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Polymers that exhibit changes of their luminescence colour in
response to external stimuli are attractive candidates for sensing
systems. We herein report the preparation of europium-based
metallosupramolecular polymers, which can be processed into
films and coatings that display readily detectable luminescence
colour changes in response to various types of analytes.

Metal-ligand complexes of selected lanthanide cations display
a strong luminescence in the visible range, rendering them
ideal sensors for the detection of various chemicals,"? includ-
ing chemical warfare agents (CWAs).*>* The response is typi-
cally caused by a modulation of the metal-centred emission in
presence of the analyte. A luminescence turn-on can be
achieved by designing systems in which the analyte displaces a
quenching group from the lanthanide coordination sphere.
Alternatively, a luminescence turn-off is possible when the
analyte causes the displacement of the sensitizing antenna or
alteration of its photophysical properties.” For example, the
emission of lanthanide-terpyridine complexes is quenched
upon exposure to G-type CWAs,® and changes of the complex
luminescence of a 2,6-bis(1-methylbenzimidazolyl)pyridine
(Mebip) ligand with different lanthanide ions have been
exploited to  selectively  detect various  aliphatic
organophosphates.”

A visually detectable change of the luminescence colour (as
opposed to a turn-on or turn-off effect) can enable an improved
readout, potentially furnish a ratiometric response,®** and is
especially useful when spectroscopic equipment is not avail-
able."™'* However, only few examples of lanthanide-based
sensor complexes that display such a colour switch are known.>
For instance, an Ir(m)/Eu(m) dyad was shown to change the
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luminescence colour upon exposure to the V-series CWA mimic
2-diisopropylaminoethyl ethyl methylphosphonate (VO) by
selectively quenching the red Eu-based emission."® In another
report, norbornene-derived terpyridine monomers complexed to
Eu(m) exhibited a magenta-to-blue colour change upon exposure
to G-type CWAs."* These low-molecular weight solvent-based
sensory systems demonstrate the potential benefits of lumine-
scence colour changes, and similar responses were also
achieved with metallosupramolecular polymer (MSP) networks
that feature combinations of transition or lanthanide metal
ions due to a selective quenching of some of the metal-based
emission.’>'® A direct monitoring of the disassembly with a
potential increase in sensitivity may be achieved by employing
ligands that feature a distinct emission in the visible range,
which has, to the best of our knowledge, not been explored in
polymeric solid-state materials so far.

We herein report a lanthanide-based MSP system that fea-
tures a distinct and clearly visible emission colour change due
to the vastly different emission characteristics of the metal-
ligand complex, and the telechelic, ligand-carrying macro-
monomer. Red-light emitting MSP films are obtained upon
assembling the macromonomer with europium perchlorate
and a clearly visible luminescence colour change is observed
in response to different stimuli such as heat, exposure to sol-
vents, or other analytes that disrupt or alter the metal-ligand
complexes. The distinct colour change constitutes a visually
detectable signal that indicates exposure to the various ana-
Iytes and may allow for an in situ optical monitoring.

The basis of the approach used in our study are tridentate
Mebip ligands, which are known to act as efficient “antennas”
for lanthanide ions.'” However, Mebip itself does not fluoresce
in the visible range. To shift the fluorescence of this motif into
the visible range, an extension of the conjugated n-system was
pursued. Thus, 2,6-bis(1-methylbenzimidazolyl)-4-bromopyri-
dine was prepared following literature procedures and its coup-
ling to 4-ethynylaniline under Sonogashira conditions yielded
the desired n-extended Mebip derivative (Fig. S17).'%"°
Subsequently, this ligand was coupled to dodecanoic acid and
bis-carboxylic acid functionalised telechelic poly(ethylene-co-
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Fig. 1 Chemical structure of the low-molecular weight reference
ligand 1 and the telechelic poly(ethylene-co-butylene) (PEB) macro-
monomer 2 (with M,, = 4200 g mol™%; m ~ 0.36, n ~ 0.64, p ~ 55).

butylene) via carbodiimide-mediated esterification reactions to
furnish a low-molecular weight reference ligand 1 and the
macromonomer 2, respectively (Fig. 1).

To demonstrate that the extended ligand forms complexes
in the same manner as the parent Mebip derivatives, solutions
of 1 (¢ =20 pmol L") and 2 (¢ = 9 pmol L") in CHCl;/MeCN
(9:1) were titrated with Zn(NTf),, which binds more strongly
to Mebip derivatives than lanthanides."” UV-Vis spectroscopy
was used to follow the formation of the coordination com-
plexes with a 1:2 metal: ligand stoichiometry (Fig. 2a and b).
For both compounds, the absorption band of the ligand at
332 nm shifted to 388 nm and the series of spectra display an
isosbestic point at 359 nm. Plots of the intensity of the charac-
teristic ligand-to-metal charge-transfer band at 388 nm against
the Zn>"-to-ligand ratio confirmed the conversion to the 1:2
coordination complex at a 1:2 metal-to-ligand ratio (denoted
as 1:Zn in the following, Fig. S2 and S37). Thus, the absorption
spectra corroborate that the n-extended ligand derivative 1 and
the macromonomer 2 coordinate metal-ions in the same way
as the parent Mebip derivative.'”*>°

Similarly, solutions of 1 (¢ = 20 pmol L™") and 2 (c =
10 pmol L) in a CHCl3/MeCN mixture (9:1) were titrated
with Eu(ClO,); and the complex formation was again moni-
tored by UV-Vis spectroscopy. The acquired spectra reveal that
the band associated with the ligand absorption at 332 nm
shows a more moderate decrease upon addition of Eu®" ions
than the corresponding titration with Zn(NTf), and instead of
a peak at 388 nm, a broad shoulder centred at 362 nm appears
(Fig. 2¢, d and S4, S51). The spectra continue to change if the
metal : ligand ratio is increased beyond 1:3, and even when
the addition of Eu(ClO,); caused no further changes, no
ligand-to-metal charge-transfer band became apparent.
Similar results were also obtained when the same titration of 1
was carried out at a 10-times higher concentration (¢ =
240 pmol L', Fig. S51). However, when a solution of 1 was
titrated with Eu(ClO4); in MeCN (¢ = 21 umol L"), a distinct
band at 388 nm appeared at a metal : ligand ratio of 1: 3, indi-
cating the formation of the metal-ligand complex (Fig. 2e).
The spectra continue to change upon addition of more
Eu(ClO,); and level off at a metal:ligand ration of approxi-
mately 1:1, as observed from plots of the intensity of the
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Fig. 2 UV-Vis absorption spectra of solutions of (a) ligand 1 (c =
20 pmol L™ in CHCls/MeCN 9:1, blue line) and (b) macromonomer
2 (c = 9 ymol L™ in CHCl3/MeCN 9: 1, blue line). Upon titration with ali-
quots of Zn(NTf),, the formation of the coordination complexes is
observed at metal-to-ligand ratios of 1:2 (red lines). (c, d) UV-Vis
absorption spectra of solutions of (c) ligand 1 (c = 20 pmol L™ in CHCls/
MeCN 9:1, blue line) and (d) macromonomer 2 (c = 10 pmol L™t in
CHCl3s/MeCN 9: 1, blue line) and spectra upon titration with aliquots of
Eu(ClO4)z (red lines highlight the 1: 3 metal-to-ligand ratios). (e) UV-Vis
absorption spectra of 1 (c = 21 umol L™ in MeCN, blue line). Upon titra-
tion with aliquots of Eu(OCl,)s a distinct band at 388 nm appears, indi-
cating the formation of the complex at a 1:3 metal: ligand ratio (red
line). (f) Plots of the absorption intensities of 1 (328 nm) and the 1: Eu®*
complex (388 nm) against the europium-salt-to-ligand ratio show a
levelling off at the stoichiometric 1: 1 ratio.

characteristic ligand and complex absorptions at 328 and
388 nm, respectively (Fig. 2f). When the same titration of 1 was
carried out at a 10-fold higher concentration (¢ = 208 pmol L™),
the dynamic equilibrium of the complex formation was shifted
and the levelling off was already observed at a 1:1.5 metal:
ligand ratio (Fig. S61). Hence, due to the lower binding con-
stant of the Eu®" coordination complex vis-g-vis the Zn**
complex, notably in CHCl;,"” unbound ligand remains present
in dilute solutions of 1 and 2 at a stoichiometric 1 : 3 metal-to-
ligand ratio. Indeed, the spectrophotometric titrations in
MeCN follow the previously reported behaviour of the parent
Mebip ligand,"” corroborating the successive formation of the
1:3,1:2,and 1:1 complexes between the Eu**-ions and 1.
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As a result of the extended conjugation system in the Mebip
ligand used here, solutions of 1 and 2 show a bright blue fluo-
rescence under UV light illumination (1 = 365 nm) that is
clearly visible to the unassisted eye (Fig. 3 and S77). The fluo-
rescence spectra of 1 (¢ = 21 umol L™ in MeCN) and 2 (c =
10 pmol L™' in CHCl;/MeCN 9:1) display broad emission
bands with maxima at 412 and 397 nm, respectively (Fig. 3a
and S7, S8t). Spectra obtained upon titration of a solution of 2
(c =10 pmol L") with Zn(NTf), show a significant drop of the
intensity of the ligand emission at 397 nm and a concomitant
development of a broad band at 520 nm, associated with the
Zn**-complex (Fig. S8%). In accordance with the absorption
spectra, plots of the free ligand emission intensity against
the zinc-salt-to-ligand ratio show that the latter disappears
completely when a 1:2 metal-to-ligand ratio is reached.
Spectrophotometric titrations of 2 (¢ = 10 pumol L") with
Eu(ClO,); show a similar decrease of the intensity of the
ligand band together with a sharp increase of the Eu**-based
°D, — 'F, transitions, of which the °D, — “F, transition (Amax =
618 nm) is the most intense (Fig. 3a). As expected on the basis
of the absorption spectra, solutions with a 1 : 3 metal-to-ligand
ratio exhibit emission from the metal-ligand complex as well
as emission from the free ligand on account of the incomplete
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Fig. 3 (a) Fluorescence spectra of a solution of macromonomer 2 (ley =
355 nm, ¢ = 10 pmol L™! in CHCl3/MeCN 9:1, blue line) upon titration
with aliquots of Eu(ClO,)s. Free ligand emission persists at a stoichio-
metric metal-to-ligand ratio of 1:3 (red line). (b) Photographs of solu-
tions of 2 and mixtures of 2 and Eu(ClO,4)s (metal: ligand ratios as indi-
cated, ¢ = 10 pmol L™* in CHCls/MeCN 9:1). (c) Photographs of drop-
cast films of 2 and mixtures of 2 and Eu(ClO,)s obtained from chloro-
benzene/MeCN solutions (c = 164 pmol L™%; metal : ligand ratios as indi-
cated). (d) Fluorescence spectra (lex = 370 nm) of solid films of 2 and a
film 2:Eu with a 1:3 metal: ligand ratio. (e) Photographs of solutions of
2:Eu (c = 2.5 pmol L™* in CHCl3/MeCN 9:1) at room temperature and
50 °C. (f) Emission intensity at 615 nm (associated with the metal-ligand
complex) recorded upon heating and cooling the solution used in (e).
(Images were taken under illumination with 365 nm UV light).
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complexation in CHCI;/MeCN; such solutions display a
magenta-coloured emission (Fig. 3b). When similar titrations
with Eu(ClO,); were carried out with the reference ligand 1 in
MeCN solutions (¢ = 21 pmol L"), the maximum emission
intensity of the Eu*-based °D, — ’F, transition at 618 nm was
reached at a 1:3 metal-to-ligand ratio, indicating the for-
mation of the 1:3 coordination complex (denoted as 2:Eu in
the following, Fig. S71). In contrast to the titrations with Zn>*
residual ligand emission is observed at this 1:3 ratio, which
can be explained on the basis of the lower binding constant
and the dynamic nature of the Eu**-complexes. In addition,
excitation spectra of the ligand 1 and macromonomer 2
(Fig. S91), as well as their corresponding Zn**- and Eu**-com-
plexes were recorded in order to probe for the origin of the
observed luminescence (Fig. S107). Indeed, the spectra indi-
cate that the emission of the complexes originates from the
antenna effect of the ligand rather than a possible direct
sensitization.**

The dynamic equilibrium of the complexes that is present in
solution shifts completely to the bound state when the solvent
is removed. To achieve a slow evaporation rate and allow the
MSP to assemble, chlorobenzene/MeCN solutions (9:1) of 2 (¢ =
164 pmol L") were used throughout. The latter show the same
spectroscopic behaviour in titrations with Eu(ClO,4); (Fig. S11%),
and when the corresponding solutions with increasing metal-to-
ligand ratios between 0:3 and 1:3 were drop-cast onto glass
slides, the luminescence colour was shifted to Eu*"-based emis-
sion (Fig. 3c). Indeed, in stark contrast to the observations in
solution, the thin, drop-cast films with a 1:3 metal-to-ligand
ratio for the Eu**-based MSP (2:Eu) show a strong, red emission.
A comparison of the corresponding solid-state fluorescence
spectra of films of macromonomer 2 and the MSP 2:Eu films pre-
pared from chlorobenzene/MeCN solutions (c = 164 pmol L)
confirms these visual observations (Fig. 3d). Thus, the spectrum
of 2 shows a broad emission maximum at 505 nm, revealing a
significant red-shift vis-a-vis the solution. The spectrum of 2:Eu
shows prominent Eu**-based emission bands, of which the most
intense is associated with the D, — ’F, transition and seen at
617 nm; the emission of the ligand is almost completely sup-
pressed. Moreover, when spectra of the solid samples of macro-
monomer 2 and the MSP 2:Eu films were recorded with different
excitation wavelengths (1ex = 340, 355, 370, 374 nm), the same
emission behaviour with only minor changes to the relative emis-
sion intensities were observed, corroborating that energy transfer
leads to the observed luminescence (Fig. S12a and b¥).

As a first experiment related to probing the reversible
switching of the luminescence colour of MSP 2:Eu upon dis-
and reassembly, the emission properties of solutions and solid
films were investigated as a function of temperature. Thus,
step-wise heating of a CHCl;/MeCN (9:1) solution with a
1:3 metal-to-ligand ratio (2:Eu, ¢ = 2.5 umol L™") to tempera-
tures of 50 °C led to a decrease of the intensity of the red,
Eu’*-based °D, — 'F, emission at 617 nm (Fig. 3e, f and S137).
In parallel a readily discernible change of the luminescence
colour from magenta to blue could be observed. Upon cooling,
the original spectra and colour were recovered, consistent with

This journal is © The Royal Society of Chemistry 2018
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a fully reversible shift of the equilibrium of the MSP to the dis-
assembled state at elevated temperatures.””> Drop-cast 2:Eu
MSP films were heated to 160 °C to monitor by means of fluo-
rescence spectroscopy to what extent thermally induced disas-
sembly occurs in the solid-state, but only a reversible decrease
of the overall luminescence was observed, presumably due to a
thermal depopulation of the excited state at elevated tempera-
tures (Fig. S147). This behaviour bodes well for the use of solid
2:Eu in chemosensory applications where temperature-inde-
pendent emission characteristics are desirable."!

To determine the chemosensing capabilities of 2:Eu in the
solid state, the optical changes of thin solid films in response
to various analytes were explored. Thus, thin films of the MSP
2:Eu on glass substrates were exposed to DMSO, which is
known to act as competitive ligand for Mebip-lanthanide com-
plexes.>® Direct exposure of a 2:Eu film to a drop of neat
DMSO resulted in an instant luminescence colour change
from red to blue/green, suggesting a largely complete disrup-
tion of the complexes under these conditions (Fig. 4a). These
observations were confirmed by the corresponding solid-state
fluorescence spectra, which showed the complete dis-
appearance of the emission of the Eu*"-complex luminescence
signature at 617 nm upon exposure to DMSO and the appear-
ance of the solid-state emission band of the ligand at 505 nm.
The response was found to be completely reversible: upon
washing of the films with methanol, the original properties
were restored, and the cycle could be repeated without notice-
able hysteresis (Fig. 4a). When films of 2:Eu were placed on
top of a vial filled with DMSO kept at room temperature, the
emanating vapours were found to be sufficient to trigger the
same visual colour change within six minutes (Fig. 4b and
S15t1), indicating a high sensitivity of such MSP-based sensors.

Films of 2:Eu were further exposed to several other analytes
and the optical responses were monitored qualitatively and/or
quantitatively. In one series of experiments, the 2:Eu films
were tested for their capability to detect triethyl phosphate
(TEP) as a mimic for phosphate-based CWAs.>’” Exposure of
the MSP films on glass slides to the vapours emanating from
vials containing neat TEP at room temperature indeed led to a
loss of the red-coloured emission and a concomitant increase
of a blue, ligand-based fluorescence (Fig. 4c), indicating a com-
petitive binding of TEP to the Eu*™-ion and ligand displace-
ment.” The latter was found to be completely reversible, as the
original red emission was recovered when films were left to
stand under ambient conditions for 30 min (Fig. 4d). The
response time to TEP vapours appears to be associated to its
relatively low vapour pressure at room temperature, and direct
exposure to a drop of neat TEP furnishes an immediate
luminescence colour change. Moreover, the MSP-based sensor
was found to be versatile in detecting a range of vapours of
different chemical nature. Thus, exposure of 2:Eu films to the
vapours emanating from acids such as trifluoroacetic acid as
well as hydrochloric acid (36%) was found to induce a red-to-
green colour change of the emission colour within 20 s and
corresponding changes of the solid-state fluorescence spectra
(Fig. 4e and S167). In addition to these strong acids, exposure
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Fig. 4 Fluorescence spectra (lex = 370 nm) and pictures (all taken
under illumination with 365 nm UV light) of drop-cast films of the MSP
2:Eu upon exposure to different analytes. (a) 2:Eu in its pristine state (1)
and upon consecutive exposure to a drop of DMSO (2,4) and washing
with MeOH (3,5). (b) 2:Eu in its pristine state (1) and upon exposure to
DMSO vapours (2—-4) for up to 360 s, followed by washing with
MeOH (5) (spectra normalized at 617 nm). (c) 2:Eu in its pristine state (1)
and upon exposure to (EtO)sPO vapour for up to 30 min (5). (d)
Recovery of the sample shown in (c) under ambient conditions. (e) 2:Eu
in its pristine state (left) and upon exposure to trifluoroacetic acid,
hydrochloric acid, n-butylamine, diethylamine, as well as triethylamine
(right). (f) 2:Eu on an ethylene vinyl alcohol copolymer support in its
pristine state (left) and upon exposure to DMSO, (EtO)sPO, n-butyl-
amine, and hydrochloric acid (right) (scale bar = 2 mm).

of 2:Eu films to the vapours of amines was also observed to
suppress the red Eu**-based luminescence of the MSPs (Fig. 4e
and S167). Thus, in the presence of vapours of n-butylamine,
diethylamine, as well as triethylamine a switch to a blue/green,
ligand-based fluorescence colour was observed. After exposure
to the vapours of amine bases or strong acids, the original
luminescence was only partially recovered when films were left
to stand under ambient conditions (Fig. S16%), presumably
due to a strong coordination of such analytes to the ligand and
metal, respectively. To elucidate the nature of the sensing
mechanism, titrations of the 1:1 coordination complex of 1
and Eu®' in MeCN were carried out and UV-Vis spectroscopy
was used to follow the changes upon addition of the analytes
(Fig. S17-S19%). Thus, the absorption of the unbound ligand

Dalton Trans., 2018, 47, 14184-14188 | 14187
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appeared upon addition of DMSO, TEP, and butylamine, indi-
cating a competitive binding of the analyte to the Eu®*"-metal
ion in these cases. By contrast, addition of TFA was found to
be accompanied by fundamental changes of the absorption
spectra, presumably due to a protonation of the ligand by
strong acids that also quenches the emission.

Finally, the potential use of the MSPs as coating on a
polymer substrate and their capability for the sensing of the
different types of analytes was tested. To this end, chloro-
benzene/MeCN solutions of 2:Eu (¢ = 164 pmol L") were
drop-cast onto an ethylene vinyl alcohol copolymer and MSP
coated polymer substrates were obtained by this process.
Recorded fluorescence spectra of the coated substrates indi-
cate the presence of a minor fraction of free ligand, which is
assumed to arise due differences in the drying kinetics and
renders the visual luminescence colour of the latter magenta
(Fig. 4f and S207). The 2:Eu MSP-based coatings on such
polymer supports were subsequently exposed to the different
types of analytes and the emission was monitored visually
and spectroscopically for detectable colour changes.
Gratifyingly, the coatings displayed responses similar to
those observed for thin MSP films on glass substrates when
exposed to the different analytes. Thus, exposure to vapours
emanating from DMSO, neat TEP, n-butylamine, or hydro-
chloric acid all furnished luminescence colour changes of the
coated polymers (Fig. 4f and S207).

Conclusions

A m-extended Mebip ligand derivative was developed that dis-
plays a visually detectable blue fluorescence and allows for the
reliable formation of metal-ion complexes analogous to the
parent derivative. A telechelic macromonomer that carries this
ligand was used to prepare thin polymer films and coatings of
MSPs with Eu®* ions. The latter display the characteristic red,
Eu*"-based luminescence colour and a visual luminescence
colour change is obtained when external stimuli such as heat,
solvents (liquid or vapour), or other analytes disrupt or alter
the metal-ligand complexes. The developed metallosupra-
molecular materials can be readily processed into sensor
devices that are, amongst others, potentially useful for the
detection of harmful analytes such as CWAs.
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