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Abstract

A periodic mesoporous organosilica (PMO) functiored with dipyridyl-
dihydropyridazine units has been successfully pexphy a hetero Diels-Alder reaction
between the double bonds of an ethenylene-briddd® Pnaterial and a substituted
tetrazine. The ordering and mesoporosity of themamaterial is maintained after the
post-modification process, and the surface DieldeAbdducts are clearly observable in
the pores. These dipyridyl-dihydropyridazine masttan form interesting chelates with
lanthanide ions. Thus, two novel organic-inorgdaoiminescent hybrid materials have
been obtained by linking of Blicompounds to an ethene-PMO functionalized with
dipyridyl-dihydropyridazine. Both materials have ebe studied in depth by
photoluminescence spectroscopy and luminescencaydi&me measurements. Our
results reveal the key role of surface Diels-Alddducts as suitable sensitizing ligands

for europium ions.
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1. Introduction

Lanthanide materials have drawn a lot of attenti@cause of their wide range of
applications for example in bio-sciences, as cata)yor lasers, and in lighting industry.
®The interesting photophysical properties of lanitiarmaterials are largely due to the
unique intra 4f transitions, which are only weakhfluenced by the coordination
environment or crystal field (caused by the shreddf the 4f orbitals by the filled 5s and
5p orbitals)* ® Trivalent europium (Eti) is often chosen as the doping ion to investigate
the luminescence properties of a material becds$®ws strong emissions in the visible
region. Ed* ions can also be used as a structural probe fastigating the local
environment in a host material. However, one of rtie@n problems with lanthanides
considering their luminescence properties is thetfat lanthanide ions suffer from weak
light absorption (the absorption coefficients aoenmally very low,e ~ 1-10 M?* cmi?).
Therefore a very limited amount of radiation is@bgd when exciting directly into the
4f levels of the lanthanides. To overcome thisoofwphores are often employed to
transfer the absorbed energy more efficiently el#éimthanide ions. This is referred to as
the “antenna effect”. Some sensitizing ligands swsh p-diketonates, aromatic
carboxylates or heterocyclic ligands are considgamt antenna molecules due to their
excellent coordination ability and appropriate figeo-metal intracomplex energy
transfer’® Unfortunately, the practical application has bkmited due to their relatively
poor stabilities under high pressure, high tempeeabr moisture conditions and their
low mechanical strengtl: 1 Thus, in recent years, numerous studies havefbeasing

on improving the photostability of lanthanide coew®s through encapsulating them into
a host structure, such as polyntér§ silica-based materidfs'® and liquid crystafs-2},

to create organic-inorganic luminescent hybrid malg?2
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Organic functionalized mesoporous silica matefii@ge attracted particular attention as
hybrid hosts for lanthanide complexXé%’ The post-synthetic (“grafting”) or in-situ (“co-
condensation”) processes to introduce these fumalitees have well-known limitations
such as pore blocking, low organic loading or nombgeneous distribution of the
organic groups into the silica network. An alteivatmethod to create organically
functionalized mesoporous silicas, and thus ovenegrsuccessfully these drawbacks is
the synthesis of periodic mesoporous organosili@d0s)?®*° These materials are
synthesized using bridged organosilica precurdsidredype (R 03-Si-R-Si-(OR "}, with
RO a hydrolyzable group (e.g. methoxy or ethoxyugs) and R the organic bridging
group, in the presence of a structure directingnagentil now, numerous organic
moieties, from simple compounds — methane, ethattesne or benzene — to more
complex ones bearing different functionalities +okhtetrasulfide, metal complexes,
chiral groups, ionic entities — have been succégsfembedded into the silica

framework3!

PMOs have a well-ordered mesoporous structuregla mydrothermal and mechanical
stability and a uniform distribution of the orgatiisctionality into the pore walls. The
presence of organic moieties in the framework of(@\allows these materials to be
modified and functionalized by using a whole arcdyrganic reactions, giving rise to
novel opportunities for designing advanced mesamomaterials. Phenylene-bridged
PMOs have been mainly functionalized by electrophibromatic substitutions
(sulfonation or nitration reactions) to incorporatgd or basic catalytic sit€§3* The -
C=C- bonds on ethenylene-bridged PMOs have beatifunalized to incorporate certain
functionalities. Thiol and amine groups were in@ygtied on ethenylene-bridged PMOs
by bromination of the unsaturated groups and swesggnucleophilic substitution via

either a Grignard reactant or via an amine comgir nucleophile, respectively. This
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type of functionalized materials showed to be psing candidates for mercury or €0
adsorptior®™ *®Epoxidation reactions on the ethenylene sitesddxifunctional (-SGQH/-
NH>) catalysts through specific ring-opening reactiofnhe oxirane unitd’ Diels-Alder
cycloadditions with common dienes (e.g. benzocydebe, anthracene and
cyclopentadiene) followed by sulfonation of theuléag surface adducts were performed
to generate new sulfonic acid functionalized PMOtamials®® *° Very recently, a
vulcanization reaction was used for the first tomePMOs to introduce sulfur-containing

functional group$®

One of the main research interests of our group arry out different approaches to
functionalize PMO materials. Thus, we have recergported the incorporation of new
surface N-heterocyclic compounds on periodic mesmmorganosilicas through Diels-
Alder reactions with pyrrole derivativésThe incorporation of N- containing moieties
on the surface is highly interesting, not only hesgait yields advanced materials in
catalysis and adsorption, but also because it ist@ehment point to bind luminescent
lanthanide complexésUp to date, only few studies have focused on yimhesis and
luminescence properties of PMOs with chelating nighgands for lanthanide ions. For
instance, acridone and bipyridine moieties werecas&fully incorporated as bridging
components within the silica framework in ordeb®used as light-harvesting antenna
molecules for visible and near-infrared (NIR) enuas respectively? 43 Moreover,
novel organic-inorganic luminescent hybrid matariakere obtained by linking
lanthanide complexes to periodic mesoporous orglcassfunctionalized with suitable
sensitizing ligands, including mercaptobenzoic Atid,10-phenanthrolin®; 4 2,2'-

bipyriding*” and 2-thenoyiltrifluoroacetonatg.

Herein, we report the formation of surface nitrogpgased chelating heterocycles through

hetero Diels-Alder reaction between the double soma an ethenylene-bridged PMO

5
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and a tetrazine derivative. The presence of digixdéhydropyridazine components
grafted onto the PMO surface as well as the prasierv of the original ordering and
mesoporosity is characterized in detail. An organarganic luminescent hybrid material
is obtained by complexation reaction of Ewompounds, from either a solution of
EuCk-6HO or a solution of [Eu(ttalH20),] complex (tta = 2-

thenoyltrifluoroacetonate), with the resulting dilyl-dinydropyridazine functionalized

ethene-PMO material. The luminescence propertied tfe synthesized materials in the

solid state are discussed.

2. Experimental Section

2.1. Chemicals. Grubb’s # generation catalyst, vinyltriethoxysilane, tridkampolymer
EQ20POrEO20 (Pluronic P123), 1-butanol (>99.7%), hydrochloricida (37%) and
acetone (>99.5%) were purchased from Sigma-Aldrich the synthesis of the
ethenylene-bridged PMO. A tetrazine derivatives-@&-2-pyridyl-1,2,4,5-tetrazine - was
obtained from Sigma-Aldrich to be used as diendterDiels-Alder reaction. Dodecane
(anhydrous, >99%, Sigma-Aldrich) and chloroform fiaran, >99.5%, Carl Roth) were
used as solvents in the chemical modification meceEuropium(lil) chloride
(EuChk-6H20, 99.9%) and methanol were obtained from Sigmaiélidfor the grafting
of lanthanide compounds onto the surface of thésBA&ler adducts. All reactants and

solvents were used as received without furtherfipation.

2.2. Synthetic Procedures. Synthesis of dipyridyl-dihydropyridazine functiamet
ethenylene-bridged PMO (denoted as Dpdp-ePM®@é& parent 100% trans ethenylene-
bridged PMO (ePMO) was synthesized according t@tbeedure reported by Van Der

Voort et al*® The surface Diels-Alder reaction of e-PMO with te¥azine derivative as
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diene was carried out following a method alreagorted by our research group in the
formation of surface Diels-Alder adducts on perodnesoporous organosilicis.

Typically, 0.3 g of 100% trans ethenylene-bridgdd@ (ePMO), previously heated

under vacuum at 120°C overnight, was added to &uneiof 0.25 g tetrazine derivative
and 20 ml of dodecane. The resulting mixture waslag an autoclave at 200°C for 11
days. After cooling down, the solid was filteredlaepeatedly washed with chloroform.
In order to remove possible diene physically adsdrimto the pores, the material was
refluxed in chloroform for 8h. After repeating thpsocess twice, it was recovered by
filtration, washed with chloroform and acetone aneéd at 120°C under vacuum. The

nitrogen content on Dpdp-ePMO material was 2.39%.

Synthesis of Dpdp-ePMO material grafted with BEu@énoted as Dpdp-ePMO-Eul|
To prepare the Dpdp-ePMO-EuCinaterial, a certain amount of E4@HO was
dissolved in methanol and then Dpdp-ePMO was atléus solution. The molar ratio
of EuCk- 6H0O: Dpdp-ePMO was 4 : 1. The total volume was appnately 20 mL. The
mixture was stirred and heated on a heating blo&R@°C for 24h. After the product had
cooled down it was filtered and washed three timéh methanol to guarantee the

removal of physisorbed Eu€£6H0 salt. Afterwards it was dried at 120°C under veacu

Synthesis of Dpdp-ePMO material grafted with EgQfti@omplex (denoted as Dpdp-
ePMO-Eu(ttag). For the preparation of the Dpdp-ePMO-Eugttaaterial first the Eu-

(tta)s complex was prepared according to a literaturecguare’® 5! The obtained

complex was characterized as a dihydrate [Ed(Ha]):] by elemental analysis
(calculated: 33.87% C, 15.03% O, 1.89% H; found93% C, 14.88% O, 2.10% H). A
certain amount of the previously prepared [Euftté)O)2] complex was dissolved in
methanol and then Dpdp-ePMO was added to thisisnludlso in this case the molar

ratio of [Eu(ttaj(H20).] : Dpdp-ePMO was 4 : 1. The total volume was appnately

7
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20 mL. The mixture was stirred and heated for 24k beating block at 120°C. After the
product had cooled down it was filtered and wastiede times with methanol to
guarantee the complete removal of physisorbed &aetinplex. Afterwards it was dried

at 120°C under vacuum.

2.3. Characterization. Powder X-Ray diffraction (PXRD) patterns wereaeted with
an ARL X 'TRA Diffractometer (Thermo Scientific) ugj Cu Ku radiation (40 kV and
30 mA). Nitrogen adsorption-desorption isothermsreveneasured by using a
Micromeritics TriStar 3000 analyzer at -196°C. Baenples were vacuum dried for 24h
at 120°C before the measurements. Surface areasocakulated using the Brunauer-
Emmett-Tellet (BET) method. Pore size distributiovere obtained by analysis of the
desorption branch of the isotherms using the Badmtner-Halenda (BJH) method.
Diffuse reflectance infrared Fourier Transform (IBPR) spectroscopy was performed on
a Perkin-Elmer 2000 FTIR spectrometer. The samms teated in situ from room
temperature to 120°C under vacuum in a diffuseectdhce environmental chamber
(Harrick) connected to a temperature controllere ¥##¢ MAS NMR spectra were
recorded at 100.61 MHz on a Bruker AVANCE-400 WBRldthannel NMR spectrometer
at room temperature. An overall of 1000 free insucdecays were accumulated. The
excitation pulse and recycle time wereu$ and 2s. Chemical shifts were measured
relative to tetramethylsilane standard. All samplese dried at 150°C for 24h prior to
analysis. Elemental analysis (CHNS) was performed @dhermo Flash 2000 elemental

analyzer by using 305 as catalyst.

Luminescence measuremenBhotoluminescence measurements were done on an
Edinburgh Instruments FLSP920 UV-vis-NIR spectrofimeter, using a 450W xenon
lamp as the steady state excitation source andvaahtatsu R928P PMT detector, which

has a response curve between 200 and 900 nm. Lsceimee decay times were recorded

8



Page 9 of 27

Journal of Materials Chemistry C

using a 60W pulsed Xe lamp, operating at a frequesfc100 Hz. All steady-state
measurements were carried out at a step size af.IThe steady-state luminescence
measurements presented in this manuscript wererpestl at room temperature. In order
to compare the measurements the same amounts ofepowere used as well as the
same settings for each measurement (same stegizsliand dwell time). The CIE color
coordinates, as well as color temperatures, weceleded using the ColorCalculater 4.97
freeware program provided by Osram Sylvania.

All presented emission spectra have been corréatetbtector sensitivity. The excitation
spectra have not been corrected for Xe-lamp spectiuthe spectrum is corrected the
short wavelength part of the spectrum (below 26Qisrlown out of proportion, because
the Xe-lamp has hardly any intensity at these wengths and as a result, the correction

overcompensates.

3. Results and Discussion

The formation of surface dipyridyl-dihydropyridaeirunits on an ethenylene-bridged
PMO material (ePMO) was achieved by Diels-Alderlogddition between the double
bonds of the PMO (dienophile) and a substitutethzéte (dieney? °3 The resulting
material (Dpdp-ePMO) was used as a hybrid host maht®r lanthanide complexes,
more specifically, of two europium compounds - Eu&@id [Eu(ttag(H20)2] -, giving
rise to novel luminescent lanthanide hybrid mater{®pdp-ePMO-EuGland Dpdp-

ePMO-Eu(ttag) (Scheme 1).
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Scheme 1. Synthetic procedure for the formation of the sctefdiels-Alder adducts

(Dpdp-ePMO), and predicted structure of the resglibrganic-inorganic luminescent

hybrid mesoporous materials Dpdp-ePMO-Euid Dpdp-ePMO-Eu(tta)

3.1. Dipyridyl-dihydropyridazine functionalized parent material (Dpdp-ePMO).

The powder X-ray diffraction analysis performededMO and Dpdp-ePMO are shown

in Figure 1. After Diels-Alder reaction with thern&zine derivative, Dpdp-ePMO exhibits

a strong reflection (100) at low angle &s well as two short second-order reflection peaks

(110) and (200), typical of materials with a hexagoarrangement of uniform pores.

Compared with the X-ray diffraction pattern of fherent material (ePMO), that of Dpdp-

ePMO is nearly unchanged, indicating that the @d&exagonal mesostructure (P6mm)

is retained after the hetero Diels-Alder reactiblowever, a small shift in the first

10



Page 11 of 27

Journal of Materials Chemistry C

reflection peak to a higher incidence angle isrtyezbserved in the sample Dpdp-ePMO.
The resulting decrease in the d-spacing value, ®dihto 8.54, suggests that there is a

small shrinkage of the silicate network as consege®f the long thermal treatment used

in the functionalization process (200°C for 11 days

(110) (200)
Dpdp-ePMO-Eu(tta),

Intensity (a.u.)

7

Dpdp-ePMO-EuCl,

Dpdp-ePMO

ePMO

[ [

20 (degree)

Figure 1. Powder X-ray diffraction patterns of ePMO, DpdgveP, Dpdp-ePMO-EuGl
and Dpdp-ePMO-Eu(tta)

The N> adsorption/desorption isotherms of ePMO and Dgelgl@ are shown in Figure
2. Both samples exhibit type IV isotherms with Hpd hysteresis loops at relative

pressures in the range of 0.4 — 0.8, characteon$twesoporous materials with uniform

11
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mesopores. The BET surface aregethy pore volume (V), pore diameter (d) and wall
thickness (t) are summarized in Table 1. It caclbarly seen that the surface area, pore
volume and pore size are smaller after the formatidhe Diels-Alder adduct. ThesS,

the pore volume and pore size decrease from §3@0.92 cni g'and 6.3A for the
parent material to 448 frg?, 0.58 cni g* and 5.1A for Dpdp-ePMO, respectively.
However, a slight increase in the pore wall thidané) is observed due to the occupied
volume by the surface organic groups. Thus, theselts confirm the phenomenon of
surface decoration inside the pores of the ePMCemahtwith Diels-Alder adducts,

previously observed in studies with other dieffe¥

700

600

500

400

300

200

Volume Adsorbed (cm?g)

T T T T
0,0 0,2 0,4 0,6 0,8 10

Relative pressure (P/P,)

Figure 2. N2 adsorption/desorption isotherms of ePMO (), Dp&8AO &), Dpdp-
ePMO-EuC4 () and Dpdp-ePMO-Eu(ttaje).

12
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Table 1. Structural parametéts

Sample goo (nm)  Sger (MPgY) V (cm’g?) & (m) €(nm)
ePMO 9.1 832 0.92 6.3 4.2
Dpdp-ePMO 8.5 448 0.58 4.8 5.0
Dpdp-ePMO-EuG 8.5 406 0.56 4.8 5.0
Dpdp-ePMO-Eu(tta) 8.5 451 0.60 4.9 4.9

2d100, (100) spacing; g1, BET surface area; V, pore volume; d, pore diamétevall thickness.
b pore size by analysis of the desorption branch.

¢ calculated from @ Dy), wherea, = 2d;,/V3

The presence of the surface Diels-Alder adducbleas confirmed by DRIFT and solid-
state’>C CP/MAS NMR measurements. Figure 3 depicts theADRipectra of ePMO
and Dpdp-ePMO. In the parent material, the ban@929 and 1577 ctare assigned to
=C-H and C=C stretching vibrations, respectiveljiaracteristic of the ethenylene
bridges inside the silica framework. After the Bi&llder reaction with the tetrazine
derivative, the resulting material exhibits somdiadnal vibration bands corresponding
to the new surface adducts. For instance, the k8367 and 1667 chtan be attributed
to =C-H and C=N stretching, respectively. In additicompared to the ePMO material,
the Dpdp-ePMO material exhibits intense signathénregion 1360-1610 chwhich are

characteristic of skeletal vibrations of N-heterd@ycomponents.

13
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=C-H st

Dpdp-ePMO
=C-H st
C=Cst /\/
J ePMO __’\__L/N/“

skeletal
vibrations

Kubelka-Munk

4000 3500 3000 2500 2000 1500

Wavenumber (cm™)

Figure 3. DRIFT spectra of ePMO and Dpdp-ePMO.

The solid-staté*C CP/MAS NMR spectrum of the ePMO material dispthge intense
signal at ca. 147 ppm, corresponding to the etleeeylnits embedded inside the silica
framework. Additional small signals at 17, 71 arfidppm are assigned to the residual
surfactant Pluronic P123 remaining into the mesepqiFigure 4). The successful
formation of the surface Diels-Alder adduct is oWy the presence of new signals in
the aromatic region. These signals are due to ursgatl carbon atoms present in the
surface adduct. In addition, the new upfield sigdat 30 ppm) has been assigned to the
sp® carbons generated during the cycloaddition. Figuilepicts the assignments of these
signals to the carbons of Dpdp-ePMO. Moreover, allssignal at ca. 57 ppm confirms
the presence of the reaction intermediate with W& bonds (see Scheme S1, ESIT).
The tetrazine derivative reacts with the doubledsoof the ePMO in a sequence of a

Diels-Alder reaction followed by retro Diels-Aldegaction. The signal at ca. 57 ppm

14
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disappears from the spectrum of Dpdp-ePMO afteatirent with NaN@>* giving
further evidences of the successful modificatiantigh the Diels-Alder reaction (Figure

S1, ESIT).

*

Dpdp-ePMO

ePMO

2é0 2(I)0 léO l(I)O 5IO (I)
Chemical shift (ppm)
Figure 4. Solid-state®C CP/MAS NMR spectra of ePMO and Dpdp-ePMO.(* spign

sidebands).

3.2. EuCls and [Eu(tta)s(H20)2] bonded to dipyridyl-dihydropyridazine

functionalized PMO. Structural characterization.

The Dpdp-ePMO material was selected as host mhterighe preparation of periodic
mesoporous organosilicas bonded to BUOpdp-ePMO-EuG) and [Eu(ttag(H20)2]
(Dpdp-ePMO-Eu(tta). The powder X-ray diffraction patterns are présdnn Figure 1.

They show three well-resolved diffraction peakshia 2 range of 0.5 — 2, which can be

15
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indexed as the (100), (110) and (200) reflectidres 2D-hexagonal structure. Compared
to the X-ray diffraction pattern of Dpdp-ePMO, tth@s-spacing values of Dpdp-ePMO-
EuCk and Dpdp-ePMO-Eu(tta)were nearly unchanged, indicating that the ordered
hexagonal mesostructure remained intact afterdotimg the E&" compound.

The N adsorption-desorption isotherms of Dpdp-ePMO-Ea@d Dpdp-ePMO-Eu(tta)
are depicted in Figure 2. Both samples display -typeésotherms, characteristic of
mesoporous materials with highly uniform size disttions. The structure data of these
materials (BET surface area, total volume pore po@ size, etc.) are summarized in
Table 1. After linking to the europium compoundstibmaterials maintained the surface

properties of the parent material Dpdp-ePMO.

3.3. Photoluminescence properties of Eu-functionalized Dpdp-ePM O materials.

The excitation and emission spectra of Dpdp-ePM@Qikare presented in Figure 5. The
excitation spectrum consists of a strong broad katida maximum at 302.0 nm, which
can be attributed to the functionalized organiarid. A weak band at around 393.0 nm
can also be detected in the spectrum. It can higrasbsto théls < ‘Fo transition of E&".
When exciting the material at 302.0 nm the charistie emission peaks of Euare
visible in the emission spectrum, as well as a ¢htwend, which partially overlaps these
peaks. This band is due to the functionalized aogligrand; its presence in the emission
spectrum indicates that the energy is not complétahsferred from the organic ligand
to the Ed*ions. The peaks labeled 1-5 have been assignelédtramic transitions in
Table 2. It can be assumed that the observed emissises by sensitizing the Eions
through ther-n* transitions of the antenna ligand, because orlyy weak absorption
bands of europium®f. < ’Fo, °F1 « ‘F1) occur at the corresponding excitation

wavelength.

16
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8 A, =302nm

A =612 nm

Intensity (u.a.)

T T T T T
300 400 500 600 700

Wavelength (nm)
Figure5. Excitation (red line) and emission (blue line) cp& of the Dpdp-ePMO-

EuCkmaterial. The electronic transitions labeled 1-Behbeen assigned in Table 2.

Table 2. Assignment of labeled transitions shown in Figoiand Figure 8.

Label Dpdp-ePMO- Wavelength Energy Dpdp-ePMO- Wavelength Energy Transition

EuCk (nm) (cm?Y)  Eu(ttay (nm) (cmh)
1 578.0 17301 577.0 17331 °Do—'Fo
2 591.0 16920 586.0 17065 °Do—'F1
3 612.0 16340 612.0 16340 °Do—'F>
4 652.0 15337 652.0 15337 °Do—'Fs3
5 702.0 14245 702.0 14245 SDo—"F4

To further investigate this, the Dpdp-ePMO-Eu@hterial was excited at wavelengths
ranging from 250 — 380 nm. No absorption ofEons occurred at some of the chosen
excitation wavelengths, yet Eiemission peaks were observed. This verifies thsguce

of the antenna effect in this material. Figure fidis the emission maps of the Dpdp-
ePMO-EuC4 material excited at different wavelengths. Thefedédnces in emission
intensity when excitation occurs at different wavgjths are clearly visible. However, it

should be noted here that the emission intensishatt excitation wavelengths is most

17
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likely underestimated because of the weak emissiothe Xe-lamp at such short

wavelengths.

Intensity (a.u.)

500 550 600 650 700 750
Wavelength (nm)

Figure 6. Emission maps of Dpdp-ePMO-Eu@iaterial excited at different wavelengths

of the ligand band.

The CIE color coordinates of the sample excitedliierent wavelengths have been
calculated based on the emission spectra datacdodnsatching function issued by CIE
in 1931. When exciting the sample at 302.0 nm it&® yellow-orange color. The CIE
coordinates have been calculated to be x = 0.4082).4236. Usually a material doped
with EU®*ions will emit red light, yet in this case theresagso emission present from
the organic ligand, which added a green-blue cotamponent. Figure S2 shows the
emission spectrum of Dpdp-ePMO-EgQllotted with a rainbow curve to show the
different color components of the material, as \aslthe CIE coordinates projected on to
a CIE chromaticity diagram. The change in CIE caloordinates upon excitation at

different wavelengths has been presented in TablgESIT). As can be seen, there was
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only a very slight change in the x and y coordiaa@® well as the color temperature (CCT
- the color temperature, expressed in Kelvin degreelicates the tone of a specific light
source).

The luminescence decay curve of Dpdp-ePMO-Ew@ls measured when excited at
302.0 nm and monitored at 612.0 nm. The decay afrthee Dpdp-ePMO-Eu@material
could be well fitted only when using a double-exgotnal function (Figure S3, ESIT).
The lifetimes were calculated to he= 105 (in 82%) ps antk = 466 pus (in 18%),
indicating that the Eli ions are located in two different environmentdtia obtained
hybrid materiaf® > The lifetime of Ed" for Dpdp-ePMO-EuGl was calculated as
average lifetimet,)®® yielding a value of 24fis. From the resulting lifetime data shown
in Table 3, we can discern that the average lifesirof the pure Eugbptz complex
(Figure S4, ESIT) and the hybrid material are gsineilar.

Table 3. Luminescent decay times of mesoporous materials.

11 (Ms)/(%) 2 (Ms)/ tav(Ms) | q (%Y
(%)
EuCkbptZ 0.239 - 0239 | -
Dpdp-ePMO-EuG 0.105/82 0.466/18 0.241 1.9+0.2
Eu(ttaybptZ 0.476 - 0476 | -
Dpdp-ePMO-Eu(tta) | 0.181/77 0.594/23 0.385 | 7.520.8

2EuCkbptz and Eu(itapptz were synthesize following the procedure friaardture?” The decay curves
for both pure complexes are well-fitted by a singt@onential function.
bemission quantum yield

Moreover, a complex of Btiwith tta ligands has been prepared and grafted th&o
Dpdp-ePMO material to investigate the luminescembe.tta ligand was chosen because

it is known to be a very effective antenna ligaadEu** ions.
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The excitation and emission spectra of Dpdp-ePMQt&kl are represented in Figure 7.
The excitation spectrum consists of a strong biwatd with a maximum at 298.0 nm
which can be attributed to the organic ligands.oAdsvery weak Elf peak is visible at
around 396.0 nm and can be assigned telLthe- ‘Fo transition. In the emission spectrum
the characteristiéDo— 'Fn (n = 0-4) transitions are present (see Table QoA broad
band, which partially overlapped with the ¥peaks is present, but it is significantly
weaker than in the case of Dpdp-ePMO-EuThis most likely suggests that in the Dpdp-
ePMO-Eu(ttag material, a more efficient energy transfer océtom the organic ligands
to the Ed*ions than in the Dpdp-ePMO-Eughaterial. In both materials (Dpdp-ePMO-
EuCkand Dpdp-ePMO-Eu(ttg)) based on the observation thate-'F. transitions are
dominant compared to tRBo-'F; transitions, it can be stated that the europiuns re

located in sites without inversion symmetry.

Ay =302 nm

Agm= 612 nm

Intensity (a.u.)

T T T T T
300 400 500 600 700

Wavelength (nm)

Figure 7. Excitation (red line) and emission (blue line) &p& of Dpdp-ePMO-Eu(tta)

The electronic transitions labeled 1-5 have beeigasd in Table 2.

The Dpdp-ePMO-Eu(tta)material was also excited at wavelengths rangiog 250 —

380 nm and the emission spectrum, as well as Coedamates and CCT (correlated color

20
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temperature) were investigated. Figure 8 depi@sthission maps of the Dpdp-ePMO-
Eu(ttap material excited at different wavelengths. Thdéedé@nces in emission intensity
when excitation occurs at different wavelengths banclearly seen. Also here, the

intensity at short wavelengths is most likely ursdéimated.

Intensity (a.u.)

500 550 600 650 700 750
Wavelength (nm)

Figure 8. Emission maps of Dpdp-ePMO-Eu(tanaterial excited at different

wavelengths of the ligand band.

When exciting the sample at 298.0 nm, it emitsddaaange color (compared to a yellow-
orange color for the Dpdp-ePMO-EuQ@haterial) (see Figure S5). The CIE coordinates
have been calculated to be x = 0.4945, y = 0.48H&.change in CIE color coordinates
upon excitation at different wavelengths has beesgnted in Table S2 (ESIT). In this
case, there is a more significant change in thedxyacoordinates, as well as the CCT of
the sample when exciting at different waveleng8mme of the coordinates have also
been shown on the CIE diagram in Figure 9 to shmxchange of emitted light when the

sample was excited at different wavelengths.
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09
1-250 nm exc.

2 - 298 nm exc.
3 -380 nm exc.

460"
0.0 0.1 380 0.2 03 0.4 0.5 0.6 0.7 08

X
Figure 9. CIE color coordinates diagram presenting the agprate coordinates when
Dpdp-ePMO-Eu(tta)sample is excited at different wavelengths: 250 2868 nm, and
380 nm. A change in color of the emitted light dftedent excitation wavelengths can be
observed (CIE coordinates for other excitation evgths have been omitted for

clarity).

The luminescence decay curve of Dpdp-ePMO-Eu(its been measured when exciting
at 298.0 nm and monitoring at 612.0 nm. The decayecof the Dpdp-ePMO-Eu(tta)
material could be well fitted only when using a bimiexponential function (see Figure
S6, ESIT). The lifetimes have been calculated ta be0.181 (in 77%) ms and = 0.594
ms (in 23%). The presence of two lifetimes in ttBse also suggests that theé"'Hons

are located in two different coordination enviromise The corresponding average
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lifetime tavin Dpdp-ePMO-Eu(tta)material is 0.385 ms. For comparison, the decayecur
of the pure Eu(ttapptz complex exhibits a single exponential profii¢h a lifetime of
0.476 ms (Figure S7, ESItT and Table 3). The shdifegime of Dpdp-ePMO-Eu(tta)
compared with that of pure complex Eu@#bptz, can be due to a possible quenching by
the O-H in the silanol groups of the PMO matrixhiybrid materials. However, Dpdp-
ePMO-Eu(ttagshows a longer lifetime than Dpdp-ePMO-Es@hich indicates that the
B-diketone (tta) is a more efficient sensitizer, evhican replace part of the water
molecules coordinated to the ¥dons, improving the luminescent properties of the
resulting hybrid material. In addition, Dpdp-ePM@{&a)k exhibited a quantum yield
value of 7.5 £ 0.1, much higher than that obtaifeedpdp-ePMO-EuGl The quantum
yield value of the Dpdp-ePMO-Eu(ttemample is comparable with the value reported by
Biju et al#8In that work a 4,4’-biphenylene-bridged mesoporoaugmnosilica framework
functionalized with 2-thenoyltrifluoroacetone to mi lanthanide ions are bonded is
reported. For the Eu-PMO material they reportediantum yield of 7.7%, so perfectly
comparable to the value found for our materialti@best of our knowledge this is one

of the few papers where the absolute quantum wieldEu-PMO material is reported.

Conclusions

In summary, a new nitrogen-chelating heterocycbmpound has been successfully
incorporated on the surface of an ethenylene-bdqgiodic mesoporous organosilica
through a hetero Diels-Alder reaction. Its completaracterization by powder X-ray
diffraction, DRIFT, N adsorption-desorption atdC NMR confirmed the formation of
these surface Diels-Alder adducts as well as thegovation of the ordered mesostructure

of the parent material. The resulting material welected as a hybrid host material for
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Eu** compounds. Thus, two novel organic-inorganic mesmys luminescent hybrid
materials were prepared by bonding the Eu-compo(EuSk- 6H0 or [Eu(tta)(H20)2])

to ethene-PMO functionalized with dipyridyl-dihygridazine moieties. Both resulting
materials - Dpdp-ePMO-Eug&and Eu Dpdp-ePMO-Eu(tta) showed the characteristics
emission peaks of EBtiin the emission spectrum. Nevertheless, the nfticiemt energy
transfer in the Dpdp-ePMO-Eu(ttapuggests that the surface Diels-Alder adducts
(dipyridyl-dihydropyridazine moieties) along withe sensitizing-diketone (tta) ligands

can act as feasible antenna ligands to sensitizEH ions.
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Graphical abstract
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Two novel organic-inorganic luminescent hybrid materials have been obtained by linking of

Eu’" compounds to an ethene-PMO functionalized with dipyridyl-dihydropyridazine.



