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We present the design, synthesis, and physical and photophysical
characterization of Eu** and Gd*" complexes formed with two
ligands bearing either one or three fluorene sensitizer units. As a
novel sensitizing approach, the oligomer length is used to control
the energies of the triplet states of the sensitizer and to mediate the
sensitizer to lanthanide energy transfer.

The unique electronic structures of lanthanide cations make
them highly desirable for a broad range of bioanalytical and
technological applications.' > However, since f—f transitions
are forbidden,' free luminescent lanthanide cations have extre-
mely low extinction coefficients and direct lanthanide excita-
tion results only in modest luminescence intensities. Fortunately,
it is possible to increase the signal detection efficiency using the
“antenna effect”, which enhances the luminescence intensity by
exploiting a suitable sensitizer moiety.®

The synthesis of ligands incorporating fluorene oligomer
building blocks is a new approach to the generation of
luminescent lanthanide complexes with controlled photo-
physical properties. The triplet-state energies of the different
oligomer sensitizers depend on the number of oligomers
present in each building block, and the energy of the triplet
state is one of the main parameters controlling the intramo-
lecular energy transfer. Klaerner and Miller have demon-
strated that the absorption energies of discrete oligomers of
fluorene are related to the energies of singlet states of these
moieties; red shifts are observed as the length of the oligomer
isincreased.” An additional requirement for the formation of
lanthanide complexes with useful emission intensities is the
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protection of the luminescent cations against nonradiative
deactivation.® Both requirements need to be taken into
account in the design of the system.

We present here the results of our novel lanthanide
coordination and sensitization strategy. The ligands consist
of three independent components: a sensitizing unit (fluorene
monomer or oligomer), a linker or spacer group, and a
chelating unit for lanthanide coordination (Figure 1).

This linker has a well-defined length that is one of the
parameters controlling the sensitizer-to-lanthanide energy
transfer. The chelating group, derived from diethylenetri-
aminepentaacetic acid (DTPA), provides strong coordination
for the lanthanide (preventing the dissociation of the complex
atlow concentration).’ Each of these three components can be
tailored to allow for the tuning of the global properties of the
resulting luminescent complexes. This approach avoids the
reengineering and study of a completely new lanthanide
complex system each time a modification is required.

To the best of our knowledge, the use of fluorene oligomers
for the sensitization of luminescent lanthanide cations has only
been reported in a unique example by Ling et al.'® The design
of their ligand-sensitizer system is fundamentally different from
ours in that the fluorene moieties in their alternating copolymer
each bear a single bidentate ligand. Coordination of the
lanthanide is achieved by the assembly of three units around
Eu®" rather than the coordination of Eu®* by a preorganized
polydentate ligand, as is reported herein. Moreover, their
system does not exploit the conjugation of a monodisperse
oligofluorene for the tuning of system properties.

The complexes were prepared by reacting diamines 1 and 2
with a stoichiometric amount of DTPA anhydride in dimethyl
sulfoxide (DMSO) with triethylamine or 1,8-diazabicyclo
[5.4.0Jundec-7-ene as a base. The '"H NMR spectrum of the
isolated products was consistent with the formation of fluor-
ene—DTPA conjugates; elemental analysis confirmed the
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Figure 1. Schematic cartoon representing the conceptual design of the
coordination and sensitization of lanthanide cations by the assembly of
several building blocks that can be replaced without reengineering of the
whole molecule (Ant = antenna; Lig = ligand; L = linker; Ln®" =
lanthanide cation).

Table 1. Summary of the Energies of Singlet and Triplet States of the Mono- and
Terfluorene Ligands Coordinated to Gd”*

ECan*) (em™ P

complex E('mr®) (em™)?
F1-Gd>" 27855 22624
F3—-Gd** 25000, 23 809 18018

“Estimated from the apparent maximum (maxima) of the electronic
envelope(s) of the fluorescence spectrum (spectra) at 295 K, 10~°M
DMSO. ® Measured as the apparent maximum of the electronic envelope
of the phosphorescence spectrum at 77 K, 10°M frozen DMSO
solution, time-resolved measurement.

1:1 ratio. The extremely poor solubility of the conjugate
combined with mass spectrometry showing high molecular
weight fragments made it clear that the samples consisted of a
mixture of monomeric (nonlinked) and oligomeric (linked)
species. The linked moieties were present independently of the
reaction conditions, and it proved impossible to separate the
linked and nonlinked products by chromatography despite
several attempts. Eu® " or Gd* " were introduced by exchange
into the bound DTPA ligands (1:1 ratio). Attempts at
separating the linked and nonlinked products proved ineffec-
tive. Spectroscopic studies were therefore performed on
samples containing both linked and nonlinked complexes.

Analysis of the fluorescence and phosphorescence spectra
of the Gd** complexes formed with the mono- and terfluor-
ene ligands (Figures S1—S3 in the Supporting Information)
allows the identification of the energies of the singlet and
triplet states for both coordinated ligands (Table 1).

Upon excitation of the F1I—Eu®" complex, two different
types of emission signals appear (Figure 2). First, a broad
emission band with an apparent electronic envelope max-
imum at 359 nm is observed; this band is attributed to
a singlet state 'zz7r* transition centered on the monofluorene,
as a band with similar energy was also observed in the
emission spectrum of the F1I—-Gd*" complex (Figure S2
in the Supporting Information). Second, a series of sharp
emission bands were observed. These bands can be attributed
to transitions involving Eu® * (by decreasing order of ener%y):
Dy — "F, (580 nm), Dy, — 'F, (591 nm), D, — 'F,
(615 nm), and *Dy — "F, (696 nm).

Proof that the sensitization of Eu’" is occurring through
the electronic states of the monofluorene ligand is obtained
by comparing the excitation spectra of F1—Eu®" and
F1-Gd’" (see Figure S4 in the Supporting Information).
The fact that both spectra are very similar indicates that the
energy path required to induce the Eu®"* emission in F1—
Eu’" is originating from the electronic structure of the
chromophoric antenna F1.

The absorption spectrum of the europium terfluorene
complex F3—Eu® " (Figure 2) exhibits two main differences
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Figure 2. Upper: absorption spectra of both Eu®* complexes formed

with the mono- and terfluorene ligands in DMSO, 80 uM, 298 K. Lower:
normalized steady-state emission spectra of both Eu® * complexes formed
with the mono- and terfluorene ligands in DMSO, 80 uM, 298 K. Lower
inset: magnification of the Eu®" signal on the spectrum of the Eu’"
complex formed with the terfluorene ligand in DMSO, 80 uM, 298 K.
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from that observed for F1—Eu’ . First, the absorption band
is shifted toward significantly lower energy with an apparent
maximum located at 352 nm. This shift indicates that the
terfluorene group induces the lowering of the energy of the
Y7tr* transition. Second, this absorption band has a signifi-
cantly higher extinction coefficient relative to the monofluor-
ene compound, which provides an advantage for practical
applications: the larger absorption will induce the emission of
a larger number of photons for more sensitive detection.
The emission spectrum of F3—Eu®" upon sensitizer
excitation (Figure 2) is also significantly different from the
spectrum of F1I—Eu®" in that the overall signal emitted
by this compound is dominated in intensity by a broad
emission band with two apparent maxima located at 400 and
420 nm and a lower energy shoulder at approximately 445 nm.

linked
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Table 2. Luminescence Lifetimes of Eu’ " Emission and Quantum Yields upon Sensitizer Excitation in a DMSO and CH,Cl, Solution

quantum yield

complex luminescence lifetime (ms)* Eu’® " -centered” fluorene-centered®
F1-Eu®* DMSO 1.44£0.01 0.010£0.002 0.036 £ 0.005
0.51+£0.03
F3—Eu®" DMSO 1.46£0.01 0.067 £0.006 0.84£0.08
0.61£0.01
F3—Eu** CH-Cl, 1.60 4 0.02 0.079 £0.020 Not recorded
0.70 £0.07

“Jex = 266 nm for F1—Eu*", RT; 355 nm for F3—Eu® ", RT. All solutions were 10 >M. * ThH22IAM was used as the reference.'!  Quinine sulfate in
0.1 N H,SO, was used as the reference (¢ = 0.546). Ao, = 300 nm for F1 —Eu*",and A, = 350 nm for F3—Eu’®*. Concentrations of all solutions of Eu® "

complexes: 7 x 107> M.

The shape and wavelengths of these emission bands are similar
to those observed in the fluorescence spectrum of F3—Gd* "
(Figure S3 in the Supporting Information) and can therefore be
assigned to the 'm* transition centered on the terfluorene
moiety of the ligand bound to the lanthanide. The Eu®*
emission signal is also visible, although its intensity relative to
the fluorene signal is smaller than that observed for F1—Eu®".

The excitation spectra of the F3—Gd®* and F3—Eu’*
complexes (upon monitoring of the *Dy—"F, Eu®* transi-
tion) are similar, which indicates that an Eu’" energy
transfer is occurring through the terfluorene electronic levels
and thereby confirming that F3 is acting as a sensitizer
for Eu® ™.

For both F1—Eu®** and F3—Eu’* complexes, the experi-
mental luminescence decays of Eu®" obtained upon ligand
excitation were fitted best as the sum of two single-exponen-
tial decays (Table 2). These values can be compared to those
obtained with a parent complex formed with the DTPA-
derived coordinating unit: Selvin et al. have reported a unique
luminescence lifetime of 0.62 ms for Eu® " luminescence for a
Eu—DTPA—cs124 complex.” Our results indicate the pre-
sence of two significantly different coordination environ-
ments and levels of protection against nonradiative
deactivation around the lanthanide cations for both F1—
Eu’" and F3—Eu’®*. The two different environments present
for each complex can be rationalized by the ligands F1 and F3
being a mixture of linked and nonlinked products (see the
description of the synthesis). Despite the complexity of the
coordination environment, it is clear that this ligand system
provides equal or superior protection of the lanthanide cation
against nonradiative deactivation.® The fact that the lumi-
nescence lifetimes of Eu® * are similar for both F1I—Eu® * and
F3—Eu’" indicates that Eu’" experiences similar levels of
protection in both compounds and validates our building-
block approach. The quantum yield values will therefore only
depend on the efficiency of the energy transfer from the
oligomer sensitizer to Eu®*.

Quantum yields of FI—Eu®" and F3—Eu®" upon sensi-
tizer excitation and lanthanide emission analysis have been
recorded in DMSO and CH-,Cl, (Table 2). Even if the
sensitizer-to-lanthanide energy transfer is not complete,
as indicated by the residual fluorescence of the fluorene
moieties for each complex, values of the quantum yields for
both systems are relatively high in comparison to those
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reported for commercially available Eu®" complexes such
as[Eu bpy-bpy-bpy] " cryptate.'? It is also important to note
that the quantum yield of F3—Eu** (in DMSO) is a 6-fold
amplification of that found for F1I—Eu®* (in DMSO), as an
indication of a proportionally more efficient intramolecular
energy transfer from F3 to Eu’". This finding is not readily
apparent upon visual observation of the emission spectrum
of F3—Eu’ " (Figure 2) because the Eu® " -centered emission
appears weak when compared with the large residual of
F3 terfluorene fluorescence. To evaluate the role of DMSO
coordination, the lifetime and quantum yield for the F3—
Eu’" complex in DMSO and the less coordinating solvent,
CH,Cl,, can be compared. The relatively modest increases
observed suggest that DMSO coordination is not a dominant
factor.

We have demonstrated that an antenna effect for Eu®*
was obtained using new ligands incorporating mono- and
terfluorene sensitizers. The good performance of the
terfluorene sensitizer establishes that the oligomer length
can be used to optimize the sensitizer-to-lanthanide
energy transfer. Finally, the quantum yield of the F3—
Eu’ " complex upon Eu® " monitoring can be considered
as high in comparison to commercially available com-
plexes despite the incomplete energy transfer. These
results suggest that this versatile modular system has a
significant potential for future applications. One of the
surprising aspects of this work is that we still have a
strong intensity of fluorescence arising from the fluorene
unit(s), especially for the F3—Eu®" complex, despite a
decent energy transfer to the Eu®* cations, as reflected by
the quantum yields. This observation indicates that the
rate of intersystem crossing is not that high despite the
presence of the coordinated lanthanide, which provides a
heavy atom effect. For this reason, extension of this work
includes rationalization of the energy migration in our
system by quantifying parameters such as the efficiency of
the intersystem crossing through analysis of the popula-
tion of singlet and triplets states and by the recording of
the luminescence lifetime.
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