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ABSTRACT: With the help of a judicious association between
dithienylethene (DTE) units, an ytterbium ion and a ruthenium car-
bon-rich complex, we describe (i) the efficient (on/off) switching
of pure NIR luminescence with a photochromic unit absorbing in
the UV range, and (ii) the association of electrochemical and pho-
tochemical control of this NIR emission in a single system with
non-destructive readout.

Molecule-based switching devices in which key physical prop-
erties can be modulated with an external stimulus are currently the
focus of much attention, most notably to address the development
of smart miniaturized devices.?

In the particular domain of luminescence, conventional molecu-
lar switches use electric input signals to turn on and off emission
activities via redox reactions centred either on the emitter or on a
remote unit (electrofluorochromism).* Such properties are useful
for various applications in analytical chemistry, biological sensing
and the development of optical memories and displays. On the
other hand, associating fluorescent dyes with photochromic units is
an effective strategy to tune emission with spatially and temporally
resolved light input.>” Among all photochromic molecules, dithi-
enylethene derivatives (DTE) receive much attention due to their
remarkable photo-isomerization efficiency and deactivation
schemes generally triggered by energy transfer from the excited
state of the fluorophore (donor) to the photochromic unit (acceptor)
in its conjugated state.>5 &1° Among all luminescence processes,
the long-lived, narrow bandwidth NIR emission of lanthanide ions
(Nd®, Yb% or Er®*) is well suited to the development of highly
sensitive signaling tools due to its non-invasive nature and fast re-
sponse time.*"*4 Achieving a reversible modulation of pure NIR
emission of lanthanides stands as a major objective both for the ac-
ademic and industrial sectors. Surprisingly, this has been scarcely
explored, as most research efforts have been focused on systems
displaying larger emission band overlapping the visible range.'5

Concerning electromodulation, few groups have successfully
modulated NIR emission of Yb3* and/or Nd®* sensitized with redox
active species.'®2! Some of us used a series of ruthenium acetylide
complexes displaying strong ligand-mediated electronic effects??
that allowed the realization of several redox controlled optical
switches or molecular devices.'® 2328 As far as photomodulation is
concerned, whereas europium luminescence has been modulated
with several photochromic units,?*-33 we recently report the first at-
tempt to modulate Yb(II1) ion emission in the NIR range thanks to
a DTE functionalized ligand used as a sensitizer in its closed form.
However, the resulting emission was very weak.®*

In this context, challenging goals remain to be reached to ensure
the development of materials featuring controllable NIR properties.
It includes (i) the achievement of efficient photo-control of bright
NIR luminescence, and (ii) the combination of electro- and photo-
modulations in a single system to reach multi-functionality.®®

Herein, we describe both accomplishments with the dual electro-
chemical and photochemical control of ytterbium luminescence by
taking advantage of (i) the redox switching of the carbon-rich ru-
thenium antenna linked to the Yb(lII) ion, and (ii) the photo-stim-
ulation of three photochromic DTE units connected to the Yb(lII)
center with a B-diketonate moiety. This system stands also as a re-
markable example enabling a non-destructive readout of photo-
controllable luminescence.?
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Scheme 1. Synthetic pathway to 4000 and redox/optical com-
mutation to 4000" and 4ccc.

The DTE-modified precursor 10 was obtained in two steps from
the known hydrogen terminated analogue lacking the B-diketonate
function (Supplementary Information). Then, complexation of
Yb(II1) ion with three equivalents of 10 afforded the bis-aqua com-
plex [Yb(10)3(H20)2] (2000). Further displacement of the water
molecules with the ruthenium-bipyridine ligand 3 led to complex
4000, in good yield (85%). This new compound was fully charac-
terized with 'H NMR and IR spectroscopies, and HR-MS. Good
quality crystals suitable for X-ray structure determination were ob-
tained from a CH2Cl2/n-pentane biphasic mixture. 4000 crystallizes
in the P-1 space group (Figure 1). This complex is rather large and
some disorder on the DTE units lead to low quality refinement.
However, the model is of sufficient quality to allow confirmation
of the structure and bond lengths and angles are consistent with
those measured on the analogue complex [Ln(3)(TTA)3] (Ln = Eu,



Nd), the Ln3* ion being in a slightly distorted square antiprismatic
coordination polyhedron (supporting information).°

Figure 1. Simplified view of the crystal structure of 4000 (H atoms
have been omitted).

The absorption spectrum of 4ooo is similar to that of
[Yb(3)(TTA)3]*, with three main absorption bands observed at
Amax = 272, 343 and 460 nm (Figure 2). The second transition is
assigned to a DTE-B—diketonate ligand-centered absorption over-
lapping with n—r* transitions centered on the bipyridyl unit. The
lower energy transition at 460 nm is a characteristic of the ruthe-
nium acetylide moiety resulting from a Metal to Ligand Charge
Transfer (MLCT)-type process from Ru(dmr)/alkynyl based orbitals
to a m* orbital associated to the bipyridine unit. Note that 4000 is
found to be stable in solution, even in very diluted conditions (10
5-106 mol.LY), as proved by the absence of a band centred at 400
nm for the ruthenium-based free ligand 3. Upon irradiation of 4000
at Air= 350 nm, a broad absorption assigned to the formation of the
closed DTE ligand appears at Amax = 627 nm. The solution can be
further bleached back to the pure open form under visible irradia-
tion (Air = 650 Nm), as attested by the quantitative recovering of the
initial spectra. Importantly, irradiation of 4000 at A = 450 nm does
not lead to any observable photochromic reaction. Further charac-
terization of the photo conversion process could not be achieved
with *H NMR spectroscopy due to the paramagnetic nature of the
complexes that requires high NMR concentration and extended ir-
radiation time inducing degradation. In order to identify the com-
position of the photostationnary state (PSS), the diamagnetic yt-
trium analogue 6000 was synthetized from the aqua complex
[Y(10)3(H20)2] (5000). A similar synthesis was implemented from
the PSS state (92% conversion) of ligand 1c, the closed isomer of
10, to achieve 6¢ccc through to the aqua complex [Y(1c)s(H20)2]
(5¢cec) (supplementary information). A careful integration of bipyr-
idine-based *H NMR signals of 6ccc revealed in fact the presence
of the 6occ and 6ccc forms in 27 % and 73%, respectively (Figure
S13), which is consistent with an initial composition of 92 % in 1c.
We also found that (i) the UV-vis spectra obtained after UV irradi-
ation of 4000 and 6000 to their respective PSS states match exactly
(Figure S14), and (ii) that they are identical to that recorded for
6cee prepared chemically from 1c. These finding are thus con-
sistent with the assumption that PSS after irradiation of 4000 is
composed of 27 % of 4occ and 73% of 4ccc.
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Figure 2. (up) Evolution of the absorption spectrum of 4000 upon
UV irradiation (Lirr= 350 nm) to PSS in CH2Cl.. The initial spectra
were recovered after bleaching at Air = 650 nm. (down left) Initial
emission spectrum of 4000 in CHzCl2 (blue), after UV irradiation
(Air = 350 nm, red), and then bleaching (Air = 650 nm, dashed)
with Lex = 450 nm. (down right) emission decay upon UV irradia-
tion. Each spectrum is recorded with a 1s time lapse
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Figure 3. (a) Absorption time-profile recorded at 630 nm (blue
dots) of a sample of 4000 in CH2Cl2 under successive irradiation at
365 nm (380 pW) and 577 nm (8.8 mW), and fitting curves involv-
ing a simple model (black dashed line: single @) and a complete
model (black solid line: see text). (b) Molar fractions of the differ-
ent species as a function of irradiation time (complete model).

Further photokinetic experiments were performed with irradia-
tion of 4000 at 365 nm. The absorption time-profile was analyzed
numerically, based on the classical photochromic differential equa-
tions, to decipher the photochromic quantum yields (supporting in-
formation).3® When identical ring-closure quantum yields are con-



sidered for the 3 successive closing reactions, calculated photoki-
netic curves cannot simulate the experimental profile (Figure 3a,
black dashed line with @o-,c = 0.065). A model involving three dif-
ferent quantum yields of the sequential ring-closures
(4000—400c—40cc—4ccc) is necessary to fit appropriately the
experimental data, with @ooos00c = 0.1640.01, @oocsocc =
0.0620.01, @occ—cee = 0.03+£0.01 (Figure 3a, black solid line). The
lower values of the second and third quantum yields highlight the
specific behavior of this multi-DTE system:3” The electrocycliza-
tion reaction efficiency is decreased by a factor 2-3 when one or
two DTE units are converted to the closed form. The calculated
molar fractions of all species (Figure 3b) are compatible with the
NMR experiments, with 75% of 4ccc calculated at the PSS. The

ring-opening reaction was analyzed by the same method with Ay
=577 nm, and a satisfying fit was obtained with identical values of

quantum vyields for all photocycloreversion reactions (@c—o =
0.006+0.002).

The photophysical properties of 4000 were further studied (Fig-
ure 2 and supplementary information). Upon excitation in the
aforementioned MLCT transition (Aex = 450 nm), a stable line
shape emission, characteristic of the ytterbium 2Fs;, — 2F7 transi-
tion is observed in the NIR spectral range at Amax = 980 nm evi-
dencing the antenna character of the ruthenium moiety. Then, emis-
sion photoswitching experiments were carried out using absorption
and emission spectroscopies as monitoring techniques. These ex-
periments revealed (i) the vanishing (to 1.4 % of initial maximum
intensity) of the emission signal upon UV irradiation (Air = 350 nm)
leading to the PSS, and (ii) a total recovery of the emission up to
its initial intensity after visible irradiation (Air = 650 nm). To the
best of our knowledge, this is the first example where “pure” NIR
emission can be reversibly switch on and off upon stimulation of a
photochromic system. We also demonstrate that excitation in the
MLCT band at 450 nm provides an efficient non-destructive read
out of the system state. Our design not only avoids deleterious en-
ergy transfers,® it also stresses the relevance of organometallic
complexes as photosensitizers as they allow to separate MLCT ex-
citation, photo-isomerization and emission wavelengths. The pho-
toswitching process has also been investigated under dynamic re-
gime: when excitation is performed at the photocyclization wave-
length (Airr = 350 nm) and using the DTE B-diketonate ligands or
the bipyridine unit as sensitizers, a fast decrease of the NIR signal
is observed (Figure 2 and supplementary information). At this
stage, the quenching mechanism remains speculative. However, a
possible hypotheses is that the closed DTE excited triplet state lies
at lower energy than that of the 2Fs2 excited state of the Yb(II1) ion
(10200 cm™1).5

The switching properties of 4000 have been further investigated
using electrochemical methods coupled to either absorption or flu-
orescence spectroscopies. Initial cyclic voltammetry curves
(CH2Cl2, 0.2M BusNPFs) revealed the existence of a single reversi-
ble wave at E1° = 0.049 V vs. FeCp2/FeCp2* (AEp = 83 mV) as-
cribed to the one electron oxidation of the ruthenium acetylide sub-
unit. Spectroelectrochemistry (SEC) measurements carried out in
the UV/Vis/NIR range then showed that the one electron oxidation
of 4000 leads to a gradual disappearance of the band centered at
Amax = 460 nm at the expense of a new broad absorption band at
Amax= 1060 nm (g = 9500 mol-*.L.cm) (Figure S19).

In order to modulate the emission of 4000 with an electric stim-
ulation, our investigations were carried out in a home-made SEC
quartz cell mounted in a fluorimeter, with recording the emission
at A = 1025 nm (Aex = 450 nm) when scanning the electrode poten-
tial (20 mV/s) of the platinum grid between -0.1V an 1V. The main
findings are captured in Figure 4A/B, showing the changes in the
emission intensity together with the cyclic voltammetry experiment

implemented at the electrode. It results that the one electron oxida-
tion of 4000 is associated to a drastic drop in the emission intensity
down to 12 % of its original value (ti—ts in Figure 4A and 4B).
Most importantly, we found that the initial emission intensity can
be almost fully recovered (93 %) upon scanning the electrode po-
tential back to the starting open circuit potential E = -0.1V (t3—ts
in Figure 4A and 4B). The second oxidation cycle, shown as a
dashed curve in Figure 4, led to a similar quenching down to 7 %
of the emission intensity. It should be mentioned that these quench-
ing ratio stand among the very best reported so far for strategies
involving electrochemical quenching of lanthanide emission.?0-2%
38-40 The simultaneous recording of the current-potential and emis-
sion responses clearly demonstrate that the changes in emission are
triggered by the reversible transformation of 4000 into 4000*. As
previously discussed,® extinction of NIR emission with 4000* can
be rationalized either by the oxidation of the ruthenium acetylide
moieties preventing any sensitization through an electron transfer
mechanism, or by the new transition at c.a. 1060 nm that can afford
a preferential non-radiative back-energy transfer pathway from the
2Fs)2 ytterbium excited state.
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Figure 4. Emission monitoring at A = 1025 (Aex = 450 nm) upon
oxidation (blue lines) and reduction (red lines) of 4000 in the
electrochemical cell, and simultaneously measured current-poten-
tial curve showing oxidation and reduction of 4000 (E° = 0.69 V
vs. Ag wire pseudo reference).

In conclusion, these results establish that (i) the possibility to
switch pure NIR luminescence with a photochromic unit absorbing
in the UV range, and (ii) that both electrochemical and photoche-
mical control of luminescence can be efficiently achieved in a sin-
gle system with non-destructive readout. Further studies, using
spectroscopic and theoretical tools, will provide better insights in
the understanding of this system as well as its extension to other
lanthanide ions.
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