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Abstract

Inorganic/organic hybrid materials combine the properties of both components providing functionality
with a wide range of potential applications. Phase segregation of the inorganic and organic components
is a common challenge in these systems, which is overcome here by copolymerizing a metal-free ca-
lixarene ionophore and methyl methacrylate. A lanthanoid ion is then added using a swelling-deswelling
procedure. The resulting luminescent hybrid materials can be made to emit any required color, including
white light, by loading with an appropriate mixture of lanthanoids. The gradation of the emitted color
can also be finely adjusted by changing the excitation wavelength. The polymer monolith can be recycled
to emit a different color by swelling with a solution containing a different metal ion. This methodology is

flexible and has the potential to be extended to many different ionophores and polymer matrices.

Introduction

Hybrid materials combine the functional properties of the guest with the mechanical and thermal proper-
ties of the host. ? In the case of inorganic/organic hybrid materials, a metal-based coordination complex
is generally included into a polymeric matrix.? This strategy has enabled the preparation of a vast library
of hybrid materials where the magnetic, optical, and/or catalytic functionalities of the metal host are
added to stable and readily processable organic polymers. The rapidly growing research activity in hy-
brid materials is driven, at least in part, by the fact that these materials have potential applications in a
variety of areas such as magnetic memories, optical displays, light sources, telecommunication devices,

lasers, agriculture, sensors, medical diagnostics, and metal extraction." **

Lanthanoid-based hybrid materials have functions that are associated with the specific properties of the

1


https://core.ac.uk/display/195641439?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

4f electrons.™ > In particular, this class of materials has been widely exploited for the optical properties of
the lanthanoid elements, whose emission spans from the visible to the infrared range.> *° Lanthanoid el-
ements need to be excited by light-absorbing chromophores, a phenomenon known as the antenna ef-
fect,"* as the direct excitation of the lanthanoid ions is inefficient due to f-f electronic transitions being
quantum-mechanically forbidden by symmetry and often by spin selection rules. The advantage of using
lanthanoid elements as light emitters resides in their purity of colors, which is almost completely unaf-
fected by their chemical environment due to the inner core nature of the 4f orbitals."”* Moreover, the
combination of different lanthanoid elements can also be used to achieve white light emission, which has
been exploited in the preparation of a variety of advanced materials including emissive glasses, phos-

phors, and metal-organic frameworks (MOFs)."*™*®

A common issue associated with the preparation of lanthanoid-based metallopolymers is phase segrega-
tion, where the metal complex aggregates in a separated phase from the rest of the polymeric matrix." ®
¥ This phenomenon leads to unwanted characteristics of the final material such as loss of transparency
and non-homogeneous emission. Therefore, the maximum amount of metal complex that can be loaded
into the polymeric matrix, either by simply blending or covalently grafting, is limited to the solubility of
the complex in the monomer itself, when the polymerisation is performed neat, or in the organic solvent,

when polymerisation is performed in solution.

Figure 1. Calix[4]arene ligand 1H used for the preparation of the crosslinked PMMA hybrid materials.

We have recently demonstrated how phase segregation issues can be readily avoided by copoly-
merizing a highly soluble multidentate ligand, such as the calix[4]arene 1H (Figure 1), with a suitable
monomer and then swelling the resulting crosslinked polymer with a solution containing the lanthanoid
of choice.? With this approach the maximum complex loading is determined by the solubility of the lig-
and instead of the solubility of the complex, and as such a high concentration of inorganic dopants can
be achieved without loss of transparency or phase segregation. Extending our investigation using

poly(methyl methacrylate) (PMMA) as the transparent polymeric host, we now report how this method-
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ology can be exploited for mixture of lanthanoid ions, thus obtaining variations of colors, and also for
the preparation of recyclable hybrid materials, whose optical properties can be readily switched by ex-
changing the lanthanoid of choice without altering the chemical and structural properties of the hybrid
material. Moreover, we demonstrate how mixtures of lanthanoid elements can be loaded within the ma-
terial to finely tune color variations, and even obtain white light emission, as illustrated in Figure 2.
Throughout the manuscript, we are going to use CIE-xy chromaticity diagrams to estimated the emitted
colors from the materials, therefore pure white light will be represented by (x=0.333, y=0.333).

Results and Discussion

Preparation of the luminescent materials by polymer loading

The blank cross-linked PMMA materials were prepared by neat radical polymerisation. Lauroyl peroxide
(0.025% mol. eq.), ethylene glycol dimethacrylate (0.3% mol. eq.), calix[4]arene 1H (0.2% mol. eq.)
were added to methyl methacrylate and the solution was heated inside a glass tube. The polymerisation
was initiated at 80 °C for 3 minutes, followed by rapid cooling in ice water. The solution was then grad-
ually heated from 60 to 100 °C for about 3 days. This temperature profile ensures the polymeric matri-

ces are uniform, transparent as well as free of cracks and bubbles (Figure 2).**

Figure 2. Examples of lanthanoid metallopolymers demonstrating the transparency of the matrix (top)
and variations of colors obtained by loading single lanthanoid salts or mixtures. All the monoliths in the

Figure have been excited at 1,=330 nm.

The loading of the blank materials was performed by swelling the monoliths in a 1:1 dichloro-



methane/ethanol mixture containing the desired lanthanoid salts at a concentration of ca. 10° M.?® The
volume of solution used corresponded to ~5 eq. of lanthanoid ions with respect to the amount of ca-
lix[4]arene ligand incorporated within the monolith. A swelling of about 150+5% of the original volume
occurs when the monoliths are immersed in the mixture of solvents, indicating efficient cross-linking of
the polymeric chains.® ** After the loading has occurred, the excess metal cations are then removed by
immersing the monoliths in fresh metal-free solvent mixtures. Eventually, the monoliths are de-swollen in
air, returning to their original volume and shape (deformation of the monoliths occurred if de-swelling
was accelerated under reduced pressure). Typically, DMSO-solvated lanthanoid nitrate salts
[Ln(NO3)3(DMSO),] n=4-6 were used, instead of the hydrated salts, to increase their solubility in the
organic mixture and to reduce the quenching effects from the lanthanoid ions via multiphonon relaxation
caused by coordinated water molecules.™> *° By comparing with previously obtained crystal structures of
complexes formed by 1H and Tb ions, it would be expected that one molecules of water coordinates to

the metal centre.?

Color emission from mixtures of Sm, Th and Tm with 1H in solution

Our first investigation focused on mixing the different lanthanoid cations in solution at various
molar ratios to estimate the effect on the emitted color. In general, white light is obtained through a bal-
anced combination of the red, green, and blue colors. In accordance with these colors, the lanthanoid
elements of choice are Sm, Th, and Tm: these are well known orange, green, and blue emitters via their
®Hy<"Gsp, 'Fy<—"Ds, and *H,«'G,4 phosphorescent transitions, respectively.** Sm was chosen instead of
Eu as calix[4]arene complexes of the latter are known to undergo quenching of the °D, excited state via
a charge transfer with formation of divalent Eu and oxidation of the phenolic ligand.?* The color mixing
effect was directly evident from qualitative solution studies, where a variable mixture of Sm, Th, and Tm
salts were added to a 10 M solution of 1H in 1:1 dichloromethane/ethanol, as the corresponding com-
plexes have a relatively high solubility in this mixture. Upon excitation at 2,,=330 nm, the solutions were
characterized by a uniform color obtained by the combined emission of the three lanthanoid cations
(Figure 3). The closest emission to white light was obtained by combining a mixture of lanthanoid salts
with a molar ratio of 8:9:91 Sm/Th/Tm. The higher concentration of Tm required in the mixture was
ascribed to a lower quantum yield for the [Tm(1H)]** complex. In fact, the quantum yields of the com-
plexes were estimated of the order of 3% for Th, 2% for Sm, and below 0.3% for Tm. The relatively
low quantum vyields in solution could be ascribed to a combination of factors such as non-optimized en-
ergy difference between the sensitizer excited state and the Ln accepting state, as well as quenching

promoted by the phenolic OH and coordinated ethanol molecules.?



Figure 3. Emission from dichloromethane/ethanol solutions containing 1H and a mixture of Sm/Th/Tm
of the following ratios: a) 5:2:93; b) 5:1:94; c¢) 6:1:93; d) 7:1:92; e) 8:9:91.

Photophysical properties of loaded polymers with mixtures of lanthanoid ions

When the blank polymers were loaded with the mixtures of the three lanthanoid ions found in
solution with the unpolymerized 1H complexes, the emitted colors from the materials did not corre-
spond to the ones observed from the photoluminescence of the solutions. Generally a molar excess of
lanthanoid ions with respect to the total molar amount of polymerized calixarene was used to favor
quantitate complexation. Uncomplexed ions were then removed by washing, but in any case we have
previously demonstrated that lanthanoid ions present in the polymer, but not coordinated to the ca-
lixarene, do not contribute to the emission due to lack of sensitisation.”® Although uniformly mixed col-
ors were detected from the PMMA monoliths, the balance of the three individual colors was altered. On
analyzing the emission profiles from the hybrid materials, a broad band could be highlighted in the blue
region (400-500 nm), superimposed on the 'Fe<—°D, and *He<«'Gsy, transitions of Th and Tm, respec-
tively (Figure 4). The same broad band is also visible in the emission from the monolith loaded exclu-
sively with Tm and, to a lesser extent, Sm (Figure 5). The broad nature of this new band was attributed
to the superimposition of phosphorescent emission from the *(xn*) state of 1H and fluorescent emission
from the solid polymeric matrix. To confirm this conclusion we analyzed the emission and excitation
spectra of a blank unloaded monolith and a monolith crosslinked without the calixarene ligand, both of
which present identical profiles. Furthermore, the emission and excitation spectra of a monolith loaded
exclusively with [Gd(NO3)3(DMSO),] was evaluated. These spectra are shown in Figure 5. By analyzing
the spectra it appears that there is negligible contribution in emission from calixarene ligands that have
not been complexes by a lanthanoid cation. In this case the broad blue band seems to originate from flu-
orescent emission from the matrix, which is further confirmed by its correspondingly short excited state

lifetime fitted with a biexponential contribution of 1.6 ns (50%) and 6.0 ns (50%). The fluorescent emis-



sion of the unloaded monolith presents a maximum in the excitation spectrum around 380 nm, further
supporting the fact that the major contributor is the matrix rather than the calixarene, since the latter
generally presents absorption and excitation maxima centered around 330 nm. On the other hand, the
monolith loaded with Gd ions presents a similar blue emission, although slightly narrower than the pre-
vious case. This emission was ascribed to decay from the *(nn*) excited state of the calixarene, as sug-
gested by its loner excited state decay of ca. 10 us. However, the excitation spectrum reveals some con-
tribution from the fluorescence of the matrix with a shoulder appearing around 380 nm. The same con-
clusion can be drawn by analyzing the excitation spectrum of the material loaded with Tm, where two
distinct maxima appear when monitoring the emission intensity of the band at 470 nm. The higher energy
band around 330 nm corresponds to the excitation spectrum of the monolith loaded with Sm, and Th
(Figure 5), thus indicating energy transfer from the *(nn*) excited state of the ligand. On the other hand,
the lower energy band around 380 nm corresponds to the excitation profile of the unloaded blank mate-

rial, suggesting the contribution comes from the fluorescence of the polymeric matrix.
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Figure 4. Emission profiles obtained from monolith loaded with variable mixtures of Sm/Th/Tm. All the

emission spectra have been obtained with 1,=330 nm.
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Figure 5. Excitation and emission profiles for a blank unloaded monolith and monolith loaded with a

single lanthanoid cation. Each monolith is crosslinked with 0.2% molar equivalents with respect to the
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initial amount of methyl methacrylate. Each emission spectrum is obtained with 1,,=330 nm, aside from
the unloaded monolith that was excited at 4,=370 nm Note that the emission and excitation spectra
from the unloaded monoliths are identical to those of monoliths crosslinked in the absence of calixarene.
The excitation spectra were recorded by following the intensity of the maximum in the emission spec-
trum: 1) Sm 646 nm; ii) Th 546 nm; iii) Tm 470 nm; iv) Gd and unloaded 456 nm.

A series of hybrid materials loaded with different molar ratios of the three lanthanoid salts was
prepared (Figure 4). The resulting materials were characterized by homogeneous emission of colors with
different hues, depending on the relative ratio of lanthanoid elements. The calculated CIE-xy coordinates
for each of the different monoliths are reported in Figure 6 and Table 1. Balanced white light emission
was eventually obtained using a 17:1:180 Sm/Th/Tm molar ratio, to balance out for the increased emis-
sion in the blue region compared to the solution studies, where white light was obtained with a molar
ratio of approximately 8:9:91 Sm/Tb/Tm. The excited state lifetime decays (7) measured at Aem= 546,
598, and 646 nm (Table 2a) are comparable with the values obtained from monoliths loaded with either
Sm or Tb (Table 2b). The r data were satisfactorily fitted in all cases with biexponential decays, with
good correspondance to the one measured from monoliths loaded with individual lanthanoids. The min-
imal variation between the excited state lifetime values in the white-emitting material and the monoliths
loaded exclusively with one lanthanoid element suggests that energy transfer between the various lan-
thanoid complexes is not a dominant factor in the photophysical properties, at least with a loading of
lanthanoid complex corresponding to ca. 0.2% molar equivalents. The lifetime decays in the 400-500 nm
region were more complex and could not always be satisfactorily fitted with exponential functions. This
was attributed to the presence of decays from multiple excited states of short and long lifetime such as i)
the polymeric matrix [1.6 ns (50%) and 6.0 ns (50%) at A.n=454 nm measured for the unloaded blank
polymer]; ii) the *(zn*) of 1H [10 ps at Aen=456 nm measured for the polymer loaded with Gd]; iii) the
Tm *Hg<«—"Gs, transition [3.51 ns (74%) and 142.77 ns (26%) at Aen=470 nm measured for the polymer
loaded with Tm — it should be however noted that this Tm decay is mixed with the decay from the poly-

meric matrix].
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Figure 6. CIE-xy coordinates for the monoliths loaded with mixtures of Sm/Th/Tm at different ratios: a)
8:1:91; b) 24:1:75; c¢) 19:1:80; d) 17:1:180; e) 29:1:170; f) 14.6:0.3:85.1. The monoliths have been ex-

cited at 1e,=330 nm.

Table 1. CIE-xy coordinate x and y values for the monoliths loaded with mixtures of Sm/Tb/Tm. The

monoliths have been excited at A¢=330 nm.

Sm/Tb/Tm ratio X y

8:1:91 0.303 0.395
24:1:75 0.349 0.405
19:1:80 0.438 0.422
17:1:180 0.326  0.349
29:1:170 0.366  0.360
14.6:0.3:85.1 0.363 0.327

Table 2a. Excited state lifetime data for monoliths loaded with mixtures of lanthanoid cations.

Composition Emission Wavelength (nm)
SM/Tb/Tm 546 598 646
8:1:91 321 us (27%) 33 ps (72%) 32 ps (87%)

847 us (73%) 715 ps (28%)
24:1:75 274 us (30%) 32 ps (90%)

852 us (70%) 664 ps (10%)

10

638 us (23%)
31 ps (94%)

592 us (6%)



19:1:80

17:1:180

29:1:170

14.6:0.3:85.1

323 ps (30%)
881 s (70%)
280 pis (31%)
853 pis (69%)
253 s (28%)
842 pis (72%)

252 ps (27%)
833 us (73%)

31 ps (91%)
650 pis (9%)
32 us (93%)
663 s (7%)
32 us (93%)
668 s (7%)

32 pis (94%)
638 us (6%)

31 ps (95%)
606 s (5%)
32 ps (97%)
636 s (3%)
32 ps (97%)
554 ps (3%)

32 ps (92%)
633 ps (8%)

Table 2b. Excited state lifetime data for monoliths loaded with Tb or Sm.

Monolith Loading Excited State Lifetime (z)

Tb 326 us (30%) and 858 (70%) ps at Aey=548 nm

Sm 17 ps (30%) and 31 ps (70%) at Aen=646 Nm

The emitted color of the loaded PMMA monolith can be finely tuned by varying the excitation
wavelength (Figure 7). This color tuning as a function of the excitation wavelength is also clearly dis-
cernible from the analysis of the emission profiles, where the intensity of the blue band sequentially in-
creases on gradually shifting Ae from 280 to 350 nm. The effect can be understood by considering that
the excitation spectrum of the blue component originating from the matrix has its maximum at 380 nm,
whereas the maximum of the excitation spectrum for the 1H ligand is centred around 330 nm, as shown
in Figure 8. The band around 330 nm in the excitation profile measured at 1.,=494, 546, 598, and 646
nm are typical of the calix[4]arene ligand as expected for the sensitisation process. Moreover, the lower
energy band in the excitation profile, visible at 1.,=494, originates from the blue emission of the matrix.

Again, this can be easily verified on comparing the excitation and emission profiles for the white-
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emitting materials with monoliths loaded exclusively with Sm, Tb, Tm or Gd (Figure 5).

Excitation
Wavelength
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Figure 7. Wavelength dependent variation of the emission profile for a monolith loaded with a 29:1:170
Sm/Tb/Tm mixture (top); CIE-xy coordinates for the emission profile as a function of the excitation

wavelength (bottom).
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Figure 8. Excitation spectra of the white emitting polymer measured at different emission wavelengths
(defined in the inset). The monolith consists of 0.2% molar equivalents of 1H and was loaded with a
mixture of Sm/Tb/Tm with a molar ratio of 29:1:170.

Since the main contributor to the blue color in the emission spectrum at 4,,=330 nm seems to
belong to a radiative decay from the *(nn*) excited state of the calix[4]arene, the use of Tm in the mix-
ture of lanthanoid elements is not necessary. In fact, white emissive materials could be obtained by load-
ing the monoliths with a mixture of Sm, Tb, and Gd in a 32:1:7 molar ratio, respectively (Figure 9). The
strong spin-orbit coupling of Gd ensures maximized emission from the *(nn*) excited state.* * Given
the difference in price between precursors of Tm and Gd (about 20-25 times higher for Tm,0O3 with re-
spect to Gd,03),?® this substitution would be advantageous in any application of these materials. Moreo-
ver, the oxygen-sensitive nature of the emission of the Gd complex with 1H could be exploited for sens-
ing purposes, by detecting the quenching the excited state in the presence of O,, an aspect that is cur-

rently under investigation in our laboratories.
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Figure 9. Emission profile of a monolith loaded with a mixture of 32:1:7 Sm/Tb/Gd (top); CIE-xy coor-

dinates for the emission profile (bottom).

Reversibility of the lanthanoid loading: color switching

Remarkably, the composition of the hybrid materials, in terms of lanthanoid content, can be re-
versibly changed. As a demonstration, a white-emitting monolith of composition Sm/Th/Tm 17:1:180,
whose emission spectrum in shown in Figure 5, was immersed in a 10%® M solution of
[TB(NO3)3;(DMSO),] or [Sm(NO3)3(DMSQO),] in 1:1 dichloromethane/ethanol for 24 hours. After de-
swelling, green or orange emission was observed, respectively, at 1.,=330 nm (Figure 10). On compar-
ing the emission profiles before and after the exchange, it is evident that the Th or Sm ions have predom-
inantly filled the coordination sites of the cross-linking 1H ligands. The possibility of recycling the hybrid

materials by switching their photophysical properties with a simple swelling process makes this method-

14



ology unique, as to the best of our knowledge, no examples have been reported to date of hybrid materi-
als with a composition that can be reversibly changed to tune or alter the functional (in this case emis-
sive) properties. It should be also noted that no changes in the photophysical properties of the materials
were detected if the polymers were swollen in just solvents, indicating a negligible tendency of the lan-

thanoid ions to leave a vacant calixarene coordination site in the washing phases.

Emission Intensity (arb. u.)

Emission Intensity (arb. u.)

e Y 7 \'\;,/\«—/'\"’;\\\ 3
400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 10. Emission spectra from a white emissive polymer after immersion in a solution of Tb (top) or
Sm (bottom).

Conclusions

In conclusion, this work demonstrates that blank hybrid materials composed of PMMA cross-
linked by allyl-functionalized calix[4]arene ligands can be readily loaded with lanthanoid ions, via a
swelling/de-swelling methodology, and made luminescent. This procedure avoids loss of transparency
due to phase segregation between the organic matrix and the lanthanoid coordination complex. The re-
sults highlight that mixtures of lanthanoid ions can be readily inserted within the material so that the
emission properties originate from uniform mixing of the emission profiles of the single lanthanoids.
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While this has been demonstrated here to achieve balanced white light emission by combining red Sm,
green Th, and blue Tm/Gd complexes, the methodology has the potential to be easily extended to the
preparation of materials emitting a large range of colors. In fact, according to color mixing theory, most
of the colors can be obtained by an appropriate combination of three primary colors in the red, green and
blue region of the visible spectrum. More importantly, the functional material can be recycled as needed
to change the light emitted, by switching to a new lanthanoid combination using the same swelling/de-
swelling procedure. While 1H was originally designed to leave a vacant site in the coordination sphere
for potential sensing applications, it is clearly possible to greatly enhance the photophysical and cation
binding properties of the receptor, building on elegant examples from the literature.””* We are also in-
vestigating a diverse range of transparent polymeric hosts, so that this methodology can become a ge-
neric and facile procedure in the preparation of a large variety of luminescent and recyclable hybrid ma-
terials with color-switching properties.

Experimental Section

General All the reagents and solvents were obtained from Sigma Aldrich and used as received without
any further purification, unless otherwise specified. Calixarene 1H,° and DMSO-solvated lanthanoid
nitrate salts, [Ln(NOs)3(DMSO0),],** were synthesized according to literature methods. Methyl methac-

rylate was distilled before use.

Photophysical measurements. Steady-state emission spectra were recorded on an Edinburgh FLSP920
spectrofluorimeter equipped with a 450 W Xenon arc lamp, single excitation and emission monochroma-
tors and a peltier cooled Hamamatsu R928P photomultiplier tube (185-850 nm). Emission and excitation
spectra were corrected for source intensity (lamp and grating) and emission spectral response (detector
and grating) by calibration curve supplied with the instrument. Excited state lifetimes (t) were deter-
mined with the single photon counting technique (TCSPC) by means of the same Edinburgh FLSP920
spectrometer using pulsed picosecond LEDs (EPLED 295 or EPLED 360, FHWM <800 ps) with repe-
tition rates between 10 kHz and 1 MHz as the excitation source and the above-mentioned R928P PMT
as detector. The goodness of fit was assessed by minimizing the reduced chi squared function (x) and

visual inspection of the weighted residuals.

Preparation of the blank PMMA monoliths. 1H (0.0166 g, 0.018 mmol) and ethylene glycol di-
methacrylate (0.0056 g, 0.028 mmol) were dissolved in 1 mL aliquots of a lauroyl peroxide (0.0125 g,
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0.031 mmol) in methyl methacrylate (25.00 g, 250 mmol) solution. The reaction mixture was heated to
80°C for 3 minutes before being quenched in an ice-water bath. Polymerisation was carried out at 60°C
for 24 hrs, then 70°C for 12-36 hrs. Finally a post-polymerisation step was carried out at 100°C for 1hr.

Loading of blank monoliths with lanthanoid cations. 10° M stock solutions of [Ln(NOs)3(DMSO),]
salts in dichloromethane:ethanol (1:1), where Ln = Sm, Th, Tm and Gd, were prepared. Polymer mono-
liths were loaded with lanthanoid cations by swelling in 4 mL of solution prepared from the stock solu-
tions, according to the desired ratio of lanthanoid cations. Polymers were swollen for 48 hrs before de-
swelling at atmospheric pressure, followed by subsequent swelling with 4 mL of dichloro-
methane:ethanol (1:1) to remove any unbound lanthanoid cations from the polymer matrix. Monoliths

were eventually de-swollen back to their original dimensions.

Recycling of luminescent monoliths. White-emitting monoliths of composition Sm/Th/Tm 29:1:170
were immersed in a 4 mL solution of [Ln(NO3)3(DMSO),] in a 1:1 dichloromethane:ethanol mixture (Ln
= Tb or Sm). After 24 hours, the swollen monoliths were removed from the solution and any excess lan-

thanoid cation was removed as described above.
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