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Luminescent lonogels Based on Europium-Doped lonic Liquids
Confined within Silica-Derived Networks
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Luminescent ionogels were prepared by doping an europium(lll) tetfalliketonate complex into
an imidazolium ionic liquid, followed by immobilization of the ionic liquid by confinement in a silica
network. The ionogels were obtained by a non-hydrolytic method as perfect monoliths featuring both the
transparency of silica and the ionic conductivity performances of ionic liquids. The ionogels contain 80
vol % of ionic liquid. The organieinorganic hybrid materials showed a very intense red photolumi-
nescence under ultraviolet irradiation. The red emission has a very high coloric purity.

Introduction liquids as advanced materials is in most cases hampered by
their liquid state. Accordingly, besides studies on ionic liquid
crystalst®** much research is currently devoted to im-
mobilizing ionic liquids. Immobilization of ionic liquids by

an organogelator could offer a solution, but these physical
ionogelssuffer from poor mechanical strength” Another
strategy involves the immobilization of the ionic liquid within

or other solvents, thus forming a new class of “green” polymer membranes, by polymerization of monomers in the
L . . . - 18 _ . . . .
solvents, which considerably broadens the range of biphas;ic!cm!C I.|qu.|d, Cross I|pk|ng of a polymer d|§solyeq n the
onic liquid,*® or swelling a polymer with the ionic liquiéP

systems available in catalysis (especially transition metal ! ! _ 2
catalysis)-7 Other ways consist of immobilizing ionic liquids as adsorbed

lonic liquids are also known as high performance elec- films on porous solids, as silica particls?3 or in confining
i icli i ithi ili 1 1 i ,25
trolytes (in relation to their high ionic conductivity and wide |orr]1|cll|qwds W'thr']n S'I'ﬁa matrices via sﬁgel pro'(I:.e.ssmé‘.‘l
electrochemical stability window), widely used in electro- '€ latter way has the advantage of immobilizing a larger
chemical devices as solar cellsSome recent studies have ~2mount of ionic liquid and meeting the transparency required
highlighted the interest of ionic liquids in photochemistry for optical applications. Unfortunately hydrolytic segel

and spectroscop¥: 12 However, the development of ionic methods failed in producing reproducible monoliths. Com-
posite ionic liquid based materials were prepared by coupling

a trimethoxysilane group via a covalent linker to an imida-

The current strong research interest in room-temperature
ionic liquids is related to their tunable properties, as the
choice of the catiorranion combination permits the ionic
liquid to be suitably tailored for one specific task. Particu-
larly, ionic liquids can be made, nonflammable, stable at
temperatures higher than 300, miscible or not with water
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zolium ring, followed by hydrolysis in an acidic aqueous
solution?6:27

Recently, newionogelshave been obtained by a non-
hydrolytic method as perfect monoliths featuring both the
transparency of silica and the outstanding ionic conductivity
performances of the ionic liquid, despite the nanometer scale
of confinement®2° They could be made completely stable
in water and in numerous organic solvents, in which they
could be immersed without damage for monthsloreover
the ability to easily shape the ionogels provides an attractive
versatility to prepare coatings, rods or pellets, making it
possible to implement optical devices. Particularly these ionic
conductor materials are excellent candidates for the desig
of electroluminescent devices.

In this paper, we report on the luminescent ionogels based
on an immobilized imidazolium ionic liquid doped with a
europium(lll) g-diketonate complex. This type of lumino-
phore was chosen because europiumfHliketonates are
excellent luminescent materia®%3’ To the best of our
knowledge, this is the first time that luminophores were
incorporated into inorganic-organic hybrid materials contain-
ing large quantities of ionic liquids. Luminescence spectra
of ruthenium complexes in ionic liquids confined within a

silica network have been reported, but these ruthenium-doped

materials have been developed as solid electrolytes for dye
sensitized solar cells and not as luminescent hybrid materi-
als38

Results and Discussion

The ionic liquid used to prepare the ionogel was 1-hexyl-
3-methylimidazolium  bis(trifluoromethylsulfonyl)imide,
[Cemim][Tf,N]. In order to have a europium(lij-diketonate
complex with a good solubility in the ionic liquid matrix,
we designed a new anionic europium(lll) complex with the
same cation as the ionic liquid: 1-hexyl-3-methylimidazo-
lium tetrakis(naphthoyltrifluoroacetonato)europate(lll) (Fig-
ure 1). In principle other 1-alkyl-3-methylimidazolium ions
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Figure 1. Molecular structure of the Iluminescent europium(lil)

complex 1-hexyl-3-methylimidazolium tetrakis(naphthoyltrifluoroacetonato)-
europate(lll).

Figure 2. Luminescence of europium(lil)-doped ionogel under ultraviolet
irradiation.

could have been used without altering the properties of the
system drastically. The naphthoyltrifluoroacetonate ligand
is known to be a very efficient sensitizer of europium(lll)-
centered luminescenée.

In order to avoid decomposition of the europium(lll)
complex during the non-hydrolytic seyel processing, which
involves the use of formic acid, a three-step workup was
carried out. First a monolith ionogel was prepared from the
undoped [Gmim][Tf,N] ionic liquid. In a second step, the
ionic liquid was replaced in the ionogel by acetonitrile, and
finally the acetonitrile contained in the porous network was
replaced by the europium(lll)-doped ionic liquid. The
resulting material was crack-free, fully transparent, and
colorless, quite similar to the initial ionogel. It is noteworthy
that this solid contained 80 vol % of ionic liquid.

The europium(lll)-doped ionogel showed an intense red
photoluminescence when irradiated with UV radiation (Fig-
ure 2). In Table 1, an overview of the different transitions
observed in the luminescence spectrum of the europium(lll)-
doped ionogel are summariz&d# Although the lumines-
cence spectrum consists of different lines of IBg — 7F;
multiplet J = 0—6), the very intenseDo — ’F;, line at 16 353
cm*(611.5 nm) dominates the spectrum, and this lumines-
cence line is responsible for the red luminescence color
(Figure 3). The intensity ratio of th#, — “F; line to that
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Table 1. Summary of the Lines Observed in the Luminescence
Spectrum of the Europium(lll)-Doped lonogel

wave-  wave-

line transition  number length intensity branching
assignment mechanisfhi  (cm™Y)  (nm) (a.u.p  ratio (%Ff
5Do— "Fo ED 17256  579.5 5 ~0
Do — "F1 MD 16849  593.5 100 4
Do— "R, ED 16353 6115 2155 87
5Do— "F3 ED 15349  651.5 60 3
Do—"Fa ED 14235 7025 135
5Do— "Fs ED 13324 7505 5 ~0
5Do— "Fs ED 12338 810.5 20 1

aED = forced electric dipole transition; MB- magnetic dipole transition.

Chem. Mater., Vol. 18, No. 24, BZXI&E

small changes in the local environment of the lanthanide(lll)
ion. Although no crystal structure is available for the eight-
coordinate europium(lll) compound considered in this study,
the high intensity of théDy — “F, line indicates that the
actual coordination polyhedron will be closer to a dodeca-
hedron or a bicapped trigonal prism than to a square
antiprism (these three are the ideal coordination polyhedra
for coordination number eight}.Indeed, it can be theoreti-
cally shown that neD, — ’F; lines are expected for a
europium(lll) ion in a square antiprismatic environmeDiy(
symmetry) or only weak lines in a distorted square antipris-

b Integrated intensities in arbitrary units, but normalized so that the intensity matic environment, symmetry), whereas th, — F,

of the ®Dg — 7F; line is set equal to 10G.The branching ratio gives the

contribution (in %) of a given line to the total luminescence intensity. The

sum of the branching ratios is 100%.
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Figure 3. Luminescence spectrum of the europium(lll)-doped ionogel at
room temperature. The excitation wavelength was 360 nm. The assignment

of the lines is as follows: (HDo — "Fo; (b) Do — 7Fy; (€) Do — "F; (d)
5Do i 7F3; (e) 5Do nd 7F4; (f) 5Do i 7F5 and (g)sDo nd 7F6.

of the 5Dy — "F; line, I(®Do — "F)/I(°Do — Fy), is 21.6.

line will be much more intense for a europium(lil) ion in a
dodecahedral environmerid{s symmetry) or in a bicapped
trigonal prismatic environmentg,).*>*¢ The luminescence
decay time of théDg level is 0.52 ms. The decay curve was
found to be mono-exponential. These data, in combination
with the observation of only one major component for the
Do — "Ry line, are evidence for a single, rather well-defined
europium(lll) site in the ionogel. Next in intensity to the
Do — 'F; line is the®Dy — "F4 line. This line does not
significantly contribute to the observed luminescence color,
because it is much weaker than thig, — “F, line and
because this line is lying at the border of the visible spectral
region. The®Dy — 7F3 and®Dy — “Fs lines are very weak
because they are forbidden by the selection rules of forced
electric dipole transitions. Th#, — “F; line is weak, and
moreover it is situated in the near-infrared region.

In order to investigate the influence of the confinement
of the ionic liquid in the pores of the silica host matrix on
the structure of the europium(lll) complex, the high-
resolution luminescence spectrum of the europium(lll)
complex in the ionogel was compared to the high lumines-
cence spectra of the europium(lll) complex dissolved in the
ionic liquid and of the europium(lll) complex in powder form
(Figure 4). No differences in crystal-field fine structure or
in relative intensities could be observed for the spectra
recorded on the ionogel or on the ionic liquid. This indicates
that confinement of the europium(lil)-doped ionic liquid in

Moreover, 87% of the luminescence light output is emitted ¢ gjjica network has negligible influence on the structure

via the 5Dy — “F, line. These results show that the
luminescence light of the europium(lll)-doped ionogel is of
a high monochromatic purity. An inten8By — 7F; line is
typical for europium(lll) 5-diketonate complexes, but an
1(°Do — "F2)/1(°Do — 7Fy) intensity ratio of more than 20 is
exceptionaf? Notice that the magnetic dipole transitielo

— 7F, is taken as a standard transition, because the intensityyt the
of a magnetic dipole is to a large extent independent of the

local environment of the europium(lll) iof3:*3On the other
hand, the®Dy — ’F, line is a so-called “hypersensitive
transition”#* Hypersensitive transitions are forced electric

of the europium(lll) complex. Comparison of the lumines-
cence spectra of the solid europium(lll) complex and of the
europium(lll) complex dissolved in the ionic liquid shows
that the coordination sphere of the europium(lll) remains
intact upon dissolving it in the ionic liquid. However,
differences were observed for the luminescence decay time
5Dy excited-state of europium(lll). The decay time is
appreciably shorter in the solid sample (bi-exponential decay
with an average decay time of 0.35 ms) than in the ionic
liquid (mono-exponential decay 0.55 ms) or in the ionogel
(mono-exponential decay, 0.52 ms). The smaller intermetallic

dipole transmons_t_hat follow the selection ruIe; _of electric jistances leading to interaction between two close europium-
quadrupole transitions and that are very sensitive 0 even )y sites are a possible explanation for the different behavior

(42) Galler-Walrand, C.; Fluyt, L.; Ceulemans, A.; Carnall, W.JI.Chem.
Phys.1991, 95, 3099-3106.

(43) Werts, M. H. V.; Jukes, R. T. F.; Verhoeven, J. Miys. Chem. Chem.
Phys.2002 4, 1542-1548.

(44) Galler-Walrand, C.; Binnemans, K. Spectral intensities of f-f transi-
tions. In Handbook on the Physics and Chemistry of Rare Earths
Gschneidner, K. A., Jr., Eyring, L., Eds.; Elsevier: Amsterdam, 1998;
Vol. 25, Chapter 167, pp 161264.

in the solid state. The concentration of europium(lll) in the

samples was varied, but this variation had only a minor effect
on the luminescence intensity. Although the lanthanide
B-diketonates suffer from a poor photostability in solutién,

(45) Thompson, L. C.; Kuo, S. @norg. Chim. Actal988 149, 305-306.
(46) Blasse, Glnorg. Chim. Actal988 142 153-154.
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Wavelength (nm) luminescence decay times are similar in the ionogel and in
560 580 600 620 640 660 680 700 720 740 the ionic liquid, it can be expected that the quantum yield
ot T of the europium(lll)-doped ionogel is similar to that of the
europium(lll)-doped ionic liquid. This approximation is
justified since more than 80% of the ionogel consists of ionic
liquid.

The emission color of the ionogel can be tuned by a proper
choice of the trivalent lanthanide idh.In this study, the
emission color was red due to the europium(lll) ion. Green
emission colors can be expected for terbium(lll) complexes,
althoughg-diketonates are not the best choice of ligands to
sensitize terbium(lll) luminescence and carboxylate ligands
will be preferable. In principle, thulium(lll) should emit blue
light, but here one should also realize that the imidazolium
cation can also show blue fluorescence. Luminescence by

the lanthanide(lll) ions is not restricted to visible light
18000 17500 17000 16500 16000 15500 15000 14500 14000 13500 emission, since lanthanide(lll) ions like neodymium(ill),
erbium(lll), or ytterbium(lll) are well-known for their near-
e 4 C ) e high \ution lumi e of th infrared emission. It was shown by some of us that ionic
Fiure  ompanieon of theghesolton Luminescence spects o quids are an excellent solvent for near-infrared emitting
wavelength is 360 nm): |: ionogel; II: dissolved in ionic liquid; Ill: solid  lanthanide complexes, so one can expect that ionogels could
compound. exhibit near-infrared luminescence by doping with a suitable

N . ) ) lanthanide(lll) complex?-52
no deterioration of the europium(lll) complex in the ionogels

when exposed to daylight was detected. This is in agreement
with our earlier observation that lanthanigiediketonate
complexes dissolved in an ionic liquid have an improved Photoluminescence spectra in the visible region have been
photostability in comparison with the same complexes recorded on an Edinburgh Instruments FS900 spectrofluorimeter.
dissolved in conventional molecular solveft3he quantum  This instrument is equipped with a xenon arc lamp, a microsecond
yield (i.e., the ratio between the number of photons emitted flash lamp (pulse length: 2s) and a red-sensitive photomultiplier
and the number of photons absorbed) of the complex (300—-850 nm). The Iumi_nescence spectra in the infrared region
dissolved in the ionic liquid was determined relative to were measured onan Edinburgh Instruments FS920_P n_ear-mfrared
1,10-phenanthroline tris(2-thenoyltrifluoroacetonate) eu- spectrometer, V\."th a 450 W xenon lamp as the excitation source,
ropium(Ill) dissolved inN,N-dimethylformamide. The ab- a double excitation monochromator (1800 lines Thnan emission

solute quantum yield of this reference complex is 36%8% monochromator (600 fines mrh) and a liquid nirogen cooled
a y p 270- Hamamatsu R5509-72 near-infrared photomultiplier tube. All

The absorbance of our reference solution (at 340 nm, beingphotoluminescence spectra have been recorded at room temperature.
the excitation wavelength) was adjusted by dilution to the The sample compartment can be equipped with an integrating sphere
same absorbance as our samples, and the differences igoated with BaS@for quantum yield measurements.

refractive indices were taken into account. The absolute The ionic liquid 1-hexyl-3-methylimidazolium bromide,
quantum vyield of 1-hexyl-3-methylimidazolium tetrakis- [Csmim][Br], has been prepared as described previotisije ionic
(naphthoyltrifluoroacetonato)europate(lll) in both the pure liquid 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
[Cemim][Tf,N] and the ionogel was determined to bes3  imide, [Cmim][Tf:N], was synthesized from ghim][Br] by a

5%. A direct measurement of the quantum vyield in the metathesis reaction between lithium bis(trifluoromethylsulfonyl)-

ionogel was not possible because our integrating sphere wad™ide and [@Gmim][Br].* The resulting ionic liquid was washed
%everal times with aliquots of water (20 mL) until bromide residues

not adapted to the size c_)f the sample and because the shapCould n0 longer be detected by the Agh@st *H NMR (300 MHz,
of the sample was very different from the shape of the cuvette CDCls, 20 °C, TMS): & = 8.71 (s, 1H), 7.33 (dJ = 1.83 Hz
with the reference solution. This might introduce large 1H), 732 (d,\]'= 1.83 Hz, 1H), 416 © 27 Hz, 2H), 3.93 (é,
differences in the absorption, emission, and scattering makingzy) 1.86 (m,J = 6.39 Hz, 2H), 1.31 (m, 6H), 0.88 (§, = 6.39
the measurement erroneous. However, the quantum yield caryz, 3H).

also be defined a® = texfTrae, the ratio between the

I_um_inescence _decay timg,, and the ra_diative (Or_natural? (49) Driesen, K.; Nockemann, P.; Binnemans,Ghem. Phys. LetR004
lifetime 7,4 Given the fact that the high-resolution lumi- 395, 306-310.

FgH ; 50) Arenz, S.; Babai, A.; Binnemans, K.; Driesen, K.; Giernoth, R.;
nescence spectra indicate that the environment around thd Mudring, A. V.; Nockemann, PChem. Phys. Let2005 402, 75—

europium(lll) complex in the ionogel is similar to that in 79.

the ionic liquid (see Figure 4) and given the fact that the (51) Mudring, A. V.; Babai, A.; Arenz, S.; Giernoth, R.; Binnemans, K.;
Driesen, K.; Nockemann, B. Alloys Compds2006 418 202—-206.

(52) Puntus, L. N.; Schenk, K. J.;"Bali, J.-C. G.Eur. J. Inorg. Chem.

Intensity (a.u.)

Wavenumber (cm™)

Experimental Section

(47) Nockemann, P.; Beurer, E.; Driesen, K.; Van Deun, R.; Van Hecke, 2005 4739-4744.
K.; Van Meervelt, L.; Binnemans, KChem. Commur2005 4354 (53) Nockemann, P.; Binnemans, K.; Driesen,Ghem. Phys. LetR005
4356. 415 131-136.

(48) Filipescu, N.; Mushrush, G. W.; Hurt, C. R.; McAvory, Nature (54) Bonhae, P.; Dias, A. P.; Papageorgiou, N.; Kalyanasundaram, K.;

1966 211, 960. Gréazel, M. Inorg. Chem.1996 35, 1168-1178.
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The europium(lll) complex has been prepared by first dissolving immobilization of the complexes by covalent linking to the
0.72 g of 2-naphthoyltrifluoroacetone (6 equiv) in ethanol and sijlica network3>%2 and it expands the types of known
deprotonating this with an aqueous solution of NaOH at’60 functional hybrid organieinorganic nanocomposité%:65
followed by the addition of 0.17 g of the ionic liquid {@im][Br] The luminescent ionogels offer the advantages over other
(1.5 equiv) in ethanol and by the dropwise addition of 0.16 g of |, inescent organieinorganic hybrid materials that these
EuCk-6H,0 (1 equiv) in water. The solution was left to stir and solids are made of 80 vol % of ionic liquid and exhibit a
cool down to room temperature overnight. A yellowish precipitate high ionic conductivity?®-3* The combination of lumines-

of the complex was formed. The product has been filtered and o . . .
washed with ice water as well as dried in a vacuum atG0Anal. cence and ionic conductivity properties of these materials

Caled. for GeHsiN-OgF1,Eu(H,0): C, 56.70; H 3.82; N, 2.00.  deserves further exploration.
Found: C, 56.64; H, 3.68; N, 1.48.

Europium(lll)-doped [Gmim][Tf,N] ionic liquid samples were Acknowledgment. K.L. (research assistant) and K.D. (post-
prepared as followed: 0.0069 g of the europium(lll) complex was doctoral fellow) thank the F.W.O.-Flanders (Belgium) for
mixed with 25 mL of dichloromethane. Then, three solutions, with financial support. This project was supported by the F.W.O.-
different concentrations in the europium(lll) complex (0.0004, Flanders (Project No. G.0117.03), by the K.U.Leuven (Project
0.00025, and 0.00015 mol/L), were made by dilution into 1.52 g No. GOA 03/03 and Project No. IDO/05/005) and by the 2005
of [Cemim][Tf2N]. post-doctorate fellowships program of CNRS (France).
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