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With the use of an original chelating T-type photochromic diarylethene
unit, we describe the efficient switching of visible luminescence of a
dinuclear europium(in) complex possessing a minute-scale thermal back
reaction.

Photochromism, characterized by a reversible isomerization in
response to light irradiation, resulting in two different isomers
with two different absorption spectra, is extensively studied as a
way to photocontrol a large range of properties." Diarylethene
(DAE) molecules are popular photochromic compounds
because of their good fatigue resistance and photochromic
behaviour retained in the solid state.> Although most of the
DAE molecules are P-type, meaning that both the open and closed
isomers are thermodynamically stable, some modifications of the
central ethene bridge and of the aryl groups result in a less stable
closed isomer. The resulting T-type photochromes exhibit ther-
mally activated back reaction with timescales ranging from hours
to milliseconds.® In parallel, the modulation of the photophysical
properties of lanthanide complexes with DAE is a rich area of
research.” Compared to other photochromic units, the precise
design of tailored switchable optical properties is facilitated in the
case of DAE by the consequent body of structure—property studies
available in the literature.>” In particular, DAE molecules in their
open state are compatible with europium, as well as ytterbium
sensitization, while efficient luminescence quenching occurs in
the closed state.® The resulting well-defined luminescence, slowly
fading upon continuous UV excitation, is interesting in the
context of anticounterfeiting for instance.®” However, all the
investigated complexes are P-type and the reverse isomerization
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reaction so far requires the use of a second irradiation, in the
closed DAE absorption band located in the visible range.
Moreover, the quantum yields for this back-isomerization
reaction are usually quite low, resulting in long irradiation
times.? Thus, for practical reasons, it appears very appealing to
rely on spontaneous return to the open emissive state. To date,
only a few combinations of lanthanide visible emitters with T-
photoswitches other than DAE like spiropyrans,® viologens,’
anthracene'® or a peculiar photochromic organoboron unit"*
have been reported, with various quenching efficiencies and
some fatigability issues.* In this article, we report the first
example of a T-type DAE photochromic europium(ur) complex
exhibiting a rapid thermally activated back-isomerisation pro-
cess with good fatigability and suited to control red emission.

Recently, we described the behaviour of a pyrazine-based
bis-tridentate dinuclear dysprosium complex in the context of
single-molecule magnet photoswitching (Fig. 1)."> This complex is
a T-type photochrome with minute-scale back isomerisation
kinetics at room temperature. Thus, to demonstrate the concept
of emission switching with spontaneous signal recovery, we
decided to investigate the corresponding analogues with red-
emitting europium(ur) and NIR-emitting ytterbium(i) ions. Hence,
the ligand 2,3-bis(5-methyl-2-(pyridine-2-yl)thiazol-4-yl)pyrazine
(BTP,)® reacted with two equivalents of [M(hfac);-2H,0] (M = Yb
or Eu, hfac = hexafluoroacetylacetonate) in refluxed dichloro-
methane in order to obtain 1M, as single crystals after slow
cooling. These complexes have been fully characterized by
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Fig. 1 Isomerisation reactions of 1M (M = Eu, Dy,*? Yb, Y*?) with images of
the luminescence of a 1Eu solution before and after DAE isomerisation.
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Fig. 2 Single-crystal XRD structures of 1Eu, (top) and 1Yb, (bottom).
Grey, blue, yellow, pink and purple ellipsoids represent C, N, S, Eu and Yb
atoms, respectively. H atoms are omitted, and the hfac ligands are shown
in wire style.

paramagnetic 'H, *C and '°F NMR, HR/MS and elemental analysis
(see the ESIT). X-ray structure analyses revealed that only 1Eu, was
isostructural to the previously investigated 1Dy, and 1Y,
complexes'” as it crystallized in the space group C,/c with an
asymmetric unit composed of half a complex and the C, axis
generating the whole dinuclear species. The coordination sphere
around the Eu(m) center is composed of three nitrogen atoms from
the BTP, ligand and six oxygen atoms from the three hfac ligands,
resulting in a coordination number of 9 (Fig. 2). The europium-
nitrogen bond lengths are 2.517(17) A, 2.634(18) A and 2.669(19) A
with the thiazole, pyridine and pyrazine rings, respectively. The
europium-oxygen bond distances are much shorter and more
homogeneous in the range of 2.374(15)-2.436(15) A. In contrast,
1Yb, crystallized in the space group P2,/n where only one of the
two Yb(ur) centers keeps the same coordination environment with
slightly shorter distances in the range of 2.426(3)-2.581(3) A with
the N-rings and 2.295(3)-2.362(3) A with the hfac ligand. The
second Yb(m) center is only coordinated by two nitrogen atoms
and three hfac ligands giving a coordination number of 8. The
ytterbium-nitrogen distance with the pyrazine core is indeed
drastically longer (3.360(3) A) and cannot be considered as a bond
(Fig. 2). As the ionic radius of Yb(u) is smaller than those of the
other studied lanthanide complexes (Dy, Y and Eu),"* the N-Yb-N
bite angles within the tridentate pocket are larger (65.07 and 64.00°
vs. 62.8 and 62.4° for 1Eu,). This effect causes a distortion of the
central pyrazine bridge toward one of the metal centers and
explains the two distinct metal coordination environments.
Complementary insights were obtained from the '"H NMR
spectra of 1Eu, and 1Yb, in CD,Cl, (Fig. S1 and S6, ESI{). The
spectra showed strongly deshielded signals up to 45 ppm for
the aromatic proton of the BTP core, as expected from the

8052 | Chem. Commun., 2025, 61, 8051-8054

View Article Online

ChemComm

paramagnetism of both the complexes. A strongly shielded
signal was also observed at —15.05 ppm (1Yb,) or at 1.69 ppm
(1Eu,), characteristic of the hfac protons. In solution, the
apparent symmetries of both complexes were the same, with a
single set of signals corresponding to two equivalent half-
complex units. This means that a rapid exchange faster than
the NMR time scale (10" s)'* occurs between the 8-coordinated
and 9-coordinated sites of 1Yb, in solution. Titration experi-
ments were conducted and clearly showed the stepwise for-
mation of the 1:1 and 1:2 complexes (Fig. S8 and S9, ESIT).
We also investigated the stability of the dinuclear species upon
dilution in a range of concentrations (2 10~ to 4 10~° M) by
"H NMR and witnessed very different behaviours between 1Yb,
and 1Eu,. Indeed, the europium(m) complex showed the same
spectrum whatever the dilution (Fig. S10, ESIT), while for 1Yb,,
dissociation into the mononuclear species was already apparent
at the highest concentration (Fig. S11, ESIT). This weaker stabi-
lity of 1Yb, may be correlated with the presence of a bidentate
site as observed in the X-ray structure, but further thermody-
namic studies will be needed to fully clarify this point.'®

Since only 1Eu, was shown to be stable at spectroscopic
dilutions, we only report here the photophysical properties of
this complex. The electronic absorption spectra measured in
dichloromethane solutions showed an intense band at A.x =
309 nm (¢ ~ 80000 M~ ' cm™"). This band has contributions
from the hfac ligands and from the HOMO — LUMO n-m*
transition centered on the BTP ligand (Amax = 315 nm with ¢ ~
36000 M~' cm ')."* Upon irradiation with UV light, the
solution turns green and a new absorption band appears at
Amax = 722 nm as a signature of the isomerization to 1Eu.. The
corresponding electronic transition is associated with the
HOMO — LUMO n—n* characterized transition centered on the
closed and more conjugated BTP fragment (Fig. 3). The closed 1Eu,
isomer is thermally unstable and undergoes a retrocyclisation
reaction at room temperature. As a result, the green color of the
closed complex fades spontaneously. This absorbance decrease was
followed for solutions thermalized at different temperatures as
shown in Fig. 4 and fitted according to a first order law (for details,
see the ESIT). The kinetic parameters extracted from the fits are in
the range of what was previously observed on the corresponding
yttrium(m) complex by 'H NMR with activation energies of
62.5 k] mol " for 1Eu, and 66.7 k] mol " for 1Y,."

Emission spectra have then been studied in dichloro-
methane solution. We observed for 1Eu, the characteristic
Eu(w) emission profile assigned to °D, — ’F, transitions (J =
0-4) with an intense sharp band located at A = 615 nm for the
hypersensitive °D, — ’F, transition (Fig. 3 and Fig. S13, ESI{).
This luminescence is easily distinguished by the naked eye, as
well as the progressive emission quenching upon prolonged UV
excitation (see Fig. 1 and the video provided in the ESIY).
Qualitatively, we noticed that the emission intensity is much
higher than that of our previously investigated systems®
although quantum yield measurements are experimentally
challenging to carry out because of the fast evolution of the
complex under light excitation. The improved sensitisation of
the europium emission is due to the well adapted triplet state

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Electronic absorption spectra of 1Eu, (black line) and the photo-
stationary state obtained upon 365 nm irradiation (green line) in dichlor-
omethane. Corresponding emission spectra under 305 nm excitation of
1Eu, (red line) and the photostationary state containing 1Eu. (dark red
line). 10 °C, C ~ 2.5 x 107° M.

time (s)

Fig. 4 Arrhenius plot showing first order kinetics associated with the
retrocyclisation reaction at different temperatures for 1Eu. in dichloro-
methane. The rate constant dependence with temperature can be fitted
with an Arrhenius law (k = Aexp(—E,/RT), with E, = 62.5 kJ mol "t and A =
28 x10%°s™Y.C=13x107° M.

of the open BTP form, located at 21900 cm™'. This triplet state
was energetically lower than that of hfac ancillary ligands
(22200 em™")'® and was measured at 77 K from a dichloro-
methane solution of the 1Dy, complex, exhibiting BTP-centred
emissions and very weak Dy centred emission (Fig. S15, ESIT).
The 50-us delayed spectral acquisition allowed recording of the
phosphorescence of the triplet state, which had a long lifetime
of 320 ms at 77 K (Fig. S15, ESIt). This ligand-based emission
could also be detected in 1Y, although with a lower intensity,
probably because of improved intersystem crossing in the
paramagnetic dysprosium(m) complex.'”

To better characterize the quenching of luminescence upon
DAE isomerisation, we measured the emission decrease over
time upon continuous irradiation at Aex = 350 nm and with large

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Monitoring of emission intensity (lem = 615 Nnm) of 1Euc with time
upon irradiation at lex = 350 nm followed by spontaneous reopening
(for 300 s, not shown) for three successive cycles. Dichloromethane,
20°C,C=42x107°M.

slit opening to maximize the irradiated volume. This is because
the specific features of the emission loss upon UV irradiation were
strongly dependent on the exact irradiation configuration and in
particular on the proportion of the cuvette volume that could
efficiently be irradiated. Indeed, diffusion of open species from
non-irradiated areas has to be minimized to obtain the best
photoconversions. As a result, for 1Eu,, the maximum quenching
of luminescence can be reached in 30 seconds and leads to a
residual emission of less than 10% of the initial intensity (Fig. 5).
The corresponding emission decrease fits with a mono-
exponential curve, providing a characteristic time of 3.5 seconds
at room temperature. Additionally, luminescence quenching has
been recorded upon three successive closing events: in each case
the same behaviour is observed, which underlies the stability and
reversibility of the process.

While this quenching of europium(m) emission upon
DAE isomerisation has previously been observed in various
complexes, the spontaneous return to the luminescent ON state
has not been investigated with DAE systems. This experiment is
tricky to perform since any attempt to read the luminescence of
the system should induce an evolution of the ratio of closed
isomers. However, by measuring the emission intensity at
615 nm once the 350 nm excitation has been turned off, and
using the anti-photobleaching mode of the spectrometer that
acquires experimental points only every 6 seconds, we could
indeed follow the 1Eu. — 1Eu, reaction and the corresponding
increase in emission intensity (Fig. 6). This increase is much
slower than the quenching and shows a characteristic time of
65 s (T = 293 K). Several quenching/recovery curves with
reproducible profiles could be measured, successively provid-
ing solid evidence of thermal recovery of the luminescent ON
state, at room temperature, with a fast response. This feature is
well-suited for multiple successive luminescence readouts in
practical situations.

To conclude, we report the synthesis of two new dinuclear
lanthanide(ur) complexes with fast T-type photochromism. Only
the europium(mr) complex was stable upon dilution. It exhibits

Chem. Commun., 2025, 61, 8051-8054 | 8053
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Fig. 6 Monitoring of emission intensity of 1Eug, (lem = 615 nm) upon
irradiation at /e« = 350 nm followed by spontaneous re-opening for three
successive cycles. Dichloromethane, 20 °C, C = 4.2 x 107° M.

intense red luminescence in only one of its forms. The closing
reaction causes an important quenching of this emission, and
the initial intensity can be fully recovered spontaneously,
thanks to the thermal back isomerisation of the ligand. This
switching cycle can open the door to dynamic systems display-
ing a fine emission signature and temporal response with only
one irradiation wavelength in the UV region to operate emis-
sion control, leading to a simplification of the system towards
real life applications. We are currently investigating how the
kinetics of the thermal back reaction can be tuned by chemical
design to suit different applications.
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of the ESI.} Crystallographic data for 1Yb, and 1Eu, have been
deposited at the CCDC under 2423937 and 2423938+ and can
be obtained from https://www.ccde.cam.ac.uk/.
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