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Pyrene-appended ytterbium complexes have been prepared
using Ugi reactions to vary the chromophore-lanthanide
separation. Formation of the ytterbium (Ill) excited state is
sensitised via both the singlet and triplet excited states of the
chromophore. Energy transfer from the latter is relatively slow,
and gives rise to oxygen-dependent luminescence.

Lanthanide luminescence has proved to be an exceptionally
useful tool in assay and imaging." The long-lived
luminescence from lanthanide ions can be separated from
autofluorescence and scatter using time gating techniques,?
and such approaches allow low detection limits and high
signal-noise ratios to be achieved.

Extensive effort has been devoted to the synthesis of
responsive lanthanide complexes,® and a wide range of
complexes have been shown to respond to a diverse range of
analytes. Since f-f transitions have low molar absorption
coefficients, aryl chromophores or transition metal complexes
are frequently used to sensitise the formation of an excited
state.* While early assays exploited the assembly of ternary
complexes to achieve such sensitisation,® more recent work
has involved perturbing the fate of the various intermediate
excited states.®

For the vast majority of chromophore appended lanthanide
complexes, sensitisation takes place by energy transfer to the
lanthanide emissive state from the excited singlet state of the
chromophore (S;) via the chromophore triplet state (T,).* It
should be noted that energy transfer has been observed from
the singlet state,’ while a sequential charge transfer
mechanism has also been implicated in the sensitised
luminescence from ytterbium. All intermediate states in the
luminescence pathway can potentially be perturbed by an
analyte. Thus collisional quenching of the S; state by halide
will reduce the intensity of lanthanide luminescence,® while
changes in the inner coordination sphere of the complex will
influence the lifetime and intensity of luminescence from the
lanthanide excited state.® Where there is a close energy match
between the T, state and the lanthanide emissive state that
allows thermal repopulation of the triplet, collisional
quenching of the T, state by oxygen can give rise to oxygen
dependent lanthanide luminescence.'® Such an approach has
been widely discussed in the development of lanthanide
probes for oxygen concentration.

An alternative approach to generating oxygen dependent
lanthanide luminescence can also be conceived. We recently
reported how slow thermal repopulation of a pyrene triplet
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state from the °Dj state of europium (I11), combined with slow
(albeit not rate determining) energy transfer from the T, state
to °Dy gave rise to oxygen-dependent lanthanide luminescence
as a consequence of collisional quenching occurring before
lanthanide luminescence could take place.!! This approach can
be extended to bimetallic complexes, giving rise to ratiometric
responses for oxygen in cases where the rates of energy
transfer to two different lanthanides are different.’> At the
time, we suggested that such a pathway could give rise to
oxygen-responsive  luminescence even where thermal
repopulation of the triplet was not thermodynamically
feasible. In this manuscript we show that this is indeed the
case, and that thermal repopulation is not an essential
requirement for oxygen-dependent lanthanide luminescence.

We now report how irreversible energy transfer from a
pyrene chromophore to ytterbium can give rise to oxygen
dependent luminescence. Furthermore, we have observed the
formation of 'O, through its luminescence at 1270 nm. In the
systems studied, we observe two pathways for forming the
2k, state of Yb®" that occur simultaneously, with both the
singlet state and the triplet state populating the lanthanide
emissive state.

The structurally related complexes Yb.1 and Yb.2 were

chosen to test the hypothesis of controlling the rate of energy
transfer by varying the chromophore-lanthanide separation.
Initially, the stable complexes Yb.3 and Yb.4 were prepared
using established procedures.”®*® Subsequent coupling using
Ugi methodologies yielded Yb.1 and Yb.2 as shown in
Scheme 1, which were characterised by NMR and MALDI
mass spectrometry. This approach offers an effective means
by which the metal centre and chromophore can be moved
around the scaffold relative to one another.
Upon cursory scrutiny of the structures in Scheme 1, it is clear
that the lanthanide ion and the chromophore are separated by
spacer chains containing the same numbers of atoms, and that
the pyrene chromophores in the two complexes differ slightly
in that that in Yb.1 is extended by conjugation. However, the
interplay between the functional groups appended from the
skeleton will define the preferred orientation of the
chromophore relative to the lanthanide ion, and will also
influence the chromophore/lanthanide separation. In unrelated
systems, we have previously observed how bulky substituents
can influence the available conformational space in lanthanide
complexes prepared by Ugi reactions:** we reasoned that the
same factors would also govern the behaviour of this system.
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Scheme 1: Preparation of Yb.1 and Yb.2

We resolved to explore this behaviour through luminescence
s spectroscopy carried out in degassed and aerated solution.
Following excitation of the pyrene chromophore at 337 nm,
the total emission spectrum of an aerated solution of Yb.1
(Figure 1) revealed the expected peak at 980 nm,
corresponding to the 2Fg,-2F4, transition in Yb®" and the fine
10 Structure associated with crystal field effects, and also showed
a second peak at 1270 nm. Upon degassing the sample, the
peak at 980 nm increases in intensity (as a consequence of
removal of the oxygen mediated quenching pathway for the
donor triplet) while that at 1270 nm disappears entirely. The
15 1270 nm peak corresponds to the wavelength associated with
luminescence by singlet oxygen,'® and these results clearly
imply formation of 'O, by collisional interactions with the

excited triplet state of the complex.
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20 Figure 1: near IR emission spectra obtained following excitation at 337
nm for a methanolic solution of Yb.1 under aerated (red line) and
degassed (black line) conditions and showing emission from Yb 2Fs;,-%F7,
(980 nm) and '0,-*0, (1270 nm).
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Figure 2: temporal profiles of the emission intensity at 980 nm for
25 aerated (red line) and degassed (black line) methanolic solutions of Yb.1

Time-resolved measurements shed further light on the nature
of energy transfer and 'O, formation. There are clear and
dramatic differences between the temporal profiles of the
30 emission from Yb.1 in degassed and aerated methanolic
solution (Fig. 2). In the aerated system, the risetime of the
luminescence from ytterbium is essentially instantaneous with
a long lived decay component (t = 2.8 us), while that in
degassed solution displays two clear components - in which
35 one clearly involves a relatively slow risetime, superimposed
upon the aerated response.
The luminescence lifetime of the 1270 nm band correspnding
to 0, emission (10 us) corresponds very closely with the
published value for singlet oxygen in methanol.'® In degassed
w0 solution, energy transfer from T, to the 2Fy, excited state of
ytterbium is rate determining (Scheme 2). In these
circumstances,” the decay component (t = 7.4 ps)
corresponds to the rate of energy transfer, while the rise-time
(t =2.1 ps) corresponds to the lanthanide centred emission.
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Scheme 2: Key energy transfer pathways in an ytterbium complex bearing
a pyrenyl antenna group.

It is clear that two pathways contribute to the formation of
the lanthanide excited state (Scheme 2): the S; and T; states of
the pyrene chromophore are both involved in energy transfer,
albeit by different routes. In the case of the S; state, the most
likely pathway is a sequential electron transfer mechanism
going via an LMCT state, which would be expected to give
rise to rapid energy transfer.”® By contrast, the rate of triplet
mediated energy transfer will be slow as a consequence of the
poor spectral overlap between T; and 2Fs,. Collisional
quenching by oxygen can thus quench the intermediate triplet
state before energy transfer to the lanthanide centre, lowering
the luminescence quantum yield.

We have previously observed such phenomena in systems
in which there is a close energy match between the donor state
and the accceptor state, combined with a large physical
separation between the chromophore and the lanthanide ion.**
In this case the energy gap between the T, state (E+ = 17,300
cml) and the ?Fs, state (Eors, = 10,300 cm™) is too great to
permit thermal repopulation of the triplet. It is therefore clear
that a close match between the triplet energy and the
lanthanide emissive state is not a pre-requisite for achieving
oxygen-dependent lanthanide emission, provided slow energy
transfer can be engineered into the system.

In the case of Yb.2, the observed spectra were very
different. In degassed solution, luminescence from the
ytterbium centre was almost too weak to detect using steady
state luminescence- indeed, the 2Fs,-2F;, transition could only
be resolved by applying time-gating methods to separate the
ytterbium signal from scattered light (Figure S7). However,
in aerated media, strong phosphorescence from singlet oxygen
was oberved at 1270 nm, indicating that the triplet state of the
chromophore is still quenched effectively by oxygen. It is
clear from these observations that the difference in structure
between Yb.1 and Yb.2 is responsible for the difference in
observed behaviour and that differences in the effectiveness of
energy transfer are underpinned by differences in the relative
orientation of donor and acceptor groups. Once again, it is
clear that ligand structure is key to controlling the
photophysical properties.

On the basis that the observation of emission from 0, in
aerated systems could potentially offer a second signal that
would allow quantification of oxygen levels, we explored the
variation in relative intensity of the lanthanide and oxygen
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centred emission bands with oxygen concentration for
solutions containing Yb.1. Figure 3 shows that there is a clear
variation in the ratio of the two intensities with oxygen,
confirming the hypothesis of competitve quenching of the
intermediate triplet state and also providing the potential for
quantifying oxygen concentration.
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Figure 3: Oxygen dependence of the ratio of the intensity of the ytterbium
2F5,-2F7p; transition (980 nm) relative to that of the *0,-*0, emission
intensity (1270 nm).

It is clear from these results that 'O, emission and NIR
lanthanide emission can be combined to provide a ratiometric
measure of oxygen concentration. This approach has
considerable merit, offering the possibility of combining
straightforward synthesis with effective measurement and
allowing steady state measurements to be used to quantify
oxygen concentrations directly. There is clearly scope to
extend these results to other sensitising chromophores, and
indeed longer wavelength excitation is highly desirable. We
also add a general caveat that distance dependence and rates
need to be considered for all the steps in the energy transfer
cascade for a lanthanide complex; it clearly isn’t enough to
assume that the only thing to worry about is the emissive
lifetime.
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