R)°) (5)

The energy transfer step that leads to population of the
emissive lanthanide excited state is of great importance in deter-
mining the efficiency of sensitised luminescence, revealed by the
value of the overall emission quantum yield. The value of kg is of
the order of 10® s~ for many systems where the chromophore is
directly bound to the lanthanide ion, e.g. with isophthalalamide'®
and arylalkynylpyridine®** sensitisers, where the Dexter
exchange mechanism probably predominates, certainly for Eu
and Yb complexes. The decay of the intermediate ligand triplet or
ICT excited state can be observed to match the grow-in of
lanthanide emission, using transient triplet-triplet and X-ray
absorption spectroscopy.'*®*°** Efficiencies of energy transfer
in these cases are believed to be of the order of 90 to 99%.
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In cases where the sensitiser is located close to the putative
R, value (typically 5.5 A) for 50% efficient Forster energy
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transfer, e.g. in [LnHL"]*" and [EuHL"*]" where the protonated
phenanthridinium chromophore is 5.2 A distant, (Scheme 2),
the rates of energy transfer from the ligand triplet to Eu °D, 4 or
Tb D, are around 10° s~ ', while kg is 107 s~ to the Nd “F;,
state. Slower rates of energy transfer occur when the chromo-
phore is spaced even further away. Indeed, in a valine spaced
phenanthridinium complex, [EuHL"]", the sensitising hetero-
cyclic moiety is about 8.2 A from the Eu ion, and the overall Eu
luminescence quantum yield is a factor of 20 lower in D,0.*
Similar conclusions concerning the distance dependence of
energy transfer efficiency have been made for a series of
coumarin sensitised Eu complexes, notwithstanding an energy
transfer process that involves the coumarin S, state.>***

As noted earlier, when the accepting Ln* is within 10kgT of
the triplet energy level, kg becomes competitive with & ,,», and
a photo-equilibrium is set up such that the ligand triplet is
much longer lived. Under these circumstances, kq[O,] is
comparable to kgr and the Ln* lifetime is rendered sensitive
to changes in the concentration of dissolved oxygen in solution,
and to temperature variations. Oxygen solubilities in different
solvents vary by more than two orders of magnitude, so
particular care must be taken experimentally when such sensi-
tivity arises. For example, the solubilities of oxygen, expressed
as mole fractions at 298 K and 101.3 kPa, are: MeOH (4.2 x
10~*); EtOH (5.7 x 10~ *); 'PrOH (6.8 x 10~ *); 2-BuOH (8.3 x
10™%); H,0 (2.3 x 107°); glycerol (4.8 to 5.5 x 10~ °). In contrast,
solvent viscosity values (298 K, cP) are independent of the
degree of sample aeration: MeOH (0.54); H,O (0.89); EtOH
(1.02); 'PrOH (2.04); ‘BuOH (4.02); glycerol (9.3 x 10?).*>"® In a
small number of cases, where ksc must be relatively slow,
evidence has been presented for fast direct energy transfer from
the ligand S, state to the lanthanide °D; and D, states.>*7314748

The most common type of triplet-triplet energy transfer is
associated with collisional quenching of the sensitiser T, state
by triplet oxygen. Other cases may arise when there are two
chromophores in proximity in a lanthanide complex. For
example, an indirect intramolecular triplet-triplet energy
transfer process occurs when the triplet energies of two
chromophores are judiciously selected. In [LnL'®(H,0)]" for
example, selective excitation of the azaxanthone chromophore
(Zexe 337 or 355 nm) leads to efficient population of the
lanthanide excited state. Intramolecular energy transfer from
the azaxanthone triplet to the proximate naphthyl group
(Er 20850 cm™ ') may then compete with transfer to the Tb
°D, state (20450 cm™"). The long-lived naphthyl excited state
also can sensitise Tb, but now back energy transfer competes, a
photo-equilibrium is set up and the naphthyl triplet becomes
long lived and is susceptible to quenching by oxygen. Such
behaviour occurs in the Tb complex, but not with the Eu
analogue.*® In support of this premise, rather than the Tb ion
acting as an mediator in an energy relay process, i.e. T(azax-
anthone) to *D, Tb to T;(naphthyl), the low-temperature phos-
phorescence spectrum of [GAL'®]" (77 K) showed emission
bands attributed to the azaxanthone triplet (from 400 to
520 nm) alongside a fingerprint emission band from the triplet
naphthyl group (475-580 nm), consistent with an intramolecular
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Thus, the ratio of the Tb/Eu lifetimes or the red/green
intensity ratio (e.g. 620/545 nm) becomes sensitive to dissolved
oxygen variations. By using mixtures of the two complexes in
appropriate ratios, bearing in mind their different quantum
yields, the red/green intensity ratio can be calibrated to measure
[0,] in solution. Similar strategies to assess [O,] have been
developed for an pair of heterodinuclear
complexes,”® containing both Tb and Eu in different proximity
to a ligand naphthyl moiety that also served as the sensitiser,
notwithstanding its poor intrinsic ability to sensitise Eu, owing
to competitive quenching of the naphthyl S; state by Eu(i).

innovative

2.3. Energy transfer quenching, kgr, involving the metal
excited state

Electronic energy transfer from the long-lived lanthanide
excited state to an energy matched acceptor can be intermolecular
or intramolecular in nature. In the more common former case,
the long time window for multiple diffusional encounters can give
rise to efficient Forster resonance energy transfer (FRET) from Th*
or Eu*, with R, values around 6 to 8 nm. Energy transfer from
small Eu or Tb donor complexes to energy matched acceptors in
solution is considerably enhanced by the fact that during its
millisecond lifetime, the excited Tb/Eu complex diffuses
extensively over a range of about 2 pm. The excited complex
encounters a large number of energy acceptors before it decays,
e.g. at 1 pM, the average separation between neighbouring
acceptors is around 65 nm.*® The overall effect is to average the
interactions between the donor and acceptor(s) over all allowed
directions and orientations, thereby reflecting the equilibrium
behaviour of the system.

The accepting near-IR dye adopts the lifetime of the parent
donor, and so time-gated observation of its long lived luminescence
is possible, allowing ratiometric analysis of its emission intensity
relative to the shorter wavelength lanthanide donor.’* The
energy-matched acceptor must be chosen judiciously, and can be
tagged to proteins or antibodies. In examples used commercially,
strongly absorbing cyanine dyes are often selected based both on
the goodness of their spectral overlap with the donor Eu emission
and the wavelength of delayed emission. The acceptor emission
band should minimally overlap with the Eu emission profile to
permit separate ratiometric analysis of the major 620 and 670 nm
emission bands, using optical filters, (Fig. 3).

Typically this FRET process is used to establish the spatial
proximity of the donor and acceptor, often tagging the drug
receptor site with the lanthanide complex, and the agonist for
the receptor with the IR-dye. Such a strategy enables the rapid
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Fig. 3 Cyanine dye absorbance (blue), overlapping the Eu spectral output,
and dye emission (purple), minimising overlap with [EuL®] emission (red),
(MeOH, 295 K).

screening of potential receptor-binding drug candidates
(antagonists) in the nanomolar range, using high throughput
competition assays in vitro or in cellulo.>*™?

In live cell microscopy, FRET has been demonstrated
between a cell-impermeable Eu donor and a fluorescent acceptor
dye that localised with reasonable but not perfect selectivity in the
outer cell membrane. Examination of the long-lived emission
from the acceptor dye allowed a much better visualisation of
the cell membrane, (Fig. 4), examining the time-gated FRET
channel. Energy transfer between the extracellular complex,
[EuL"~ and the dye can only occur over a short range at the
membrane interface. The clarity of the time-resolved FRET image
defining the cell membrane was far better than that obtained in
the absence of the Eu complex, examining cell images observing
the short-lived dye fluorescence.>*

Energy transfer may also occur over a long range between
ions. The lanthanide ion can act as an acceptor, and in other
cases it may be the donor. For example, Tb* to Eu energy
transfer occurs in the solid state®>”® and in solution, and can
be controlled in well-designed series of heterodinuclear
complexes.”” In a dinuclear system with the Tb and Eu ions
believed to be separated by 10.6 A, it has been found that energy
transfer from Tb °D, to Eu ’F; was most efficient and was

CONH(CH,);505

o
2
EVeng PGS

Cell Mask Deep Red

Intensity (CMDR 660-680 nm)

[EuL'pP

7/ ps \‘CONH(CNZ),SO,

Fig. 4 Lifetime decay and time-gated (tg 10 us; (lexc 365 nm) FRET
microscopy image of an NIH-3T3 cell membrane (scale bar 10 pm),
observing acceptor dye emission (CMDR) at 660-680 nm following
energy transfer from the Eu complex located near the cell membrane.
Adapted with permission from ref. 54. Copyright (2016) Wiley-VCH.
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thermally activated. Earlier work had shown that if the transitions
are not exactly at resonance, for a Forster transfer mechanism the
energy difference must be conserved by phonons. Since phonon
relaxation is temperatures, the energy
transfer efficiency decreases considerably at low temperature.
The calculated average R, distance between the Tb donor and
the Eu acceptor held in a sol gel glass was 37 A, within the usual
Forster range.

Numerous examples of energy transfer from a variety of
transition metal complexes to rare earth coordination
complexes have been reported, including many cases where
the near-IR emitting ions Yb, Nd and Er, with their lower lying
emissive states, are the acceptors.’®®’ Examples of Dexter
energy transfer from the Ln* to d-block aqua ions and
complexes are also known, but have less often been studied
in depth with well-defined complexes. Thus, the D, Eu* is
dynamically quenched by the Cu®" aqua ion in solution (/max
810 nm; ¢ 11 M~ ecm ™), whereas °D; Tb* is quenched more
effectively by the high spin d®> Mn>" aqua ion (Amax 525 nm; &
0.018 M 'ecm '), notwithstanding the feeble spectral overlap
integral with the broad aqua ion visible absorption bands,

associated with the weak oscillator strength of d-d
62,63

weak at lower

transitions.

2.4. Vibrational energy transfer quenching, k.;,Q

Excited state quenching involving vibrational energy transfer is a
major cause of non-radiative deactivation for both ligand and
lanthanide excited states. It is of particular importance in reducing
the lanthanide excited state lifetime, where ligand and solvent XH
oscillators, NH > OH > CH, normally cause the largest effect.
Lifetimes of Ln* can be compared to deuterated analogues to reveal
their relative importance, as vxp values are about 1/1.41 times less
than 14y, assuming a harmonic oscillator model, leading to a less
efficient Franck-Condon wave function overlap. Such comparisons
have allowed good estimations of complex hydration state to be
made, comparing rates of decay in water and D,O, for many Eu, Tb,
Nd and Yb coordination complexes.**"*°

Vibrational energy transfer predominantly occurs by a
dipole-dipole mechanism, with an r~® distance dependence,
so that coordinated water molecules with two OH oscillators
about 3.1 A from the Ln* quench very effectively. Effective wave
function overlap occurs between D, Eu* and the 3rd or 4th
harmonic of vy, whereas for °D, Tb* it is with the fifth
vibrational overtone, leading to less efficient Franck-Condon
overlap and reduced sensitivity to multi-phonon relaxation by a
factor of about 4.

In complexes of the central lanthanides, Ln-O and Ln-N bond
lengths are about 2.5 (£0.15) A, and the distance between a bound
OH or NH oscillator (with maximum motion for the lighter H
atom) and the Ln ion is around 3 A. If this value represents 100%
efficient vibrational energy transfer, it is possible to calculate the
effect of increasing the distance on the energy transfer rate. For
OH oscillators that are 3.5-3.6 A away from the Ln centre, the rate
corresponds to 25% of the bound water case. Distances of this
order correspond to those associated with the ‘second sphere of
hydration’, and changes to such second spheres of hydration are

This journal is © The Royal Society of Chemistry 2021
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mainly determined by local ligand structure, i.e. its hydrophobicity,
and the absence or presence of hydrogen bonds involving or close
to the ligand donor atoms.®

These effects are apparent on inspection of rates of decay of
lanthanide excited state lifetimes and are most often examined
for Eu and Tb complexes (Table 5). Quenching rates are smallest
in D,O and for Tb compared to Eu, in this set. Values in water are
highest for the aqua ion in water and are smallest when no water
is coordinated to the Ln*, particularly when the ligand sterically
inhibits close diffusional approach of the solvent, e.g. with the
relatively hydrophobic tetrabenzylphosphinate Tb complex, where
the Tb* lifetime is over 4 ms in water.

There is a significant of quenching of the Eu Dy, state by CH
oscillators as well, revealed by selective ligand deuteration
studies. This quenching effect is even more important for Yb,
Nd and Er complexes with their much lower lying emissive
excited states matching the overtones of vcy more efficiently
than in Eu examples. However, C-D oscillators may have a
greater quenching effect than C-H in certain cases, e.g. with
Pr(m) complexes.”* Indeed, in general the spectral overlap
integrals in multi-phonon relaxation of lanthanide excited
states with C-(H/D) overtones need to be assessed carefully
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Table 5 Radiative rate constants for metal-based emission (ms™)

Ligand ¥'H,0 kP H,0 ¥'D,0 K®D,0 Ref.
9N;(pyCO, ); 0.99 0.56 0.83 0.52 70
9N;(pyPMeO, ), 0.64 0.39 0.62 0.34 71
9N;(pyPPhO, )5 0.74 0.47 0.65 0.38 71
(H,0)," 8.90 2.50 0.35 0.26 72
EDTA(H,0); 2.90 0.93 0.48 0.29 73
12N,(CO,7)4(H,0)”  1.60 0.66 0.53 0.37 68
12N,(PMeO, ), 0.80 0.34 0.54 0.27 68
12N,(PBn0O, ),° 0.63 0.24 0.48 0.22 68

“ Data for perchlorate salts; there is an anion effect for aqua ion
lifetimes, as the anion determines the nature and extent of the second
hydration sphere.  Ligand is often called DOTA; replacing on average
15 of the 16 ring H atoms by D gave values as follows: k° H,O = 1.49;
£ D,0 = 0.30; k™ H,O0 = 0.60; k™ D,O = 0.40, consistent with greater
quenching of the Eu excited state by C-H oscillators but for Tb the
effect is slightly greater for C-D. © The nearest water in the solid state
lattice is 5.6 A from the Ln ion and is 4.25 A distant in solution, as
estimated by NMRD analyses of Gd analogues.®®
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for each lanthanide/oscillator combination. Other ligand oscil-
lators also contribute to Ln* deactivation: comparing the values
for carboxylate and phosphinate complexes (Table 5) in D,0O
suggests that higher harmonics of v¢o (at 1610 ecm ™) quench
more effectively than vpo, and a pyridine ring vibration (also
around 1600 cm ') also quenches significantly (top 3 entries
Table 5). These effects are most apparent for the Tb complexes,
because deactivation of the metal excited state by overlap with
low-lying LMCT states, i.e. ket, iS nOt operative.

The steric shielding of the lanthanide excited state from
solvent diffusional encounter is therefore an effective means of
maximising the emission lifetime. Ligand design should bear
in mind this key factor; the nature and steric demand of the
ligand donors needs to be chosen thoughtfully, (Fig. 5).

Clearly, the sensitivity of the Ln* to deactivation by vibrational
energy transfer offers great scope for creativity in designing
responsive probes, based on modulation of the degree of
vibrational quenching. For lanthanide complexes of heptadentate
ligands, one or two solvent molecules are coordinated. The coordi-
nated solvent can be displaced reversibly by anions, leading to large
changes in the Ln* lifetime and in spectral form as the local ligand
field changes (see below). Such reversible binding can involve either
intermolecular or intramolecular anion ligation. A representative
selection of ternary anion lanthanide adducts, (Scheme 3), reveals
the opportunities to distinguish chelating oxyanions such as citrate,
lactate and bicarbonate from monodentate anions, such as the wide
range of phosphorus(v)-oxyanions.”””

3. Classification of responsive systems
by the signal observed
Four major types of responsive system can be distinguished,

based on the nature of the signal being observed, offering a
simple classification of responsive probes.

Fig. 5 Increased steric shielding of the Ln centre from vibrational
quenching as the ligand carboxylate is replaced by P-Me and P-Ph
phosphinate groups, increases the europium emission lifetime; (upper to
lower: t5 (MeOH) = 0.99, 1.18 and 1.30 ms). Adapted with permission from
ref. 23. Copyright (2014) Wiley-VCH.?*
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Scheme 3 Typical ternary anion adducts formed by lanthanide aqua
complexes (red indicates Eu and green Tb, as the preferred ion for stronger
emission). Adapted with permission from the Royal Society of Chemistry.”®

3.1.
form

Emission intensity variation with no change in spectral

In this case, the lanthanide emission varies in overall intensity,
but the spectral form does not change. Examples include the
perturbation of the ligand S; excited state by fast electron
transfer, the altering of the S; and T; energy by reversible
coordination to a structurally modified sensitiser, e.g. by proto-
nation or metal ion binding without changing the lanthanide
ligand field, and the quenching of Ln* by charge or electron
transfer; each example is echoed by Ln* emission intensity
diminution.

Issues of calibration often limit the utility of these systems,
as the observed emission remains a function of complex
concentration. Sometimes excitation spectroscopy can be used
to probe the reversible modification of the absorption spectral
profile of the sensitising group, where it occurs. In other cases,
ker, k¢ and kisc may be of the same magnitude, so that ligand
fluorescence and lanthanide luminescence both occur and
their relative intensities can be compared.*

3.2. Ratiometric analysis of emission intensity

In this set, the relative intensity of separate emission bands for
one ion may change, or the ratio of intensities of two different
lanthanide complexes, ideally of a common ligand, may vary.
In the former case, Eu(m) complexes are pre-eminent.”®
The absence of degeneracy of the D, emissive state simplifies
the spectrum compared to all other luminescent lanthanides.
Moreover, the A/ =2 and 4 bands are electric dipole allowed and
hypersensitive to perturbation of the Eu ligand field, (Fig. 2),
while the AJ = 1 transition is magnetic dipole allowed and less
often varies in total intensity. Hence, the AJ = 2/AJ = 1 intensity
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ratio is often monitored and is independent of complex
concentration. Thus, when the coordination environment and
the local ligand field of the lanthanide ion are changed, these
ratios can be monitored to report the perturbation faithfully.
The old dogma that lanthanide complexes have a spectral
signature that is determined by the nature of the ion is a very
crude first approximation and is rather misleading. Complexes
of Yb(ur) also possess a near-IR emission fingerprint that varies
greatly with ligand field despite the broad spectral form,
associated with multiple transitions from the *Fs, excited state.
A few reports are emerging of responsive near-IR probes that
take advantage of this behaviour.”®*°

For two complexes of or within the same ligand that have a
common sensitising group, the relative intensity of the
major emission bands from the two Ln* can be measured
simultaneously, and the ratio is independent of both probe
concentration and excitation source fluctuation. The red/green
intensity ratio for Eu and Tb complexes is often used to report
changes in temperature, pH, pO, and pX.>®5!7%¢

3.3. Lanthanide emission lifetime variation

Each luminescent lanthanide complex possesses an emission
lifetime that is characteristic of the local ligand structure and
the associated ligand field, governed by the primary and the
second sphere coordination environment. Measurements of
emission lifetime changes, therefore, can be very useful in
monitoring both reversible and irreversible transformations
to the structure and the physical and chemical environment
of probe complexes.

A careful recent analysis concluded that ligand field splitting
in lanthanide complexes is a complex function of a variety of
factors.®” The primary determinants of the lanthanide ligand
field are the constitution, configuration and the dynamic
speciation of the coordination complex. With kinetically labile
systems the ligand field will vary with time, depending upon
the rate of ligand exchange. Such exchange dynamics need to
be considered carefully, with respect to the timescale of the
observed emission lifetime. Additional factors can also be very
important: the molecular polarisability of the ligand and its
donor atoms; the degree and type of any polyhedral geometric
distortion, that may change local symmetry; the presence and
extent of metal and ligand solvent dipolar interactions; the
occurrence of directed hydrogen bonding effects and the nature
and degree of supramolecular order in the system, e.g. complex
aggregation and non-covalent association. Each of these factors
may be critical in defining the ligand field experienced by the
metal; their relative importance varies for a given lanthanide/
ligand combination.

Clearly, by working with well defined lanthanide coordination
complexes of known speciation and kinetic stability, there is
great scope for probe design based on perturbation of the
ground state ligand field, hand in hand with consideration of
the relative importance of dynamic, often temperature
dependent, processes that may perturb the lanthanide excited
state and alter its lifetime, i.e. through variations in the relative
magnitude of ker, kgr and kipQ (Scheme 1).

This journal is © The Royal Society of Chemistry 2021
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3.4. Circularly polarised luminescence: perturbation of chiral
systems

Faraday appreciated in the 19th century that ‘polarised light is a
most subtle and delicate investigator of molecular condition’.
How right he was! A circularly polarised luminescence (CPL)
spectrum contains much more information than the total
emission spectrum, as it gives a sign and intensity for
each transition, allowing spectral resolution of many overlap-
ping multiplets, (Fig. 6). Uniquely, it can give information
about the local chiral environment.**'°" Lanthanide
complexes act as pure spherical emitters, avoiding the issues
associated with anisotropy that may complicate other CPL
active systems.

By definition, a lanthanide coordination complex is chiral if
it lacks an improper axis of rotation. The vast majority of the
coordination complexes discussed herein are synthesised as
racemic mixtures of the A and A (or P and M) enantiomers.
In many cases, enantiomer inter-conversion rates are fast
at ambient temperature, but for an increasing number of
well-defined macrocyclic complexes the enantiomers have
been resolved by chiral HPLC or can be formed
stereoselectively.

There are two main classes of CPL chiral probes.®® The first
is based on dynamically racemic complexes, where reversible
binding with a chiral species changes the constitution of the
complex by ligand displacement or non-covalent association
(e.g. with an anion or protein). Binding ‘switches on’ an
induced CPL signal that fingerprints the structure of the bound
species. Examples have been described signalling the concen-
tration of o-acid glycoprotein in serum for example, and of
drugs that can compete with protein binding to the Eu
complex.” ™% The second class uses enantiopure (or scalemic)
probe complexes, where reversible binding with a chiral or
an achiral species, modulates the CPL signal. In the limit,
inversion of configuration (dynamic helicity inversion) may
occur, and was observed when a cationic SSS-A-LndpqC
triamide complex bound reversibly to drug site II in serum
albumin.***
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Fig. 6 Comparison of the CPL and total emission spectra for the SSS-A
(blue) and RRR-A enantiomers of [EuL®] (295 K, H,0), revealing the greater
resolution afforded by CPL spectroscopy.
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4. Modes of action of responsive
luminescent probes

A large number of responsive luminescent lanthanide probes
have emerged in the period between 1996 and 2021. A selection
is discussed here, and these have been chosen for didactic and
pragmatic reasons to reflect the work of the authors, in order to
exemplify and rationalise their different modes of action.
Necessarily it involves the selection of some more classical
examples together with recent ones, so that the development of
the different families can be traced and exemplified.

They are arranged here in four categories, giving rise to an
alternative classification. The first two involve reversible or
irreversible changes to the constitution of the sensitiser in which
the latter is better considered as a set of activity based probes, as
they lack chemical reversibility. The second pair relate either to
changes in the constitution or configuration of the metal centre
or to modulation of excited state dynamic quenching, ie. they
involve the perturbation of the ligand ICT/T; states or the
lanthanide excited state itself. In each case, probe design must:
tune the affinity of the probe to the levels of the analyte found in
the sample or environment; assess the impact of potential
interferents in the analysis; ensure accurate calibration of the
real system; be aware of the response time of the fluctuation
monitored, with respect to the time it takes for data acquisition.

4.1. Reversible change of ligand constitution: I,

N-Alkylphenanthridinium sensitisers undergo reversible
pseudo-base formation following attack by hydroxide,
(Scheme 4). A unique example with [EuL'®]" offers a means of
measuring pH in the range 11 to 13, and is signalled by the
‘switching off’ of Eu luminescence, with intensity dropping by
two orders of magnitude.'* Parallel information can be
gleaned, examining changes in sensitiser fluorescence inten-
sity, as k¢ and kisc are competitive and excitation spectroscopy
may be used to track the change.

Much more commonly, protonation of the sensitiser modifies
its S; and T, energies, and is associated with a large reduction in

Meh+ Meh OH
0 = o
Me-P-0 o O O Me-P-0 HO
(N/\_\N/\\( OH" (N/ v
r ¢ >0 ~ r (>0
('P)\\/N NJ = g SN NJ
o= \/ _ o=~ \_\/
Ve o_g_me PAon =12.2 Me  Op-me
] = _ |0
[EuL™e Jimax 358 N K4 =16mM/OH Jinax 325 N
& 3800 M"'cem! & 5600 M cm!
Q 2
Me-P-0O n ~ Me-P-0 n ~
(N/ _\N:\\g N H* (N/\_\N:\\( \_ N
R e r 0
g SN N) = <N N)
o=~ \\/ _ o=~ \_\/
Ve o-g-Me PK,=5.9 Ve O-B‘-Me
O Amay 300 nm 0 Amax 3180m
[EuL9] & 6600 M7 cm! [EUHL* £ 15800 M em™
Scheme 4 (upper) Reversible attack by hydroxide modifies the sensitiser

constitution, switching off Eu emission; (lower) N-protonation reduces ket
with a three-fold Eu intensity enhancement associated with suppression of
photoinduced electron transfer.**
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k.r.'*® These cases where either sensitiser protonation, e.g. with
[EuL'], or diamagnetic metal ion binding (e.g. K", Zn>*, Mg>")
occur are common and lead to suppression of photoinduced
electron transfer. Typically, they lead to intensity enhancements
of a factor of three or so, when exciting at the isosbestic
wavelength. Thus, examples have been reported of the detection
of millimolar potassium in aqueous samples of a Eu complex
with a remote phenanthridine sensitiser,'®® of millimolar
magnesium levels in calf serum with a pyridyl arylalkynyl Eu

complex'® and of zinc at the micromolar level with a terbium
complex.'® In each case, the lanthanide emission lifetime is not
changed.

4.2. Irreversible change of ligand constitution: I, and Tt

Most conventional sensors achieve selectivity for a target
analyte using reversible and selective binding, based on design
concepts arising from an understanding of the principles of
ionic and molecular recognition. In contrast, activity based
sensing (ABS) harnesses the inherent chemical reactivity of
the analyte to enable specific and sensitive detection with
spatial and temporal resolution. In this approach, the selectivity
comes from the ability of the analyte to carry out a chemical
transformation, resulting in an emission intensity change. This
approach most commonly makes use of an irreversible reaction,
and the luminescence signal either increases with time (‘switch-
on’ systems), or diminishes with time; the former systems are
favoured.'%*'%®

The majority of the reported ABS systems described involve
irreversible transformation of the sensitiser constitution,
leading to I.,, modulation, and have used shorter-lived
fluorophores. However, a series of lanthanide probes also
operate in this manner, and in some cases the lanthanide
emission lifetime may be modulated if the transformed
functional group leads to changes in the extent of Ln* quenching
by electron transfer. Occasionally, chemical transformation of the
sensitiser leads to significant changes in the S; and T, energy
levels. For example, if the absorption spectrum is modified,
excitation spectroscopy can be used to track the extent of change,
provided that the product remains reasonably luminescent.
Alternatively, when the energy of the triplet is changed lanthanide
emission might be switched off; or more usefully, when the T
level is raised the energy transfer step leading to population of Ln*
is more efficient, leading to intensity enhancement.

Examples have included: the switching on of Tb and Eu
emission by the analyte-triggered formation of a sensitizing
antenna from a non-sensitising caged precursor;'® the reaction
of an aryl azide with H,S to give a p-amino aryl ketone with a
strong ICT band;''® the cyclisation of a 1,2 diaminoaryl
derivative with nitric oxide to give a 1,2,3-triazole,"*" the selective
oxidative cleavage of an O-benzylboronate ether with
peroxynitrite'* to reveal a chelating 8-hydroxyquinoline, in this
latter case switching off Eu emission, (Scheme 5)."**'"

The irreversible transformation of the sensitising ligand
may occur while the complex is in its excited state. The strength
of certain lanthanide-ligand bonds, e.g. Ln-N;,, may weaken
following excitation, for example, triggering a remote
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dissociative process (Scheme 5), as in a unique Pt-pyridine
coordination complex linked to the pyridylalkynylaryl sensitiser,
where emission switches on after irradiation.'*

4.3. Reversible change of metal primary coordination sphere:

L acio and ™%

Changes to the number and nature of the ligand or solvent
donors coordinating to the lanthanide ion alter the magnitude
of the ground state ligand field splitting, leading to changes in
emission spectral form and lifetime. In certain cases, the
reversible coordination of a new donor occurs that has a
different quenching effect. In the simplest case, this is the
solvent, and the largest effect is seen when water is involved, as
it modifies k., greatly. Two simple examples illustrate this
concept, involving reversible intramolecular coordination.
First, N-protonation of a 5-ring chelate sulphonamide leads to
cleavage of the Ln-N bond and replacement by a water
molecule;'*""” second, the dissociation of coordinated pyridyl
and tertiary N atoms may occur when an added metal ion
chelates preferentially, leading to solvent coordination to the
lanthanide ion, (Scheme 6).**%'°

The large class of intermolecular examples involving reversible
N and O donor coordination by an added anion, discussed above
(Scheme 3), permit anion sensing and signalling, vide infra. Other
examples of a reversible change in speciation at the lanthanide
centre may occur in the excited state, and have been observed in
certain cases, notably involving protein association where

This journal is © The Royal Society of Chemistry 2021
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reversible ligation of a glutamate side chain residue occurs with
alpha-acid glycoprotein, for example.®”

4.3.1. pH Monitoring with reversible change in constitution.
The pH dependent binding of an integral sulphonamide group
(Scheme 6, upper) has been used to assess pH in living cells,
where the probe complex was found to localise in the
endoplasmic reticulum where the pH is the same as the
surrounding cytoplasm, (Fig. 7)."'® Measurements of changes
in Eu emission lifetime and in the ratio of the AJ = 2 vs. AJ =
(0 + 1) band intensities were used to calibrate the system in
the cellular environment. Note how the pK, differs slightly
from that determined in vitro, consistent with perturbation of
the protonation equilibrium by weak binding to endogenous
protein.

A similar approach involving an integral sulfonamide moiety
has been used to assess lysosomal pH in living cells, using the
Tb and Eu complexes of a common chiral ligand with a remote
azaxanthone sensitising group that localised quickly to the
cellular lysosomes."”” The Tb/Eu emission intensity ratio (lem
545/620 nm; ey 355 nm) or Eu CPL emission dissymmetry
factor were used to monitor the local pH and the system was
calibrated in situ (pK, = 5.80 (0.10)), using a classical fluorescent
pH probe.
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Scheme 6 The speciation at Eu in each complex changes reversibly

following addition of acid (upper) or metal ion (lower), with dissociation
of a nitrogen donor(s) and replacement by water.*6~1°
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Fig. 7 (right) Variation of the Eu emission spectrum with pH for the
sulphonamide complex shown in Scheme 6 (0.1 M NaCl, 295 K); (left)
emission band intensity ratio and lifetime dependence with pH in the
endoplasmic reticulum of live mouse skin fibroblasts, where the pKj, is 7.15
(+£0.05), from a calibration undertaken in situ. Adapted with permission
from the Royal Society of Chemistry.!®
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4.3.2. Citrate and lactate analysis in seminal fluid;
bicarbonate in cells and serum. The affinity of lanthanide
complexes for anions, in which a bound water or a weakly
coordinated ligand donor can be displaced, relies upon an
appreciation of the interplay of the effects of complex charge,
local steric demand and the pH dependent speciation of the
anion itself. Thus, Eu complexes for citrate analysis in urine,
prostatic and seminal fluid, [EuL*°]*, and for lactate analysis in
the same media, [EuL>']” have been designed, (Scheme 7)."*°
The former complex is cationic and has a greater electrostatic
affinity for the citrate trianion, and in the latter case citrate
binding is disfavoured by the anionic charge of the complex
and the introduction of a ring N-methyl substituent. In each
case, the Eu emission profile changes permitting ratiometric
analysis of different emission bands directly on diluted
samples of prostatic or seminal fluid. Anion binding involves
chelation of the a-hydroxy carboxylate and was established by
model NMR and X-ray structural studies, (Scheme 3),
displacing either the bound water or a ligand carboxylate.'*!

The bicarbonate anion is an important target in probe
development because it plays a central role in a wide range of
chemical and biochemical processes. These include intracellular
pH homeostasis, kidney function and sperm maturation. Low
levels of bicarbonate in patients with chronic kidney disease
have been suggested to be a reliable indicator of metabolic
acidosis. For patients in intensive care, bicarbonate levels been
flagged as a reliable means of signalling metabolic acidosis.
In clinical studies, values below 22 mM have been linked to
increased rates of mortality.

The Tb and Eu complexes of the azaxanthone triamide
complex, [EuL**]** have been used to measure bicarbonate in
human serum. In addition, these complexes are trafficked to
cellular mitochondria and have permitted analyses of intracel-
lular bicarbonate levels.'® Reversible binding of this anion is
characterized by a large increase in the AJ = 2 Eu emission
band, following carbonate chelation, (Fig. 8).'** Binding could
be followed either by examining Eu emission intensity ratios,
Eu/Tb ratios or by monitoring changes in the Eu CPL gen,
values, where one of the AJ = 1 transitions inverted
Sign.122’124

Bicarbonate binding at the metal centre is competitive with
non-covalent protein binding. The complex forms a 1:1
complex with albumin with an affinity in the same range (log K
ca. 3.50) as the binding constant for bicarbonate. With the Eu
complex, protein binding gave rise to quenching of emission
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Scheme 7 Complexes designed to bind citrate, lactate and bicarbonate
selectively 1207123
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Fig. 8 Time-gated spectral data showing the variation of emission for
[EuL??3*/[TbL?2* following addition of bicarbonate (Jexe 365 nm, 10 ps
time gate, pH 7.4, 295 K, 0.1 M NaCl, 0.4 mm human serum albumin, 2.3
mM lactate, 0.13 mM citrate, 1 mM HPO42’, 1 mM ATP). The inset shows
the red/green ratio change with increasing bicarbonate concentration.
Adapted with permission from ref. 122. Copyright (2012) Wiley-VCH 1?2

that was greater than with Tb analogues. Presumably, electron-
rich aromatic groups in the protein (e.g., Tyr, Trp) take part in a
quenching charge-transfer interaction with the azaxanthone
triplet excited state. Thus, the rate of quenching competes with
the intramolecular energy transfer process that is more efficient
for Tb than Eu. In the Tb complexes, the energy gap between
the azaxanthone triplet at 23 500 cm™ ' and the Tb °D, excited
state (20450 cm ') is smaller compared to the Eu D, and °D,
excited states (19200 and 17220 cm™'). In media containing
protein, e.g., serum or in cellulo, an increase in the concen-
tration of bicarbonate causes de-quenching of lanthanide
emission and is signalled faithfully either by a ratiometric
change in Eu emission-band intensities, or by measuring the
Eu/Tb intensity ratio, with bands selected using optical filters.

4.3.3. CPL signalling of protein association and ADP/ATP
binding. The CPL fingerprint is more information rich than the
total emission spectral profile and has been used to differentiate
the binding of different species variants of proteins, in examples
where the coordination at Eu or Tb changes following protein
association. For example, bovine and human o;-AGP variants
bind reversibly to a biaryl-sensitised sulfonamide complex of Eu
and Tb, and gave rise to dramatically different CPL signatures,
(Fig. 9). In this case, the helicity at the lanthanide ion switches
from A to A between the bound species, with the position
of a proximate Tyr residue being the main difference in the
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Fig. 9 Induced CPL spectra of the Eu complex when bound to human (A)
and bovine (A) a1-AGP, under conditions when the sulfonamide arm is
coordinated (Zexc 310 nm, 295 K). Adapted with permission from the Royal
Society of Chemistry.®®
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amino-acid sequence around the likely probe binding site. This
site was identified by a set of competition experiments
with drugs of known affinity for o;-AGP, e.g. the anaesthetics,
lidocaine and bupivacaine.

A second example of probe helicity inversion occurs following
binding of ADP and ATP to the dinuclear Zn/Eu complex, formed
in situ when zinc is added and displaces two of the ligand N
donors, (Scheme 6, above).”® This Eu complex is dynamically
racemic, with enantiomer interconversion occurring by
cooperative arm rotation and independent macrocyclic ring
inversion. On binding ADP and ATP, the induced CPL signature
showed opposite helicities for the anion complexes, (Fig. 10).

The total Eu emission spectra were identical for the ADP and
ATP adducts. The CPL differences allowed the relative amounts
of ADT and ATP in mixtures to be estimated, based on analysis
of the CPL emission dissymmetry value, ger, (592 nm).

In the ternary adducts with AMP, ADP and ATP, the terminal
phosphate can bridge the Zn and Eu ions. The A form is the
more stable than the A isomer in the ADP (and AMP) adduct by
23 kJ mol ', whereas the A form is energetically more stable
than the A isomer in the ATP adduct by 32 k] mol ™", (Fig. 11).
In the latter case, favourable directed H-bonding occurs
between the furanose OH groups and the ATP a-phosphate
(and to the B-phosphate in the ADP adduct) and to the carbonyl
oxygen of an acetate group.”®

4.4. Dynamic quenching involving perturbation of ligand T,
and Ln excited states

4.4.1. Modulation of key: pH monitoring of endosomal
acidification. Europium(im) complexes have been described that
on protonation show a change in lifetime of a factor of 4 with
an emission intensity pH enhancement of two orders of
magnitude between pH 8 and 4.%® The pK, value of complexes
such as [EuL>*]>, can be tuned to the pH range 5 to 6, (Fig. 12).
These complexes have been used to monitor endosomal
acidification in real time, as the pH falls during the cell cycle,
(Fig. 13); a 50-fold increase in Eu emission intensity was
observed by confocal microscopy in NIH-3T3 cells, over the
18 h cell cycle.

During the ageing process of endosomes, the pH reduces
with time until eventually they evolve into lysosomes. The
cytosolic pH of healthy cells is 7.2, while the pH of endosomes
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Fig. 10 Induced CPL spectra signalling the binding of ADP and ATP (exc

335 nm, pH 7.4, 5 uM complex, 50 pM Zn?*, 100 uM ADP or ATP) in adducts
of opposite helicity. Adapted with permission from ref. 95. Copyright
(2018) Wiley-VCH.
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Fig. 11 DFT optimised model geometries for the favoured ternary
adducts with ADP (top) and ATP (lower) showing different arrangements
of the exocyclic ring substituents (A/A); Y was used as a surrogate for Eu.
Adapted with permission from ref. 95. Copyright (2018) Wiley-VCH.
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Fig. 12 pH Variation of europium emission of [EULZ*]2™ (fexe 332 nm, 295 K,
0.1 M NaCl); showing the variations of the europium emission intensity and
lifetime (lexc 332 NM, Jem 613 Nm) with a pKj, value of 6.18(03). Reproduced
with permission from the Royal Society of Chemistry.*>>

is typically from 6.5 to 5.5; in mature lysosomes the resting pH
is typically around 4.5. Receptor internalisation and endosomal
uptake can be monitored when the species that is internalised
is tagged with a pH sensitive emissive probe, (Fig. 13). This
approach has been described to follow the agonist-induced
internalisation of the glucagon-like peptide-1 receptor (GLP-1R):
a 5-fold increase in europium emission intensity was observed
1 h after agonist-induced internalisation of the receptor labelled
with [EuL>*]*", (Scheme 8)."*> The GLP-1R receptor is a target
for anti-diabetic drugs because it is involved in the metabolic
pathway for insulin production.

A different approach to pH monitoring, observing changes
in Tb/Eu emission intensity ratios, involves a 4-hydroxypyridine
derivative of a substituted terpyridyl ligand (Jex 321 nm,
pK. 5.8). In this case, both the Eu and Tb complexes are
emissive in the protonated form, but in the deprotonated state
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Fig. 13 Confocal microscopy images (lexc 355 nm) revealing the time
dependence of endosomal/lysosomal localisation with the protonated
form of [EuL!?], showing the order of magnitude increase in probe bright-
ness as the organelles acidify over the 18 h cell cycle. Adapted with
permission from ref. 38. Copyright (2021) Wiley-VCH.

SNAP-tag

Scheme 8 Cartoon depicting receptor mediated internalisation of the Eu
labelled GLP-1R receptor, switching on Eu emission following endosomal
acidification. Reproduced with permission from the Royal Society of
Chemistry.*?

Eu luminescence is quenched by internal charge transfer from
the phenolate group, (Fig. 14). Such an effect probably occurs
by dynamic quenching of the Eu excited state (i.e. not via
quenching of the ligand S; state by Eu®") without affecting
the emission intensity or lifetime in the Tb analogue. No Eu
lifetime variations were reported in this work to resolve this
issue, nor was the pH dependence of the Eu lifetime assessed
after direct excitation of Eu at 396 nm, that could have
distinguished these possibilities.

In both of these examples, the Eu excited state is prone to
quenching by an intramolecular electron transfer process
associated with the ligand amine or phenoxide lone pair. The
rate of proton transfer to and from the N or O atom is
>10"'% s~ ', much faster than the slow rate of decay of the excited
europium ion (10° s~ %) or the lifetime of the intermediate ligand
based excited states. Furthermore, the rate of electron transfer
from the unprotonated chromophore to the excited Eu ion is
faster than the rate of energy transfer populating it or indeed of
its own radiative rate of emission. Thus, during the millisecond
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Fig. 14 Deprotonation of the 4-OH pyridine switches off Eu but not Tb
luminescence.*?®

lifetime of the Eu °D, excited state, as the pH rises loss of a
proton from the protonated amine or phenol group occurs,
allowing fast electron transfer to the Eu ion, quenching its
emission and shortening the ’time-averaged’ observed lifetime.
An alternative viewpoint is to say that there is a potential energy
surface crossing of the D, Eu excited state with the internal
ligand to metal charge transfer state (LMCT) that involves the
conjugated heteroatom and the extended n system."*’

4.4.2. Modulation of k;,.: urate analysis in serum and
urine. Intermolecular quenching of the intermediate ligand
triplet excited state by urate occurs with complexes where the
sensitising moiety is electron poor. In the exciplex, the energy
of the ligand triplet excited state is lowered and for terbium
complexes in particular more efficient, thermally activated back
energy transfer, kggr, becomes possible from the terbium °D,
state to the transient exciplex. Dynamic quenching of the metal
excited state occurs as a result, with a reduction in the Tb*
lifetime; the effect is much less pronounced with Eu analogues
allowing Eu/Tb emission intensity ratios to be used for the
rapid monitoring of changes in urate concentration, directly
using samples from blood or urine, simply diluted with buffer,
(Fig. 15)."28

Uric acid is formed in the liver as the final breakdown
product in the metabolism of adenine and guanine. Levels of
uric acid in the body are set by the balance between the rate of
urinary elimination and its rate of formation. Hyperuricaemia
is a condition that is commonly associated with gout and also
indicates an increased breakdown of cell nuclei or the onset of
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Fig. 15 Variation of the Tb (546 nm) to Eu (616 nm) intensity ratio (Jexc,
348 nm, pH 7.4, 295 K) as a function of urate concentration using

[LnL243~. Reproduced with permission from the Royal Society of
Chemistry.28
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kidney disease. Patients on chemotherapy for cancer, such as
myeloma, lymphoma or leukaemia typically are often
hyperuricaemic, and their uric acid levels are monitored
carefully to avoid the risk of kidney damage.

In the lanthanide uric acid assay, the Tb and Eu complexes
of the same ligand are used. Any non-specific effects that could
change emission intensity or lifetime occur to the same degree
for each complex. Examples of such effects include light
scattering caused by particulates, sample-to-sample variations
of protein levels, and surface adhesion. Indeed, any static
quenching process operating by deactivation of the singlet
excited state of the sensitizer occurs to the same extent for
each complex. These effects are intrinsically corrected because
the lanthanide emission intensity ratio is taken.

4.4.3. Modulation of k,;;,: narrow and wide range tempera-
ture assessment. Each excited lanthanide ion is sensitive to
quenching by vibrational energy transfer to OH oscillators to a
different degree. Terbium complexes with the same hydration
state as their Eu analogues are 4 times less sensitive to such
quenching, by bound or second sphere water molecules. When
a mixture of Tb and Eu complexes of a common ligand with
bound water molecules is incorporated in a matrix that changes
its hydrophilicity beyond a critical temperature, then changes
in the lifetime of either species or the Eu/Tb intensity ratio can
be used to signal this transition. Accordingly, Eu and Tb com-
plexes of a 4-substituted pyridine-2,6-dicarboxylate (dipicolinate)
ligand have been grafted onto a poly(isopropylacrylamide)
polymer, with a coil/globule transition temperature around
40 °C, (Fig. 16). The Eu to Tb luminescence intensity ratio
(609/490 nm) varied by a factor of 3.5 between 36 and 50 °C,
allowing sensitive temperature monitoring.'*’

Ytterbium complexes intrinsically show even greater sensitivity
to vibrational quenching by proximate OH oscillators leading to a
sensitivity of the Yb emission lifetime to both temperature and
medium viscosity, as the frequency of the quenching vibrational
oscillator is perturbed.”®® It can be recalled here that Férster
energy transfer from Tb to Eu has an inherent temperature
dependence. In the Forster transfer mechanism, if the transitions
are not exactly at resonance, the energy difference must be
conserved by phonons. Since phonon relaxation is ineffective at
low temperature, the energy transfer efficiency may decrease
significantly, in this case below 200 K. Accordingly, chelates of

Swollen
Hydrated + Hydrophilic

Dehydrated + Hydrophobic 4 oS = Heating

O Polymer == Cooling

¥ Luminescent Probe 30 34 38 40 46 50
O, Water Temperature / °C

Fig. 16 (left) Principle of a nanoparticle thermometer based on changes
in the host polymer matrix hydrophilicity; (right) performance of the
polymer nanoparticles covalently linked to a Eu/Tb dipicolinate complex
in 1:1 ratio (lexc 275 nm). Adapted with permission from the Royal Society
of Chemistry and the Centre National de Recherche Scientifique.*?°
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europium and terbium with B-diketonate ligands have been
examined in gel glasses and in polydimethylsiloxane matrices.
The Th/Eu emission intensity ratios vary with temperature over
the range 200 to 300 K, and 150 to 250 K respectively, suggesting
future uses in low T thermometry.'*"!3?

4.4.4. Modulation of ky[O,]: oxygen estimation in solution.
Molecular oxygen has a triplet ground state. In situations where
the sensitiser triplet or a proximate aromatic T; excited state
becomes long lived because of thermally activated back energy
transfer from the Ln*, or when the rate of forward energy
transfer is of the same order as k,[O,] then the Ln* lifetime
and intensity becomes sensitive to dissolved oxygen
concentration. In the former case, there is a co-dependence
on temperature that needs to be considered if the T varies
significantly during the analysis.'®*>*1841317134 gyamples
have been reported where a terbium complex with an N-methyl-
phenanthridinium sensitiser has been immobilised in a sol gel
matrix allowing its use in a flow sensor to monitor changes in
dissolved oxygen concentration.'** The temperature dependence
of systems undergoing reverse energy transfer depends on the
energy gap between the Ln* and the ligand excited state. Recent
examples have tuned this to operate in in the range 20 to 70 °C,
by examining a series of different Eu and Tb systems permitting
temperature measurement.**

4.4.5. Modulation of kgr: drug binding to G-protein
coupled receptors. Long range Forster energy transfer (FRET)
between Eu complexes and near-IR acceptor dyes can be very
efficient, and occurs over distances of around 7 nm, (Fig. 3).
Human embryonic kidney cells have been SNAP-tag labelled on
the cholecystokinin cell surface receptor (CCK-2) with an
emissive Eu complex, that shows very low non-specific protein
binding, e.g. [EuL**]>". Binding of the natural agonist linked to
an acceptor IR dye is signalled by dynamic quenching
of europium emission and an increase in the long-lived
luminescence (665 nm) of the acceptor dye, (Fig. 17)."*°
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Fig. 17 Cartoon depicting the consecutive binding of an IR-dye labelled
agonist acceptor to the Eu-SNAP-tagged CCK-2 cell surface receptor,
quenching the Eu emission and accompanied by a FRET signal at 665 nm
(Kqg = 8 nM), followed by competitive displacement of the agonist by an
added antagonist (K; = 6 nM), restoring the europium emission at 620 nm.
Adapted with permission from ref. 136. Copyright (2014) Wiley-VCH.
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When the agonist is displaced by competitive binding of a
candidate antagonist to the receptor binding site, the FRET
signal is lost and the europium emission intensity and lifetime
increase. Such a system allows the affinity of competitive
antagonists to be assessed in high throughput formats, or in
live cell assays using time-resolved microscopy.

5. Conclusions

In the sensitised emission of lanthanide complexes, there are
three excited states that can be perturbed giving rise to
‘responsive probes’. The luminescence changes that may occur
modulate emission intensity, spectral form, lifetime and circular
polarisation.®® The longer lifetimes and large pseudo-Stokes’
shifts of sensitised lanthanide luminescence have allowed time-
gated methods of data acquisition to be used for spectroscopy
and microscopy, averting the problems associated with
light scattering, auto-fluorescence and self-absorption that
compromise the scope and utility of analyses using short lived
fluorophores.

The ligand that coordinates the lanthanide ion has to be
chosen carefully, such that the complex has sufficient kinetic
and thermodynamic stability to be used without fear of pre-
mature metal ion dissociation or unwanted ligand exchange
under the low concentration assay conditions. Moreover, the
ligand should be designed thoughtfully to minimise vibrational
deactivation of the lanthanide excited state by energy-matched
oscillators that include OH, NH, CH, C=O and aromatic ring
vibrations, in order to enhance the emission quantum yield
and optimise the emission lifetime. Consideration should also
given to steric shielding of the lanthanide ion, for which the use
of phosphinate rather than carboxylate groups offers much
scope in design and enhances the metal excited state lifetime.

The sensitising moiety can be selected from a wide range of
aromatic and heterocyclic systems, for which the energies of
their singlet, triplet and internal charge transfer states can be
easily established. The nature of the sensitising moiety chosen
depends very strictly upon the lanthanide ion to be used,
notably its ability to quench the ligand singlet excited state,
e.g. for Eu, Yb and Sm(m) complexes where the overall free
energy change can be estimated based on redox potentials.
The ground or excited state of the sensitising moiety can be
perturbed, leading to modulation of emission behaviour.
Such a perturbation may be reversible, leading to new sensor
designs, e.g. for urate analysis with electron poor sensitising
groups where exciplex formation occurs with the ligand triplet.
This behaviour leads to variation of both the lifetime and the
emission intensity and occurs to differing extents for Tb and Eu
complexes of the same ligand, allowing ratiometric analysis.
In cases where back energy transfer to/from the ligand triplet is
engineered, oxygen and temperature sensitivity results, notably
for complexes of Tb owing to its high excited state energy.

In a second class of system, the sensitiser is irreversibly
transformed by reaction with a target analyte, changing the
singlet and triplet excited state energies to permit the creation

Chem. Soc. Rev., 2021, 50, 8193-8213 | 8209
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of ‘activity based probes’ that can be used to signal the presence
of a low concentration analyte. This is best done for systems
that are designed to ‘switch-on’ or greatly increase the optical
signal. Two further classes of responsive probe involve either
changes in the speciation or configuration of the metal centre,
or are based on modulation of excited state dynamic quenching,
i.e. they involve perturbation of the ligand ICT/T; states or the
lanthanide excited state itself. In each case, the design of a new
probe must consider four key operational aspects: the tuning of
probe affinity to the analyte concentration range in the sample or
environment; the assessment of the impact of interfering species
in the analysis, notably electron rich species that may quench
the ligand or metal excited state by electron transfer; ensuring
the accurate calibration of the system in situ; being aware of the
overall response time of the optical change that is monitored,
taking account of the time that it takes for the data to be
acquired with respect to the time-dependence of the variation
that is of interest!

Reversible change to the primary and secondary coordination
sphere of the lanthanide ion perturbs the ligand field, in an
exquisitely sensitive manner that dismisses the old dogma that
the optical fingerprint of lanthanide emission is just a function
of the metal ion. Anion binding in water to the metal ion
complexes of heptadentate ligands (lower coordination number
systems tend to be limited by complex instability) occurs
reversibly and can be inter- or intramolecular in nature. A large
number of sensors have been created that operate directly or in
diluted samples of complex biological fluids e.g. urine, serum,
semen, allowing the concentration of key anions like lactate,
citrate, bicarbonate as well as pH to be measured in vitro. Using
spectral imaging in microscopy, related probes have been used
to monitor changes in pH and pX in living cells, suggesting a
future growth in their use for live cell assays.

In this context, the recent development of circular polarised
luminescence microscopy offers promise for further development.
Already, a series of responsive CPL probes has emerged based on
Eu and Tb complexes, notably involving protein binding. The CPL
fingerprint uniquely includes the sign of the optical transition,
greatly enhancing spectral resolution and also allowing the
configuration of the emissive species to be identified. CPL Probes
where the circularly polarised emission switches on following
analyte binding to a dynamically racemic complex are of
particular interest in this regard, and have been used to report
ATP/ADP ratios and the concentration of 0;-AGP in serum.’>*°
There is great scope for new chiral probe development, as
cheaper CPL instrumentation for spectroscopy and microscopy is
developed.”9*1%”

Efficient systems that function by modulation of the
dynamic quenching of the metal excited state have been
described, including real time observation of acidification that
has allowed the monitoring of receptor internalisation into
endosomal compartments and lysosomes. Many cases have
been exploited where the metal excited state is quenched by
energy transfer to a proximate acceptor, such as a near-IR dye
that adopts the longer lifetime of the lanthanide donor.
In these FRET processes using terbium and europium
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complexes that have high intrinsic brightness, the high
throughput screening of drug binding to G-protein coupled
receptors has been developed, as just one example of a plethora
of sensitive biochemical analyses involving these versatile
luminescent lanthanide coordination complexes.

Looking to the future, there is always space for creative
design that may transcend the classifications offered here.
In recent work, for example, heterodinuclear Nd/Yb and
Eu/Tb DOTA based complexes have been appended to a zinc-
binding peptide.’*®"*° Metal ion binding regulates the ligand
structure and changes the distance between an integral sensi-
tising moiety (a coumarin for the Tb/Eu pair and an anthryl
group for the near-IR emitting Nd/Yb system) and the
lanthanide ions. As a result, the Nd/Yb and Eu/Tb emission
intensity ratios change as a function of zinc concentration,
allowing calibration. Future design allows free rein for the
creative spirit of the chemist!
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