Open Access Article. Published on 30  1443. Downloaded on 05/01/48 08:17:19 .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Faraday Discussions

Cite this: Faraday Discuss., 2022, 234, 159

#® ROYAL SOCIETY
P OF CHEMISTRY

Comparative analysis of lanthanide excited
state quenching by electronic energy and
electron transfer processesfy

David Parker, 2 *3 Jack D. Fradgley, {22 Martina Delbianco, {2
Matthieu Starck, 2% James W. Walton 2@ and Jurriaan M. Zwier

C

Received 27th August 2021, Accepted 5th November 2021
DOI: 10.1039/d1fd00059d

The relative sensitivities of structurally related Eu(i) complexes to quenching by electron
and energy transfer processes have been compared. In two sets of 9-coordinate
complexes based on 1,4,7-triazacyclononane, the Eu emission lifetime decreased as the
number of conjugated sensitising groups and the number of unbound ligand N atoms
increased, consistent with photoinduced electron transfer to the excited Eu(m) ion that
is suppressed by N-protonation. Quenching of the Eu °Dg excited state may also occur
by electronic energy transfer, and the quenching of a variety of 9-coordinate
complexes by a cyanine dye with optimal spectral overlap occurs by an efficient FRET
process, defined by a Férster radius (Ro) value of 68 A and characterised by second rate

constants in the order of 10° M~!

s~ 1 these values were insensitive to changes in the
ligand structure and to the overall complex hydrophilicity. Quenching of the Eu and Tb
excited states by energy transfer to Mn(i1) and Cu(i) aqua ions occurred over much
shorter distances, with rate constants of around 10 M~ s7%, owing to the much lower
spectral overlap integral. The calculated Rg values were estimated to be between 2.5 to
4 A'in the former case, suggesting the presence of a Dexter energy transfer mechanism
that requires much closer contact, consistent with the enhanced sensitivity of the rate

of quenching to the degree of steric shielding of the lanthanide ion provided by the ligand.

Introduction

The sensitised emission of lanthanide luminescence has been studied in detail
because of the wide range of applications that have arisen in developing lumi-
nescence bioassays, in devising targeted optical imaging agents and in the crea-
tion of selective analytical probes and sensors for a wide range of analytes."* The
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salient properties of the sensitising chromophore have been considered in depth,
and key design criteria have emerged.>” In particular, careful consideration has
been given to the photophysical properties of the sensitiser, notably its molar
absorptivity (high ¢) at the excitation wavelength, the energies of its internal
charge transfer (ICT), singlet and triplet states and the size of the energy gap that
determines the facility of inter-system crossing. A small S;-T; energy gap favours
a fast rate of intersystem crossing, kisc, which typically needs to be >10° s to
compete with kg, which is of the order of 3 x 108 s7L. These features determine the
choice of the excitation wavelength (1), the efficiency of triplet excited state
formation and the energetic feasibility of the overall process that allows intra-
molecular energy transfer to proceed, thereby populating the lanthanide excited
state.

A mechanistic scheme (Scheme 1) can be put forward that characterises the
competing pathways in sensitised lanthanide emission.” The salient excited
states have a transient existence and are subject to different radiative or non-
radiative decay processes, each defined by a rate constant. A downhill energy
cascade requires that the sensitising excited state donor lies close in energy, but
more than about 10 kT (2050 cm ™~ at ambient temperature) higher than the
accepting lanthanide excited state. In this way, any back energy transfer process
is not prone to thermal activation. The excited states possess notably different
lifetimes: the relaxed S; and ICT states live for a few nanoseconds, the triplet
state may often exist for a few microseconds, but the lanthanide excited state is
the longest lived, with lifetimes ranging from the microsecond (e.g. Dy, Yb, Nd,
Er) to the millisecond (Eu, Tb) domain. The long lifetime and large pseudo-
Stokes’ shifts that epitomise sensitised lanthanide luminescence have allowed
the use of time-gated methods of data acquisition for spectroscopy or
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Scheme 1 Mechanistic pathways in sensitised lanthanide luminescence, where ket and
ket/kget refer to electron and forward/back energy transfer processes, kisc refers to the
rate constant of inter-system crossing, ki, relates to the vibrational energy transfer to
neighbouring energy matched oscillators and k4 is the second order rate constant char-
acterising the quenching of a ligand triplet state by molecular oxygen, forming singlet
oxygen.
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microscopy, averting problems associated with Rayleigh light scattering, self-
absorption or auto-fluorescence.

The non-radiative deactivation of the lanthanide excited state may occur by
three main pathways involving the transfer of charge, electronic energy or
vibrational energy. The key aspects of each of these quenching processes have
been reported and considered in detail previously.”® In this article, examples of
charge and electronic energy transfer are compared and considered in the context
of enhancing our understanding of the mechanism of the underlying photo-
physical processes, thereby informing the design of bright lanthanide complexes
that are inherently resistant to excited state deactivation. The examples described
here relating to charge transfer are of particular interest to the creation of pH-
responsive probes that may permit the tracking of receptor internalisation into
cells."* And, with regard to energy transfer, the efficiency of Forster resonance
energy transfer (FRET)" from an excited lanthanide ion to a strongly absorbing
cyanine dye forms the basis of many commercial time-resolved luminescence
bioassays™ and is contrasted here with the inefficiency of energy transfer to
weakly absorbing transition metal aqua ions.

Results and discussion
Charge transfer quenching of the Eu excited state

Intramolecular electron transfer processes from the HOMO of a proximate elec-
tron rich aryl group or a nitrogen lone pair orbital to the Eu °D, excited state
provide examples where the Eu emission lifetime can be reduced. Consider the
following series of complexes, [EuL'"®] (Fig. 1).4*® The first three Eu complexes,
[EuL'”], contain increasing numbers of electron rich chromophores with
a simple methyl group in the upper aryl ring and are compared with the behaviour
of [EuL*"®], where a diethylamino substituent is present in the upper phenyl ring
that is not in direct conjugation with the alkyne bond.*

A typical Eu emission spectrum (Fig. 2) highlights the large pseudo-Stokes’
shift and the characteristic spectral fingerprint of europium(ur) luminescence for
this series of complexes. The emission from the europium(m) *D, excited state
decays mono-exponentially. The lifetime for each complex was measured in water
and values are compared in Table 1. With [EuL'~], there is a small decrease in the
lifetime of the emission as the number of chromophores increases, suggesting
that charge transfer from the electron rich sensitising moiety quenches the Eu
excited state to some degree.>"” Of course, the overall quenching process will also
involve vibrational energy transfer to some degree, e.g. to higher overtones of the
alkyne stretch, aryl ring vibrations or C-H stretches. In the former case, the triple
bonds are located about 7 A from the metal centre, and given the r~° dependence
of vibrational energy transfer, such a process is likely to be very inefficient. In the
former case, this has been established through many examples involving
deuterated ligands."” For each europium(m) complex, the metal-based emission
lifetime was found to be independent of complex concentration over the range 1
to 50 uM, and did not change on degassing the solution to remove oxygen, in both
acidic and basic media.

The Weller equation'® (eqn (1)) considers the free energy of activation for an
electron transfer process and can be applied to assess the feasibility of the
quenching of the europium excited state by intramolecular electron transfer from
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[EuLY [EuL%] [EuL®]

Fig. 1 Europium(in) complexes with different numbers of aryl-alkynyl sensitising groups
that are pH independent [EuL}~3] and pH sensitive [EuL*~®] in their emission behaviour.*-6

the highest filled orbital, e.g., the lone pair orbital on N present in the conjugate
base form of [EuL*®]. The likelihood of the electron transfer event is predicted for
photo-induced electron transfer processes.
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Fig. 2 Absorption (blue), excitation (black) and emission (Aexc 355 nm; red) spectra of
[EuL?], showing the five major transitions to the “F,, ground state from the europium °Dg
excited state, (295 K, 0.1 M NaCl).
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Table 1 Europium excited state lifetimes for [Eul!=®]1-16

Complex 7g,“/ms Comment

EuL'] 1.39 Small lifetime reduction with increasing number of electron rich

Eul?] 1.27  chromophores

EuL?] 1.21

EuL’] 0.53”  Electron transfer quenching increases with the number of N-substituted
] 0.34”  chromophores

EuL®] 0.25”
EuHL'" 1.16° N-protonation suppresses electron transfer quenching
EuH,L’T** 1.00°
EuH;L°7" 0.84°

295K, 0.1 M NaCl, H,0. ? pH 8, 0.1 M NaCl, H,O. ¢ pH 4, 0.1 M NaCl, H,0; pK, values are
6.75, 6.30 and 6.21, respectively for [EuH,L*°]".

AG.r = nF([Eox — Ereq] — Es — €’le)) T mol ™! (1)

In the original description, E,y is the oxidation potential of a donor (e.g.
a nitrogen lone pair or the HOMO of an electron rich aromatic group), Eeq is the
reduction potential of the acceptor (e.g. an aryl group or a Ln** ion), Es is the
singlet excited state energy in eV and e?/¢, is an attractive energy term related to
the formation of a radical ion pair; this term is often less than +0.2 eV. This
equation estimates the free energy of activation for the electron transfer step
involving a particular excited state highlighting the facility of photo-induced
electron transfer to those lanthanide ions with smaller E.q potential terms,
where the Ln*" oxidation state is relatively stabilised, e.g. Eu®>", Yb®>" and to a lesser
extent, Sm>".

The irreversible one electron oxidation potential of a typical N,N-dialkylani-
line, such as N,N-dimethylaniline, is +0.76 V in acetonitrile (vs. standard calomel
electrode), which rises to about 1.0 V for a trialkylamine such as N,N-dime-
thylbenzylamine, where the nitrogen lone pair is not in conjugation with the
aromatic ring.? The reduction potential of the Eu®*" ion when coordinated by an
anionic polydentate ligand that stabilises the +3 oxidation state lies in the range
—0.8 to —1.1 V, based on literature values®** in MeCN, and can be estimated to be
—1.0 V here. The energy of the Eu** °D; and D, excited states lie at 19 100 and
17 220 cm ™ '; the latter energy value is equivalent to +2.13 eV or 206 k] mol "

AG,r = F[(0.76 + 1.0) — 2.13-0.2] = —0.57, F = —55 kJ mol )

Given these values, the free energy for the electron transfer process from the -
conjugated N lone pair orbital to the Eu** ion is energetically favourable by
55 k] mol ™" (eqn (2)). Such an analysis assumes that the excited state reduction
potential of the europium ion is the same as it is in the ground state.

The Weller analysis shows that the Eu excited state is prone to quenching by an
intramolecular electron transfer process associated with the nitrogen lone pair of
the conjugated diethylamino group. Next, the behaviour of the Eu(m) complexes
of ligands L*-L° is considered; each of these complexes exhibits a pronounced pH
dependence of emission intensity and lifetime, following excitation of the ligand
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chromophore and intramolecular energy transfer to the Eu ion; their behaviour
has been described in detail previously.’ The large lifetime and emission
intensity variations in these complexes has led to the creation of targeted lumi-
nescent pH probes for cells being developed to monitor receptor internalisation
and endosomal acidification in real time."

The rate of proton transfer to and from nitrogen in aqueous solution (typically
10" s7") occurs much more quickly than both the rate of decay of the excited
europium ion (Table 1, 10° s7") and the intermediate ligand ICT or triplet excited
states. Furthermore, the rate of electron transfer from the lone pair orbital to the
excited Eu ion is faster than the rate of energy transfer populating the Eu* °D, state,
and much faster than the rate of decay of the Eu excited state itself. Thus, during
the long lifetime of the Eu* *D, excited state in solution, over the pH range of 4 to 8,
deprotonation of the amine group occurs readily, allowing fast electron transfer to
occur from the unprotonated chromophore to the Eu ion, quenching the Eu excited
state 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 tris-amine complex, [EuL®], has the
shortest measured emission lifetime at pH 8 (0.25 ms, Table 1), and the complex
with only one amine-containing chromophore, [EuL’] has the longest, both when
protonated at pH 4 (1.16 ms) and as its conjugate base at pH 8 (0.53 ms).

In a key control experiment, comparing behaviour with sensitised emission
after excitation of the chromophore at the isosbestic wavelength of 332 nm, the
same pH dependence of the Eu emission lifetime was observed for [EuL'™®],
following direct excitation of the Eu ion at 397 nm. Thus, it is the Eu °D, excited
state that is being quenched by charge transfer in each of these cases, and not an
intermediate ligand excited state.

Efficient energy transfer involving a cyanine dye acceptor

The rate of Forster resonance energy transfer (FRET), kr, from a donor (D) to an
acceptor (A) is commonly described by eqn (3),'>?*

1 (R)\*
kr=—|— 3
T To ( r ) ( )
where 1, is the lifetime of the donor in absence of the acceptor and R, is the

Forster distance, i.e. the distance at which FRET is 50% efficient. The distance R,
has a particular value for each D-A pair, given by eqn (4),

Ry = (JI2Don HY¢ x (9.79 x 10%) (4)

in which J is the spectral overlap integral (in cm® M ™), &* is an orientation factor
(2/3), ¢o is the quantum yield of the donor in the absence of transfer, and 7 is the
refractive index of the medium. The spectral overlap integral, J, can be calculated
from the donor emission spectrum and the acceptor absorption spectrum:

o - i

where F(2) is the fraction of donor emission at wavelength A and ¢() is the
extinction coefficient of the acceptor at wavelength 2, in units of M~' em™".
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Three neutral highly luminescent Eu(m) complexes, [EuL’°] (Fig. 3) were
chosen as donors, as they form well defined charge neutral complexes and their
photophysical properties have been investigated in detail; they are amongst the
brightest Eu(m) coordination complexes reported that absorb strongly beyond
340 nm in protic media.>****>** The acceptor chosen for the energy transfer studies
was the commercially available cyanine dye, 1 (Fig. 3), which also possesses no
overall charge at neutral pH. It was selected because it and its analogues have
been used in many commercial Eu-based FRET assays, and it has a large extinc-
tion coefficient at 647 nm (270 000 M~ ' cm™'). The emission spectral form of the
three Eu(u) complexes presents a near-optimal profile for efficient energy transfer
to this cyanine dye. Indeed, the intense hypersensitive emission band associated
with the AJ = 2 transition (°D, to “F, at 610-620 nm) provides a very good spectral
overlap with the dye acceptor absorption band (Fig. 4). Furthermore, the low
intensity of Eu emission at 670 nm permits separate monitoring of the two
emissive species without significant spectral overlap.

Studies of energy transfer in methanol

In the rapid diffusion limit, energy transfer from a donor to an acceptor is
assumed to obey pseudo-first order kinetics (eqn (6)-(9)).>*** Hence, a plot of 7o/t
vs. [Q] gives a straight line with a slope equal to k,/k,, allowing the second order

OMe

[EuL’] R=Ph
[EuL®] R=Me

Fig.3 Structures of [EuL’~°] with different coordinated anionic groups and of the cyanine
dye, 1.
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Fig.4 Absorbance (blue) and emission (purple) spectra of the cyanine dye, 1, compared to
the [EuL’] emission spectrum (red), (MeOH, 295 K).
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rate constant for energy transfer, k,, and the Stern-Volmer quenching constant,
typically expressed as Ksv ™ ', to be estimated.

1/t = ko (6)

1/t = Ko 7)

kobs = ko + ko[ Q] (8)

T/t = kowslko = 1 + kalko[Q] = 1 + Ksy[O] (9)

The quenching of the three Eu(ur) complexes by the cyanine dye, 1, was exam-
ined by observing changes in the Eu(i) *D, excited state lifetime as a function of
the added acceptor concentration, over the range of 0.3 to 5 pM using 5 pM
solutions of the Eu(ur) complex. The values of k, were found to be 0.64, 0.57 and
1.40 x 10° M~ ' s for [EuL’ °] respectively (Fig. S1, Tables S11 and 2). The order of
the rate constants revealed a slightly enhanced rate of energy transfer with the
carboxylate derivative, compared to those of the two phosphinate complexes,
which gave very similar results within experimental error. The spectral overlap
integrals (/) and, hence, the Forster radii (R,) for each Eu(m) complex with this
acceptor were also estimated in MeOH using eqn (4) and (5), respectively. The
shorter lifetime of the less sterically shielded tris-carboxylate complex, [EuL’], was
accompanied by a slightly larger second order rate constant, k,. The similar
emission quantum yields and spectral overlap integrals, /, meant that the Forster
radius, Ry, for each complex was the same, within experimental error, i.e. 68 (+1) A.

Study of energy transfer in water

Due to the extremely low water solubility of [EuL’] and the carboxylate analogue
[EuL’] it was only possible to carry out the quenching studies in water (50 mM
HEPES, 50 mM NaCl, pH = 7.4) for the P-Me derivative, [EuL®]. It was decided to
examine different MeOH/water compositions to check if there was any significant
solvent effect.

The results (Fig. S21 and Table 3) revealed a 2.8 fold increase in the value of k,
in water compared to that in MeOH, tentatively related to the higher dielectric
constant of water. No differences in k, were observed between 100% MeOH and
50 : 50 MeOH/H,0. The absence of variation in the mixed solvent can be ascribed

Table 2 Forster radii calculated for the three Eu(in) complexes, (MeOH, 295 K)&?

[EuL’] [EuL®] [EuL’]
JM~t em?® 1.016 x 1072 1.184 x 1072 1.109 x 1072
¢ 0.52 0.43 0.48
To/ms 1.26 1.18 0.95
Ro/nm 6.81 6.77 6.86
kMt st x 10° 0.64 0.57 1.40

“ The spectral overlap integral was calculated for the region 550 < A < 720 nm. The refractive
index for MeOH is 1.328, compared to 1.333 for H,O. Errors on 74, and ¢ep, are £10%. 5 The
values of the Stern-Volmer quenching constants under these conditions, Kgy " are: 1.24 uM,
1.49 puM and 0.75 pM for [EuL”~?], respectively.
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Table 3 Quenching studies for [EuL®| in mixed protic solvents. Values (+5%) were
recorded at 295 K in: 100% 50 mM HEPES buffer, 50 mM NaCl, pH = 7.4; 50% 50 mM
HEPES buffer, 50 mM NaCl and 50% MeOH; 100% MeOH; s, = 332 nm

Solvent Gradient To/ms kM~ s x 10° (40.05)
MeOH 0.62 1.18 0.57
MeOH : H,0 (50 : 50) 0.67 1.11 0.56
H,0 1.64 1.03 1.59

to the specific solvation of the complex by methanol. Soper has shown that in
binary mixtures of water and alcohols, local clusters of alcohol molecules occur
(or vice versa), so that the more hydrophobic Eu complex is likely to undergo
specific solvation by a methanol cluster.*”

A variety of structurally similar hydrophilic Eu(u) complexes was studied (ESI,
Fig. S31) in water, examining energy transfer to the cyanine dye. No significant
dependence of the rate of energy transfer on the nature and number of the
coordinating anionic donor groups was evident. Neither was any correlation
found between complex hydrophilicity (comparing log P values) and the second
order rate constant, k,, characterising the rate of energy transfer quenching.

Inefficient energy transfer involving Mn>* and Cu”* aqua ions

The quenching of lanthanide emission by metal ions is an important aspect in
bioassays because ions like Mn>" are used in millimolar concentrations as
cofactors in certain kinases, and therefore understanding their quenching
behaviour can help in the development of optimal probes.?® Sporadic reports have
described the quenching of the emission of various Eu and Tb complexes in water
by transition metal ion salts.**>** In these studies, the lanthanide complexes that
were examined were often of ill-defined speciation and the influence of compet-
itive lanthanide ion dissociation complicated some of the systems studied, such
that both static and dynamic quenching processes were sometimes observed.
Typically, quenching by copper(n) ions was found to be faster than that by Cr*”,

[LnL'%(H,0)] [LnL'] R=Ph
[LnL'?] R=Me
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Mn**, Co®" and Ni** aqua ions, with dynamic quenching postulated to occur by an
energy transfer process, with second order rate constants of about 10° to 10" M ™"
s~ ! for copper(u) quenching. Much less work has been reported on quenching by
Mn>" salts, apart from comments about the enhanced sensitivity to the nature of
the ligand in lanthanide coordination complexes.?*

In empirical screening assays, the emission intensity and lifetime of Eu and Tb
complexes has often been measured in the presence of a million fold excess of
MnCl,, serving as a simple means of assessing the ability of the complex to resist
intermolecular quenching of the lanthanide excited state. Such preliminary
screens had shown that the charge neutral lanthanide complexes of L', pos-
sessing an azaxanthone sensitiser, were quenched rather efficiently by Mn>*,
whereas the charge neutral complexes of L' and L'> with phosphinate groups
were much more resistant to quenching. The latter two complexes are 9-coordi-
nate and adopt a tricapped trigonal prismatic geometry*® in which the lanthanide
ion is much more shielded (Ph > Me) from the environment compared to [LnL'’],
where a more open square anti-prismatic coordination geometry occurs, with
a water molecule capping the open axial position.**

A solution of MnCl, was added to a solution of [Eu-L'°] (H,0, 100 uM complex,
0.1 M HEPES, 0.1 M NaCl, pH 7.4, 295 K) to give final Mn>" concentrations of 0.1
and 10 mM. Upon the addition of Mn>", both the emission and excited state
lifetime of [EuL'®] decreased, and there was no change in the Eu emission spectral
form. The ratios I,/I and 7,/t, where I and 7 refer to the intensity and lifetime of Eu
emission, respectively, were very similar, consistent with predominant dynamic
quenching of the Eu excited state. To understand better which excited state is
quenched, the emission spectrum of [EuL'’] was recorded at each Mn**
concentration, following excitation of the sensitising group (Ax = 328 nm) or after
direct excitation of the Eu** ion (Aex = 397 nm). Despite the low signal to noise
ratio following direct excitation, it was apparent that the spectral form was not
changing and the extent of quenching was the same within experimental error,
i.e. independent of the mode of excitation. Such behaviour is consistent with
dynamic quenching of the lanthanide excited state, rather than any sensitiser
excited state.

Luminescence titrations were also carried out with [EuL'®] and [TbL'?],
measuring their emission spectra and lifetimes in the presence of increasing
concentrations of Mn**. The intensity of emission decreases with increasing
[Mn**]. To quantify the rate of quenching, Stern-Volmer plots were examined
(Fig. 4). The variation of either I/I or 7o/t with [Mn>"] gave very similar slopes,
consistent with predominant dynamic quenching. From the gradients of the
slopes, Stern-Volmer quenching constants, Ksy ', of 1.22 and 0.16 mM were
calculated for [EuL'®] and [TbL'’], respectively. The plots showed no deviation
from linearity, consistent with a single bimolecular quenching process (Fig. 5).

Stern-Volmer quenching constants were calculated for the three pairs of Tb
and Eu(m) complexes to allow a comparative analysis (Table 4). The tri(phenyl-
phosphinate) C; symmetric complexes, [EuL'"] and [TbL'"],** and their methyl-
phosphinate analogues, [LnL'?], form the core structures in the EuroTracker™
series of emissive lanthanide probes.>'*'52%2 In each case, the Tb>" species was
found to be more susceptible to quenching by Mn*". Such behaviour is not
consistent with a quenching mechanism involving electron transfer to the Ln*
state, as the reduction of Tb*" is highly energetically unfavourable. According to
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Fig.5 Stern—Volmer plots for the quenching of [EuL?] and [TbL°] by MnCl, (H,O, 20 pM
complex, 0.1 M HEPES, 0.1 M NaCl, pH 7.4, 295 K).

Table 4 Stern—Volmer constants and second order rate constants for the Mn?* and Cu?*
quenching of selected Eu®* and Tb*" complexes (H,O, 20 pM complex, 0.1 M HEPES,
0.1 M NaCl, pH 7.4, 295 K)

Ksy '/mM
Complex Mn** (aq.) Cu* (aq.)
[EuL'’] 1.22 0.08
[TbL'] 0.16 0.18
[EuL'"] 12.3 3.78
[TbL'] 4.00 8.50
[EuL'?] 7.69 2.30
[TbL'?] 1.81 3.75

koM 157 x 10°
Complex Mn** (aq.) Cu** (aq.)
[EuL™] 1.44 21.9
[TbL™] 3.43 3.05
[EuL™] 0.06 0.19
[TbL'"] 0.08 0.04
[EuL'?] 0.08 0.28
[TbL"?] 0.21 0.10

the Weller equation, even the photo-induced electron transfer from Mn>" to Eu**
is energetically unfavourable, with a AGgr = +22 k] mol~" (assuming that E.
ox(MN?") = +1.51V, Ereg(Eu®) = —1.0 V, Epp+ = +2.13 eV and €*/e; = 0.15). The only
plausible alternative mechanism involves energy transfer, which is highly
dependent upon the distance between the donor lanthanide complex and the
d block aqua complex acceptor.

Parallel quenching studies were carried out with aqueous CuCl, solutions to
investigate any differences in the ability of the two first row transition metals to
deactivate the Ln* excited state. An electron transfer quenching process was also
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not thermodynamically feasible in this case. Under the same conditions as for the
Mn>" quenching experiments, Cu** was found to reduce both the emission
intensity and the excited state lifetime of each complex to similar extents. The
Stern-Volmer quenching constants and second order rate constants were deter-
mined and compared with the values measured for Mn>" quenching (Table 4). In
the presence of Cu®", the Eu complexes were quenched more efficiently than by
Mn>", There was around a threefold increase in the rate constant for [EuL''] and
a 15 fold increase for the more sterically accessible complex, [EuL'’]. The
observed behaviour contrasts with quenching by Mn>*, where slightly higher rate
second order constants were found for the Tb>" analogues. The smallest rate
constant values were found for the Eu/Tb complexes of the most shielded ligand,
L'". The highest rate constant (2.2 x 10" M~" s™") was found in the quenching of
[EuL'®] by the aqua Cu®" ion; this value is of the same magnitude as the highest
rate constants reported earlier, e.g. with the rather kinetically labile anionic tris-
chelate Eu(u) complex of oxy-diacetate.*

For energy transfer to occur between Ln* and Mn>*, some spectral overlap is
required between the donor emission and acceptor absorption spectra. The
absorption spectrum of MnCl, has an absorption maximum at 520 nm that arises
from the spin-forbidden d-d transition of the high-spin d> Mn*" aqua ion,
resulting in a very low molar extinction coefficient (¢ = 0.018 M~ ' cm™"). The
emission spectra of [EuL''] and [TbL"'] are also shown (Fig. 6), and reveal that
spectral overlap exists between both Ln*" emission spectra and the Mn**
absorption spectrum. It is also apparent that the spectral overlap is greater for the
Tb*" complex, explaining the observed higher values of k, and lower values of
Kgy ' for Tb** complexes of a common ligand. The very low molar extinction
coefficient of Mn>" and the very small spectral overlap integral seem to disfavour
the hypothesis that Forster energy transfer quenching is operative. However, the
excited state lifetimes of these Ln*" complexes are relatively long (in the milli-
second range), and over this period many diffusive encounters can take place
between Mn** ions and the lanthanide excited state, increasing the probability of
the energy transfer process.*”

The absorption spectrum of CuCl, was also measured in water and revealed
the characteristic broad d-d transition of the aqua ion, centred at 810 nm. In
contrast to the absorption of the Mn*>* aqua ion, the corresponding Cu** transi-
tion is spin allowed, resulting in a higher molar extinction coefficient
(11 M~ em™), compared to that of the Mn** aqua ion.*® The Cu®" absorption
band tails into the spectral region of Eu®*" emission and to a lesser extent Tb**
emission (Fig. 6), consistent with the higher rate of quenching of the Eu
complexes by copper aqua ions and supporting the hypothesis of an energy
transfer quenching mechanism. In summary, and compared to Mn*", the greater
molar extinction coefficient of the Cu** aqua ion and the better spectral overlap
with Eu®" emission explain the higher rate of quenching by Cu®" for each Eu(u)
complex studied here.

The spectral overlap integrals (J) and, hence, the Forster radii (R,) for each
donor lanthanide complex with Mn** and Cu®" acceptors were estimated in water,
using eqn (4) and (5), respectively (Table 5). The estimated values of R, are much
smaller for the Mn>" aqua ion acceptor, consistent with the feeble spectral overlap
integral associated with its low molar extinction coefficient, which is 600 times
smaller than that for Cu®" and 15 million times smaller than that for the near IR
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Fig. 6 (upper) Molar extinction coefficient for MnCl, (blue) as a function of wavelength
(H,O, pH 7.4, 295 K); (lower) absorption spectrum of CuCl, (blue) as a function of
wavelength (H,O, pH 7.4, 295 K). In each case, emission spectra for [TbL] (green) and
[EuL™] (red) are shown, permitting the analysis of the spectral overlap integrals.

Table 5 Calculated values of the Forster radii (Ro) using egn (2) and (3) for energy transfer
from the lanthanide complex donor to the transition metal aqua ion acceptor

Ro/A (calc.)

Complex Mn** (aq.) Cu** (aq.)
[EuL'] 2.4 9.9
[TbL™] 4.0 7.6
[EuL™] 3.5 11.6
[TbL'] 4.0 8.3
[EuL'?] 3.4 12.1
[TbL'?] 4.4 9.2

dye, 1, discussed above, for which the R, values were around 68 A. Indeed, the
short distances found in this case (R, between 2.8 to 4.4 A for Mn** quenching)
fall within the range where the mechanism of energy transfer is collisional,
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operates over a short encounter distance and may involve the Dexter energy
exchange mechanism® and not only Forster resonance energy transfer into the
copper 2T2g orbital, which is more likely to operate with the aqua copper(i) ion.*’

Summary and conclusions

The lanthanide excited state may be subject to quenching by electron (charge)
transfer and by vibrational and electronic energy transfer processes, leading to
a reduction in its lifetime. For Eu(m) complexes, a ligand to metal charge transfer
state may lie close in energy to the Eu °D, excited state, leading to potential energy
surface crossing. Such a situation is more prevalent in cationic complexes with
ligands that are charge neutral and do not stabilise the Eu(ur) oxidation state as
efficiently as those containing hard anionic ligands, such as O or N donors.® More
commonly, fast electron transfer occurs from a ligand HOMO, such as a 7 or lone
pair orbital, exemplified here with a set of six Eu(ur) complexes where the lifetime
was shortest for the complexes with the most high lying 7 orbitals or the most N
atoms. In the latter case, N-protonation suppressed photoinduced electron
transfer and the pH dependence of the Eu emission lifetime was identical when
populating the D, state by direct excitation or via the more efficient sensitised
emission pathway that involves ligand excited states. Such observations confirm
that it is the Eu excited state that is being quenched directly in these cases.
Consideration was given to the utility of semi-empirical calculations of the energy
of the key ligand, charge transfer and europium excited states involved in such
a quenching process. However, the limited accuracy of such calculations, as
exemplified in recent examples using DFT and modified Judd-Ofelt theory,*"*
meant that such work was not undertaken for these complexes.

Electronic energy transfer was examined from a Eu donor to a cyanine dye
acceptor with which very good spectral overlap occurs. The calculated Forster
radii (R,) values did not change significantly with the structure of the Eu(m)
complexes, each of which gave rise to very similar Eu emission spectral finger-
print. Thus, with R, values averaging around 68 A, the nature of the ligand anionic
groups and the aryl sensitiser substituents did not affect this long range FRET
process. Nor was any correlation found between complex hydrophilicity and the
value of the second order rate constant, k,, that characterises the rate of energy
transfer quenching. In contrast, energy transfer to the Cu(u) and especially the
Mn(n) aqua ion was much more inefficient, with rate constants 1000 times
smaller, owing to the much smaller spectral overlap integral. In these and earlier
reported cases, the steric shielding created by the ligand plays a key role in
defining the sensitivity to quenching, especially with Mn(u1) aqua ions for which
more open coordination complex structures show the greatest sensitivity to Mn(r)
quenching.®** Such behaviour is consistent with a predominant short range
collisional quenching mechanism, and suggests that a Dexter energy transfer
mechanism operates, at least in part. It requires wave-function overlap, which
occurs most efficiently when the distance between the excited Eu ion and the
quenching acceptor species is minimised.
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