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Abstract

Mixed systems with Eu(llIB-diketonates as optically active guest speciesnagsbporous
silicas MCM-41 as a host matrix have been invetalhe grafting of europium(lll) onto the
inner walls of unmodified MCM-41 has been achiestatting from Eu(thd)(thd = 2,2,6,6-

tetramethyl-3,5-heptanedionate), using two roukes:impregnation (WI) at room temperature,
and chemical vapour infiltration (CVI) at 185 °@.received hybrids, denoted Eu(ti@MCM-

41, the same maximum yield [Eu]/[Si] = 8.2 at% eerage has been achieved with either
methods. The molar ratio= [thd]/[Eu] is 0.6 on average for WI samples, dnsl for CVI

samples. In the latter, higher contents in thd camspte lower contents in silanols with respect to
the former. Rationalizing the possible bonds exgedmat the silica surface leads to a great
diversity of possible co-ordination schemes acegydo the expressioh[Si(OH), .

[(O).Eu(thd), ] (where}’ means that surface species are considered). Cptmr®neutral

ligands phenanthroline (phen) or bipyridine (bipgve been added to induce efficienfEu
luminescence under 270-280 nm excitation, via tteraa effect. For the most favourable case,
(phenzlEu(thd)(@MCM-M, the emission intensity at 612 nm undeiitakon at 270 nm is 2/3

that for the genuine heteroleptic complex Eu({(en). Moreover the hybrid material is stable
up to 440 °C.

Keywords: Hybrid materials; MCM-41; Grafting; Europium(lllY/et impregnation; Chemical
vapour infiltration; Luminescence
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1. Introduction

The grafting of metal complexes onto the inner svafimesoporous silica SIMCM-41 (hereafter
abbreviated MCM-41) has been widely investigatedinty to prepare precursor compounds
subsequently transformed into inorganic materiglthermal treatment, most often for the
purpose of application in catalysis. Several revagticles treat of surface modifications in
mesoporous silica [1gnd_[2] As stated by Trong On et al. [2he fixation of metal complexes
onto the inner walls of mesoporous silica can bedocted using three approaches: (i) the direct
grafting by reaction with surface silanol groups;the indirect grafting consisting in the
functionalization of the silanol groups with silac@upling agents followed by the anchoring of
metal complexes to the surface; (iii) the ship-ibedtle immobilization of metal complexes.
Concerning rare-earth cations derivatives, lanthaeantaining mixed oxide clusters were
formed in Cs-MCM-41 by Kloetstra et al. [3perstberger et al. have investigated yttrium pulk
complexes grafted into mesoporous silicadAg§l_[5]by surface organometallic chemistry.

Europium(lll) is a widely used red-emitting catitnmineral matrices or as inorganic complexes,
in the solid state and in solution. Efficient radission under excitation in the near UV-blue
range (300—480 nm) is achieved only for some euroflil) complexes. Organic chromophore
molecules often have high absorption cross-sectrotiss range. It has long been observed that
when such molecules are bound to europium, therbéd@nergy may be efficiently transferred
to the cation that in turn emits in the visiblec@aing to the so-called “antenna effect”. A
plethora of organic chromophores have proved tsisea the luminescence of lanthanide ions.
The p-diketonate ligands were among the first recogngmethble sensitizers [6Fince then, the

photo-physics of luminescent lanthanide (mainlyEand TE*) complexes has been
systematically studied [7]

However, the poor chemical and thermal stabilita®fprepared metal-organic complexes can
adversely affect many applications. These drawbaukst be overcome before development of
their uses. In this respect, intensive effortscameently made to embed them into a matrix to
improve thermal, mechanical or chemical resistaRoeinstance, bulky hybrid materials were
prepared with the metal-organic complex embeddedsiticate based matrix [8F a polymer

[9]. Some works deal with embedding europium compléxesporous matrices. Mitchell-Koch
et al. [10]immobilized europium complexes within porous oliggolymer hosts, and obtained
luminescent materials potentially suitable for ciehsensing. The immobilization of europium
complexes within mesoporous silica hosts has besaritbed in Refs. [11]12] and_[13] For
Eu(TTA); complexes (TTA = thenoyiltrifluoroacetone) [11]is reported that the luminescence

efficiency in the hybrids is about half that of thenuine complex, whereas the temperature-
related quenching of the luminescence is reducedagsulation of Eu(TTACHNC, ;H,,into

surface-modified Si-MCM-41 is claimed to give ef@iot red emitters with a higher stability
towards UV irradiation than the corresponding carglL2] and_[13]




In this work, we investigate mixed systems withIEu(3-diketonates [Eu(dik] as optically

active guest species and mesoporous silicas MClels4Lhost matrix. The goal was to stabilize
highly luminescent organo-lanthanides complexeasiimeral hosts [14][15], [16] and_[17]
Preserving the textural characteristics of the mdte. highly ordered porosity and high surface
area) in the hybrids could make these materialsi@ntly suitable for luminescent sensing
applications.

The results presented here concern the direcimgyadt metal complex species starting from
Eu(thd), (thd = 2,2,6,6-tetramethyl-3,5-heptanedionate bmplex was expected to react with

silanol groups dangling along the pore walls, as firat reported for titanocene dichloride by
Maschmeyer et al. [18\We used two routes: wet impregnation (WI) andical vapour
infiltration (CVI). The precursor molecule Eu(thd$ well adapted to these two techniques since

it is both soluble in organic solvents and eadilylisned. This enabled us to compare the two
approaches in terms of nature and yield of gradfeeties, and of reaction mechanisms.

Phenanthroline (phen) and bipyridine (bipy) wereduas additional ligands to tentatively
improve the luminescence yield through the antegffext. The products were characterized by
chemical analyses, thermal decomposition measursmaructural and textural
characterizations, and vibrational and optical hescence spectroscopies.

2. Experimental

2.1. Samples preparations

MCM-41 silica (pore size 3.5 nm) was prepared & 1 in autoclave for 24 h, using the
following molar ratios 1Si¢0.1CTAB/0.25NaOH/100LKD, and characterized using known

procedures as described in [10} instance. The template CTMA (cetyltrimethylammum) was
removed by calcination at 500 °C during 8 h (heptate of 2 °C/min), and between 525 °C and
550 °C for a few hours. Template removal was chédkeFTIR. Eu(thd) was purchased from

Interchim and kept in a desiccator.

MCM-41 silica destined to wet impregnation (WI) wativated under vacuum (Torr) at
180 °C for 4 h. Then 100 mg of activated silica wagsdly weighed and suspended in different

measured volumes of a solution of Eu(th@).42 x 10° M) in cyclohexane, corresponding to
different initial Eu/Si atomic ratios [(Eu/$in Table 1. The mixture was stirred at 25 °C for

24 h. The powder was recovered by filtration, waséeveral times with cyclohexane, and dried
at room temperature. Hereafter and in Tablhé& samples prepared by WI are denoted W1-9.
Samples W8 and W9 were intentionally not washetl aytlohexane before drying. Sample
W9k was prepared in the same conditions as W9, likated at 900 °C in air for 1 h, in order to
totally calcine and remove the organic matter. mgle without europium denoted WD was
obtained by impregnating silica with Hthd (0.26 e®bf Hthd per Sig) at 25 °C until dryness.

Table 1.

Preparation and analytical data

(Eu/Si),  (EulSi), Ligand/Eu
at% at% (molar ratio)

Preparation2 Analysis? Proposed formula

[Siol.SS({OH)O.S(J’
0.86 H,0

MCM-

a1 Hydrated No ligand T



. (Eu/Si),  (Eu/Si), Ligand/Eu _
a i f g
Preparation= . 1% (molar ratio) Analysi2 Proposed formula
[SIO; on{OH)
w1 W, O 21+01 24+01 0.6thd A c 1'9°éhd 0.2¢d
[EUg 024thd)y 14
3.3+0.3 E
[SiO, 4 {OH)
W2 W, O 43+02 47+0.2 0.4thd A c 1'972(hd 0.174
[EUg 04Athd)y 514
5.7+0.5 E
[SiO, ., (OH)
w3 W, O 6.4+03 6.7+0.3 0.4thd A c 2'02“h p 0.124
[EUg oeAthd)y o272
7.4+0.7 E
[SIO, ~-{OH)
W4 W, O 85+0.4 83+0.4 0.5thd A = 2'°5éh P 0.002
[Eug pgdthd)y 044
8.1+0.8 E
[SIO,, »,{OH)
W5 W, O 10.7+05 8.1+0.4 0.2thd A e 2'077(hd 0.073
[Eug ogthd)y 14
[SiO, ,{OH)
W6 W, O 128406 7.1+0.3 0.6thd A c 2'02‘(hd 0.13d
[Eug o74thd)y 043
[SiO, - {OH)
W7 W, O 429+02 97+04 0.9thd A c 2'05“hd 0.09
[EUg goAthd)y og7
1.7 [Siol.QSéOH)OJGé
w8 W 85+04 6.2+03 (thd + Hthd) X, T Hthd), o34[EUg o6
(thd)y 544
1.12 [SiOZ.OSiOH)O.llé
W9 W 85+04 84+08 (thd + Hthd) X, T Hthd), o, 4[EUg oga
(thd)y 574
thd not :
W9k W, K 85+04 8.4+0.8 analyzed X S|02.126E%084
[SIO, ;{OH)
s1 S,66h, O 88+02 83+04 1.6thd A e 2-°1éhd 0.084
[Eug pgdthd)y 134
207 [SiOZ.OGS(OH)O.OS'/(
S2 S, 66 h 85+0.2 9.2+009 (thd + Hihd) X, T Hthd), og4[EUg g5
(thd)y god
s3 S.39h 90+02 8.1z+0gthdnot X
analyzed
s4 S 25h 86+02 83=0gthdnot X
analyzed
[SIO, »{OH)
D1 D 75+08 1.6thd X, C 2.004%)o.009

[Eug o74thd)y 124



(EWSi), (EUSi), Ligand/Eu

Preparation? Analysi2 Proposed formula

at% at% (molar ratio)
[SiO, 5,dOH)
D2 D 9.2+09 1.7thd X, C : z.ozc(hd 0.08d
[EUg oodthd)y 154
0.6 thd, 0.8 [SiOy 67dOH)o.16d
WP, W, 1 step 85+04 5.0%0.2 pﬁen » U A [EUg gsdthd)y g3dP
hen)) 044
0.5 thd, 0.5 51001490139
WP, W, 2 steps 85+04 6.6+03 phen 0. A [Et o fthd) cadp
hen), 534
0.5 thd, 0.3 [Si02,024OH)o.124
T e ox04  TOx0Spipy A [Eug o7dthd)y oz
iPY)o.01d
0.3 thd, 0.2 [Si02024OH)o.127
Mhe Wzseps  85x04 64x03 bipy A [EUg gpdthd)y g14b
iPY)g.01d
DP,1 D, 2 steps 6.3+ 03 thd phennot
analyzed
DP,2 D, 2 steps 7.0+ 0.3 thd phennot
analyzed

a4A: Si, Eu, C, H chemical analyses (Service Centiahalyses du CNRS); C: C, H
chemical analyses (Laboratoire de Contréle de 'EACET); D: dynamical vapour
phase method; E: EELS analysis; K: air calcina(@00 °C); O: degassed at

150 °C/102 Torr after preparation; S: static vapour phasehotttreatment duration
mentioned; T: thermal gravimetric analysis; W: wepregnation; X: EDXS analysis.

Two procedures of chemical vapour infiltration (FMlere employed: the static vapour phase
(SVP-CVI) method and the dynamic vapour phase (IBXR} method, as described elsewhere in
detail [16]and_[17] To prepare samples by the SVP-CVI method, weigllezh (typically 15—

50 mg) and Eu(thd)(typically 10-30 mg) were placed in two separadésgrcontainers open at

one end (length = 25 mr&@, = 10 mm). The container of silica was introducea iPyrex-glass
tube @ = 12 mm) subsequently linked to a vacuum pumpetéopm activation under vacuum

(ca. 10% Torr) at 205 °C for 4 h. Then the tube was sudeelscooled down to room
temperature under vacuum, filled with dry air, ddpicharged with the container of metal
complex, linked again to the vacuum system, evacur five minutes, and sealed into an
ampoule. The ampoule was heated at 185 °C foriacdef time going from a few hours to a few
days depending on the experiment. Then it was dugshin the air, to force the remaining vapour
phase to condense on the glass walls, not in thvel@o The containers were weighed
immediately after opening the ampoule, and then kea desiccator. The samples prepared by
the SVP-CVI method are denoted S1-4 hereafterraidlle 1

To prepare samples by the DVP-CVI method (samples2ly about 150 mg of silica were placed
on a filter in the narrower part of a vertical readube which could be heated by an oven as
schematized in [16JAbout 300 mg of the precursor was introducededool part of the reactor.
The silica was first activated at 205 °C under wacuor 4 h. After cooling, still under dynamic
vacuum, dry nitrogen was progressively admittedh\aiflow monitored at about 2 ml/min to



fluidise the silica bed. Then, the reaction tempeewas raised and maintained at 185 °C. The
precursor container was progressively lifted up tmne at 150 °C so that the precursor could be
sublimed. After two hours, it was lifted down teetbool part. The reactor temperature was
maintained at 185 °C for another 30 min, and tle¢mol cool down still under flowing nitrogen.
Atmospheric pressure was then established by msigeeadmission of nitrogen.

Phenanthroline (phen) or bipyridine (bipy) wereaduced as additional ligands in either one or
two steps by wet impregnation (samples,WBnd WB ). In the two-steps method, activated

silica was first impregnated with Eu(thdAfter washing and drying, 150 mg of the received

powder were suspended in 150 ml of a solution ehghthroline or bipyridine (3 x I&M) in
dichloromethane. One step reactions were perfotmgesispending 150 mg of activated silica in
solutions of Eu(thd(phen) (respectively Eu(thgpipy)) in dichloromethane. These complexes

were synthesized in a preliminary step by reaatiggimolar amounts of Eu(thgand phen
(respectively bipy) in dichloromethane at 25 °C 1Idm, filtering, washing and drying.

Preparation of samples DPand DB2 (phenanthroline) with the vapour process wasmiwo
steps with the dynamic vapour process: Eug¢fs vaporized first, and then phenanthroline.

2.2. Analyses and characterization

For most samples, the elements Si, Eu, C, H, N weatyzed by the Service Central d’Analyse
du CNRS. Some C and H analyses were also perfoatbe@ Laboratoire de Contréle at
ENSIACET. The [Eu]/[Si] ratios were separately exsded by the local probe techniques EDXS
and EELS. In the latter case, the [Eu]/[Si] ratiee calculated as ([Eu]/[O]) - ([O]/[Si]), with
[Eu)/[O] determined by comparison with the expennta ratio (Eu M-edge/O K-edge) in
standard E4O,, and [Si]/[O] from the calculated K-edge crosst&ers of silicon and oxygen.

Textural properties were characterized bysNrption at liquid nitrogen temperature on samples

degassed at 150°C under vacuuni ¢Iorr) for 12 h. N sorption experiments were carried out

in a Micromeritics ASAP2000 apparatus. Average mbaeneters have been evaluated from the
nitrogen desorption branch according to Broekhotf Be Boer [20] This is one of the best
methods to evaluate pore size of MTS materials. [Bfgcial care was taken in determining the
BET specific area, i.e. to calculate the linear@abf the BET equation by avoiding points at low
pressure affected by surface heterogeneity andgairhigh pressure corresponding to starting
pore filling. Pore volumes were calculated at the ef the step corresponding to the filling of the
pores.

X-ray powder diffraction patterns were recordecad®eifert diffractometer using CykKadiation.
Thermo-gravimetric and differential thermal anat/$€GA-DTA) were performed with a
SETARAM LABSYS-TG apparatus, at a heating rate 6C2min in oxygen flow.

Luminescence excitation and emission spectra vea@ded with a Hitachi F4500
spectrofluorimeter. Luminescence spectra wereralsarded with a Raman set-up (DILOR XY),
equipped with a krypton—argon laser source and antbptical microscope in order to recover

the spectra emitted by about 0.5+ of matter. IR spectra were recorded on a FT-IRcBeu
Vector22. Self-supported wafers were preparediedR investigation and further degassed at

150 °C/102 Torr for 4 h.

3. Results

The results presented in this section will be dised in the following section.



3.1. Samples compositions

Synthesis details and analyses results are gathrefi@ble 1 In the table, Wn, Sn, Dn refer to
samples obtained respectively by wet impregnath by the static vapour phase method (S),
and by the dynamic vapour phase method (D). Foediligand samples, the letters P
(phenanthroline) or B (bipyridine) were added vatBubscript index indicating the number of
steps of preparation.

Local and overall chemical analyses of the europtomtent give similar results. Local probe
measurements prove that europium is homogeneoisggrded in the silica matrix at the spatial
resolution of the probe (150 nm). Samples W1—-4esmond to increasing initial atomic ratios
(Eu/Si). The corresponding final ratios (Eu/Siary parallel to (Eu/Si) Then a plateau is
reached. The highest (Eu/Sigtio, as averaged from values measured for sarge-9, S1-4,
D1-2is 8.2 at%. For the mixed-ligand samples,WRNB, ,and DB1-2, the average (Eu/5i)

IS 6.2%.

The formulas given in last column of Tableldserve some comments. Eu(thid)expected to

react with silanol groups (Si—OH) dangling along pore walls, according to the overall
reaction:

810, _(OH),, + zEu(thd),
— 8i0,_,,,(OH},__ Eu.(thd),  + yHthd. (1)
The coefficientz and (Z - y) are deduced from the analyses. The contemt available silanol
groups mainly depends on the activation processtHéosamples of silica treated by wet
impregnation, the value of 0.30 (3 SIOHMmwas retained, according to the recent deterntinati
by Shenderovich et al. [22%om 1°N MAS NMR of pyridine adsorbed by samples with spec

surface areas of 1010%g L. As to the samples of silica treated by either @\thods, since
they were activated at higher temperature, ancedimey were maintained at 185 °C during the
reaction with Eu(thd) the content in available SiOH was expected tedreewhat lower.

Indeed, the valuex2= 0.20 (2 SiOH/nrf) was derived from the analyses for these samples.

Reaction equation (Jostulates the transformation of Eu(thuito chemisorbed species through
strong Si—-O—Eu bonds, implying that there is nospgrbed Eu(thd)molecules. The fact that no
appreciable amounts of Eu(thdyas just physisorbed has been attested by teatativ
thermodesorption experiments, comparatively wittngounds prepared by reacting Cu(thd)

with MCM-41 using the SVP-CVI method [18)Vhen heated under vacuum at 130 °C, these
compounds released about 60% of the adsorbed capperatile Cu(thd) Nothing of the kind

was observed for compounds prepared with Eufffel)en above 130 °C.

The formation of Hthd in reaction equatiomas been proved from NMR spectroscopy of the
product collected in the cold trap in DVP-CVI exipaents_[16] In the DVP-CVI method, the
volatile products eliminate in proportion as theynfi, contrarily to the SVP-CVI and the WI
methods that both proceed under static conditibmstherefore likely that at least a part of
released Hthd is retained in the pores. This has benfirmed by the thermal gravimetric
analyses (vide infra) on samples that had inteatipmot been repeatedly washed (W8-9) and/or
degassed (S2) at 150 °C720orr after preparation. For these samples, thegfaetained Hthd

is accounted to by the term (Hthdi the left part of the corresponding formula iable 1 There

is no such term for samples W1-7 and S1 becausphaisysorbed species has been eliminated



by the repeated washings with cyclohexane andédéyassing at 150 °C/X0Torr for the
purpose of BET analysis.

Addition of neutral ligands phenanthroline or bipyme does not modify the charge equilibrium.
For these samples, the amount of neutral liganusby fixed by europium was deduced from
the content in nitrogen, and the amount of thd ftbentotal carbon content. Hereafter, loaded
samples are referred to as Eu(f@MCM-41, (pherQEu(thd;(@MCM-41, and

(bipy),Eu(thd) @MCM-41.

3.2. N, sorption isotherms

TheN, sorption isotherms recorded on loaded sampledbifiapes characteristic of the
mesoporous structure (Figh. Characteristic paramete8g 1, Vp, Dp, andCy are gathered in

Table 2 The molar ratios are extracted from the formgiasn in_Table 1The parameters
decrease with increasing ligand content. Sampl@®@pared by the static vapour process,
exhibits lower specific area, pore volume, and e than samples W4—6 prepared by wet
impregnation, despite comparable Eu/Si ratios.

TGD L] L L ! 1 " L] ¥ 1 J L] ¥ 1 ' 1 ¥ 1 ¥ 1 L L}
—&— MCM-41 a1

B0OF  —a—Wi1 i
—o— W3

500

400

o

200

wvolume adsorbed (mifg)

100

0.0 0.1 0z 03 04 Q5 0E 07 o0& 08 1.0
PIP,

Fig. 1. Sorption isotherms of nitrogen at —196 °C.
Table 2.

Textural parameters from_Ndsorption—desorption data and BET model (theegalu
have been corrected in order to correspond tof1Sy®,)

Ligand/Si CBET Dp (A) Vp (ml/g) SBET (m2/g)

MCM-41 0 84 3'8 £0. 574 1020
W1 0.014 61 2'5 £0. 063 889
W2 0.019 45 34%0. 59 877



Ligand/Si Cger Dp (A)

Vp (Mlig) Sy (M?/g)

3.3%0.

w3 0.027 a7 0.56 848
w4 0042 35 3?*% os1 842
W5 0.016 62 2'5 *0- o57 883
W6 0.043 56 2'6 *0- 951 810
w7 0087 35 1% ous 812
s1 0133 26 5%*0 o025 587
WP, 0.066 45 ‘2"2 0 942 740
wWB 0.029 60 3'3 *0 043 708
3.3. X-ray diffraction

X-ray diffractograms, systematically recorded ia 8 range of 5-45°, confirmed the absence of
crystallized Eu(thd) The 2-D ordered hexagonal MCM-41 mesostructuohasacterized by

three peaks in thefZange of 1-5°. The structure is conserved upodimhggby WI as well as by
either CVI methods. The intensity of the peaks eases with the content in loaded matter (Fig.
2), as expected when increasing the electronic tleimso the pores. The XRD pattern of W9k
resulting from calcination of W9 in air at 900 °ghébits very weak peaks of the mesostructure
and no extra diffraction peaks, thus indicatingedpminant amorphous state.

Intensity (arbitrary units}

T

T UL |

Fig. 2. X-ray diffraction patterns for pristine MGMIL and variously loaded samples.



3.4. Thermal analyses

TGA-DTA curves recorded for Wi samples after impratgon and drying (no repeated washings
with cyclohexane), and SVP-CVI samples just affggrong the ampoule (no degassing under
vacuum), exhibit two weight losses associated extbthermic effects, as illustrated for sample
W9 on Fig. &. The first loss is associated with a double DEAkpat 175-200 °C, and the second
one with a single DTA peak at 300 £+ 10 °C. Bothrgsere assigned to the departure of organic
matter. The first loss is assigned to that paHtbid resulting from reaction (Bnd retained in the
pores by weak interactions. The second loss igm@esgito the ligands bound to europium [15]
The assignments are based on the following obsengt(i) TG and TD analyses for the sample
WD that only consists of MCM-41 impregnated witthHt(experimental part) shows an
exothermic split peak at 250 °C, associated witkemht loss of 0.025 molecules of Hthd per Si
atom; (ii) the curves recorded for degassed sangblew no other feature than the weight loss
around 300 °C, as illustrated for sample W4 on 8Blig.The weight loss estimated for W4 is 12%
of the final mass. This fairly compares with the5P@ calculated from the formula given_in Table

1[SiO, 5dOH)y goFEYy pgdthd), o4, @ssuming that the calcined product is SigdO, ;,,for
the sake of electroneutrality.

oL

weight loss (mg)

(A, 0L) Moy Jeay

0 100 200 300 400 500

temperature (*C)

Fig. 3. TGA-DTA diagrams for wet impregnated Euf@MCM-41 hybrids, as-
prepared (W9), and degassed at 150 °C/T0rr for 12 h (W4).

Thermal analyses for the thd—phen mixed ligandgesifeature a one-step decomposition at
440-450 °C. Observed weight losses with respefmabweights are 17% and 20% for \j/énd

WP, respectively, in agreement with those calculatethfthe formulas in Table (17% and
18%). We may assign this unique feature to thentakdecomposition of a (phgﬁ)u(thdg<




species, withk =~ y = 0.5. For the thd-bipy samples, two weight lossesolserved at 300-310 °C
and 430-440 °C. The observed overall weight lossden 150 and 550 °C is about 13% of the
final weight for each sample, whereas the valuesicied from the analyses are 12% for J\iBd

6% for WB,. The overall number of bipy ligands per europisroiver than the number of thd

ligands. The thermal event at 430-440 °C is asdigm¢he decomposition of a species
(bipy)yEu(thd)>< with x= y= 0.2-0.3, whereas the loss at about 305 °C isiwéfle range of

decomposition of residual grafted Eu(thd)

3.5. Infrared spectroscopy

Infrared absorption spectra in the energy rang®43900 cri are displayed on Fig. Zhey
were recorded in the transmission mode using siparted wafers that were preliminary

degassed (thermodesorbed) in situ at 150 “G/I6rr for 4 h. The spectra were scaled using the
couple of silica overtones at 1800—-1900 &nmaking thus possible direct comparison of band
intensities from sample to sample in the energgearl400—1700 cr (V(occco9' 2750

3000 cm? (v and 3250-3750 cm Vion)-
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Fig. 4. IR absorption spectra recorded on self-stied wafers for unloaded MCM-
41, and Eu(thd)@MCM-41 hybrids (W4, S1) after degassing at 15067 Torr for

4 h.

The intensities of the diketom?C_H) andv(occco)bands increase with the content in thd ligand,

as shown by comparison of the spectra of S1 and\V#. 4 They correspond to samples with
the same Eu/Si ratio. S1 is thd-rich (13.3 thdEBUBL00 Si) compared to sample W4 (4.2 thd/8.3
Eu/100 Si). The unloaded sample shows a nanmgw, component at 3745 crhthat is
commonly attributed to free Si—OH groups. For teavily loaded samples W4 and S1, this
component is shifted to 3710 thindicating that all initially free Si-OH groupstéract with
grafted europium species. A broad feature at aB50® cn! is observed for W4, and to a lesser



extent for S1.

3.6. E?" luminescence

Eud* visible emission and excitation spectra, and lgsitear-UV diffuse reflection spectra for
the genuine complexes and the hybrid samples apéagied in Fig. &nd_Fig. 6
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Fig. 5. Eu(lll) emission spectra for (a) amorphsilisa-europium oxide EuU@MCM-
41 sample (W9k) and (b)—(d) upper curves, the gdadpecies W4, WPWB,,; lower

curves, the corresponding genuine complexes.
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Fig. 6. Diffuse reflection spectra (dotted linesyl@xcitation spectra measuring the
Eu(lll) emission at 612 nm (solid lines) for (a) amphous silica-europium oxide
Eu@MCM-41 (W9Kk); (b) genuine Eu(thgXc)—(e) the grafted species W4, WP

WB,, respectively.

Emission essentially occurs in the red part ofvilsible spectrum. It is unambiguously assigned

to transitions between the discrete electronicléestthe 4% configuration (Fig. 5 Eu(lll)
complexes exhibit emission spectra made of nariogs lthat figure a fingerprint of the geometry
of co-ordination of the cation, as shown in Fidldver curves) by the spectra of Eu(thdig.

5b), Eu(thd)(phen) (Fig. §) and Eu(thd)bipy) (Eig. ). The complexes immobilized in the
pores give much less structured spectra, like theserted in Fig. Jupper curves) for sample
W4 (Fig. B), sample WR(Fig. 5), and sample WB(Fig. &). The®D ~'F, , transitions are
more structured, and tIEt’EDOJFO emission is relatively more intense for Y WB, than for
w4,

By recording the emission with the optical micrgseset-up, a volume of aboutuin® is
possibly analyzed to control the homogeneity ofsaeple with this spatial resolution. Whereas
two types of emission spectra showed up for saM{ig, one type only was observed for the

other samples. This result means that the sammesirggle phases (except WBo the scale of

the probe. On the other hand, the emission line®wrader for the hybrids than for the precursor

molecules in the solid state; this inhomogeneooadening evidences that the£ipns adopt
different local symmetries in a given single-phhagberid.

The effect of ligands bond to Elishows itself on luminescence excitation spectraitored at
the main emission wavelength of 612 nm (Fig.The Eu-thd interaction in Eu(thds known to

induce a very low-lying ligand to metal charge sfan (LMCT) state. Relaxation from this state
is non-radiative [23and [24] The diffuse reflectance spectrum of Eu(th@ig. &, dotted lines)



shows strong absorption below 425 nm (absorpticthérLMCT), whereas no Eiiemission is
observed with excitation spectrum in this range.(Bb, solid line). As shown by the dotted
curves of Fig. the diffuse reflection spectrum of Eu(th(@MCM-41 (W4, Fig. 8) exhibits an

abrupt absorption edge around 325 nm, whereas<ile Bu@MCM-41 (W9k, Fig. &) presents
a smoother one, centred at 300 nm. Considerinuthimescence excitation spectra (solid curves

of Fig. 6, one observes the gradual appearance of infrextitation linesF—°D.,, °L , for

Eu(thd) @MCM-41 (W4, Fig. 6), and the upper-lyin6:0—5D3 transition for W9k that contains
Nno more organic part.

Samples prepared with phenanthroline G\Vénd bipyridine (WB) strongly absorb above

respectively 340 nm (Fig.d6 dotted line), and 320 nm (Fige,6dotted line). Excitation at
wavelengths below these values results in a stredg@mission. In the excitation spectra (solid
lines in_Fig. @ and e), the intra-4f transitions are much wed#kan the ligand-centred absorption
and even hardly visible. This evidences the antefiieat.

Samples WPand WB, that exhibit only one thermal decomposition paall appear

homogeneous from the luminescence spectra at tr@subpic scale, were submitted to further
luminescence investigation. The emission interit§y12 nm under excitation at 280 nm for the

grafted species is about 2/3 that for pure Eug(iptien) in the same conditions. T‘rfteo emission
level lifetime at room temperature is 0.80 + 0.1 m

4. Discussion

Several points can be discussed: first the ahiitynmobilize lanthanide (EXi) ions and organic
B-diketonate(—) ligands into the pores of a MCM-#ita matrix by the two synthesis methods
employed, and the behaviour of the loaded samp@esus different chemical and thermal
treatments; secondly, the mechanisms of anchorfagetal-organic species onto the silica
surface; and finally, the luminescence charactesisif the hybrid compounds.

Eu(thd), was chosen as a precursor because it lendsjitsetis well to wet impregnation as to

chemical vapour deposition. When this precursoisesd without extra ligand (phenanthroline or
bipyridine), both techniques give nearly the sana&imum loading of inserted europium as
measured by the atomic ratio (EufSi)he average limit ratio determined over 12 sasplé4—

9, S1-4, D1-2) is (Eu/Si¥ 8.2 at%. This corresponds to a density of Olbgium atoms/nfh

From literature data, the atomic ratio M/Si haseftén been used as a measure of the metal
loading in mesoporous structures. Contents are aftest expressed in wt%. Tablegdthers the
metal loading ratios expressed in wt% in Refs a@j_[3] to convert these values in [M]/[Si]
(at%) we made the assumption that the samplesyzathhfter air-calcination, were mixtures of
the oxides MQ and SiQ. For yttrium, Gerstberger et al. [(dported an approximate loading of
0.8 Y atoms/nrafor hybrid compounds prepared by grafting Y[N(S.lfﬂi-l{s)z]X(thf)y or

Y(fod)x(thf)y on silylamide modified MCM-41, which compares &tlvell with the 0.81 Eu

atoms/nn in the present study. On the other hand, direxttien from Y (fod)
(fod = 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4 &anedione) without preliminary
silylamidation_[5] resulted in half less grafted metal centers Y0atoms/nnf). Compared with

literature results, rather high metal loadings haeen obtained in the present study, both by
impregnation and by vapour deposition (Table 3

Table 3.



Reported metal/silicium ratios for several metadsarted MCM-41

M(MO,)  wi%2 [MJ/[Si](at%) 2 Ref.

W WOy 8.2 3.0 12]
Cr(Cr,O0y) 2.0 2.4 12]
Cu(Cy0) 100 93 12]
Mn (MnO) 8.5 10.0 2]
La (La,05) 5.0 2.3 3]
YR(v,0) - 8.1 15]
YE(Y,0) — 4.0 5]
Eu (Eu0,) — 8.2 This work

awt% = m(M) per 100 g sample from analysis; [M] $#4{M};
[Si] = (100 - {MO,} x [Me]){SiO ,}, { } = molar weight.

b From Ref. [8] 0.8 Y/nnt, specific area taken as 1026/g
© From Ref._[8] unsilylated route.

When bipyridine or phenanthroline are used, thal f{gu/Si) ratio is significantly lower than 8%

whatever method of preparation is used. This regdins normal when the compounds are
prepared in one step because the precursor maseulghd)(bipy) or Eu(thd)(phen) are more

encumbered than Eu(thd)The same observation for the two-step procesgesig some etching
process which we did not try to elucidate.

We describe the anchoring mechanism by the reabgbmeen silanol groups and Eu(thd)
resulting in freed Hthd and Eu(thdjpecies grafted on silanolate groups following &Y. The

reaction is spontaneous even at room temperatyyegsd by the WI experiments. The two
preparative methods mainly differ by the temperatand the use of a solvent. However, they
both result in grafted europium species that assmitorbed: the Eu atoms fasten on the silica
wall by iono-covalent Si-O—Eu bonds.

It is remarkable that the two preparative methedsl lto similar highest metal loadings:

Eu/Si = 8.2 at% (samples W4-9, S1-4, D1-2). Orother hand, the (thd/Eu) molar ratio is
systematically lower for samples prepared by wetreggnation (between 0.4 and 0.9,

average = 0.6) than for samples prepared fromdpew phase (mainly between 1.6 and 1.7, one
at 1.1, average = 1.5). The possible state(s) andibg(s) of the organic ligand in the hybrid
materials for special synthesis conditions mustdresidered.

TGA experiments have proved the presence of phymsiospecies that were attributed to the
formation of Hthd according to reaction equation {¥hen the reaction occurs at room
temperature, Hthd most likely forms H-bonds with #ilica walls. In the CVI preparations,
reaction between Hthd molecules and silanol greonighit well occur owing to the high
temperature. To check this point, a sample wasgpeeby treating MCM-41 with Hthd at

180 °C for 80 h under vacuum. Infrared spectraterproduct as received, and for the product
submitted to thermodesorption under vacuum at @F 2 h, showed that not all of the
adsorbed Hthd thermally desorbed. Though weaks lomaracteristic of thig-diketone were still
there after thermodesorption, thus confirming #wahe Hthd molecules are chemisorbed at high
temperature. This effect concerns only a small arthofimolecules compared to the total amount



of the ligands in the samples, so that we consgldeCHN analyses as mainly corresponding to
the ligands bound to europium.

Each Eu(thd) molecule may react with one or a few neighbousif@nol groups, according to
the scheme:

Y[(SIOH) J+Eu(thd),=3[Si(OH), _(O),Eu(thd),  ]+xHthd,
where} [(SiIOH) ] designates neighbouring silanol groups on the pore surfaeg.us recall that

the numbers of silanol groups perfate not the same for the W1 experiments and f@iQl/|
experiments. As mentioned in Experimental Partsthea was activated at 180 °C prior to wet
impregnation and at 205 °C prior to chemical vapaofiltration. It is also reasonable to assume
that dehydroxylation does continue to some extaring the reaction with Eu(thgl)n

experiments carried at high temperature. For thesgeasons, the number of silanol groups
available for reaction is expected to be less don@es reacted with the vapour phase at 180 °C
than for those treated in a solvent at room tentpexaThe consumption of surface silanol groups
shows up on IR spectra in the energy range 325@-875 . This part of the spectra recorded for
samples of W4, S1, and unloaded MCM-41, degass&80atC/102 Torr for 4 h, are displayed

in Fig. 4 The narrow peak at 3745 thin pure MCM-41 has been ascribed to non-intergctin
isolated silanol groups [25]26] and_[27] It is no more observed after loading (Figsdmples

W4 and S1) which suggests that the Si-O—Eu borhefgrentially involves the so-called
“isolated” silanols. As for the remaining OH vilrats, they can be assigned to non-deprotonated
silanols possibly involved in the entrapping of sjuspecies, as discussed below.

Before discussing the co-ordination of Eu on theemurface, the following points must be
stated. Firstly, europium is currently eight- onexfold co-ordinated in its metal complexes. It
has a co-ordination number of 6 in the oxidg@®y The use of encumbered ligand is a long-

known strategy to reach low co-ordination numbersd-ordination chemistry. The silanol

groups dangling along pore walls in mesoporousssitnay be considered are encumbered ligands
because of the rigidly extended surface to whiely re attached. On the other hand, thd(-) is an
encumbered ligand too. On the basis of data froistak structure [28]a Ln(thd) molecule is

inscribable in a sphere of 12—15 A in diameteheaompared with the pore diameter of about
35 A. Therefore grafted europium species mostyikelve low co-ordination numbers. Secondly,
the ligand thd(—) may co-ordinate electropositivetahcentres in several ways. Besides its usual
chelating mode, it may bridge two or three metaki@s as observed for the tetrameric species
[Ba(thd),] , for instance (Schemsg [29].

MYy () ()0
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Scheme 1. The different co-ordination schemesefigfand thd in the two known
modifications of [Ba(thd)] [29].

Several models have been proposed for the silidacgi They are discussed by Shenderovich et
al. [22]who propose a model based on regular arrangerokftmembered trydimite fragments

with every second atom bearing an OH group Q. There are no Si(OHproups (3 Si).



Examination of the model surface shows that mogtt@silanol groups are arranged like in
model silsesquioxanes. Feher et al. [B&e shown that the six-member ring [-O-Si(OH)(R)—
Si(O)(R)]; in trisilanol silsesquioxanes of general formulsSBRO,(OH), is a good model for

tridimite (0 0 0 1) and cristobalite (1 1 1) sudgacThe ability of this ring to behave as a trigoda
ligand towards electropositive transition metab(H) has been proved through crystal structure
determinations such as for {ke;)Zr(Si;O,,)(c-CgH, 1);] [31] or [OP(Ph)),Y ,(Si-O, ,)(c-

CgHg)-1, [32]. This supports binding schemes between europiuhtr@pore surface in which
up to 3 neighbouring silanolate Si@roups on G silicon atoms may bond an europium cation.
On the other hand, the silanolate group ofailcon atom may bind to on@(SiO), two {1,-
SiO) or three f,-SiO) europium cation. Besides, silanol and silexgroups may act as neutral

co-ordinating ligands. It results a great diversityo-ordination schemes that may coexist. In the
following, we tentatively estimate the contributsoof these different schemes in our samples.

EUS-.-
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Fig. 7. Abacus showing the podaljtyersus the numberof EL?* cations bond to the

same SiO, for different values of = Eu/thd molar ratio. The grey zones correspond
to the WI samples (right) and to CVI samples (Ieft)e structural drawings illustrate
a case of podalitp = 3 about a tridymite fragment, and a case o cations sharing

the same SiOgroup.

Let p (podality) be the average number of Eu-OSi bored<Ep?* cation ands the mean number
of EW®* cations per silanolate SiGite (Fig. J. This leaves [3 —{{s)] positive charges on the

cation. The average number of thd(-) ligands pef Eation necessary to get electroneutrality is
r =[3 — (/s)]. Bothsandp are larger than or equal to 1 by definition. Tipger limit forp is 3
(vide supra), and a reasonable upper limit ®is 2 for steric reasons. It is also reasonable to
assume that for steric reasons, the highbe lowers. An abacus in Fig. ghows the variations

of p versuss for stated values of It shows that for less than 1, the podalipyis larger than 2,
and the range of variation felis restricted to values between 1.5 and 1. Thisdsase for the

samples prepared by WI (0.4 < 0.9, average = 0.6). Most Eications are bound to 2 or to 3
silanolate groups, and the proportion of silanoateips bridging two cations (i.8. is low. For
samples prepared by CVI, the molar ratios (thdgEularger than 1 (mainly between 1.6 and 1.7,
one at 1.1, average = 1.5). The abacus shows afwidef co-ordination schemes for europium,
with the podalityp varying betweemp < 1.5 fors= 1 andp > 2 fors = 2. It is reasonable to

assume that for steric reasons, the higtibe lowers then the lowep. This means that local co-
ordination schemes involving a high podality aréfawoured in CVI samples and that the
average podalitp is lower than in WI samples. These results arsistant with the higher



concentration in available pore silanols in theegisamples submitted to wet impregnation (ca.
3 nm‘z) with respect to those submitted to chemical vapafiltration (ca. 2 nrﬁz). Since the
upper limit contents in grafted europium are simita both approaches, the lower content in
SiO™ in the latter is consistently compensated by flghdr content in thd for the sake of
electroneutrality; and the lower overall podafitis consistent with the lower content in silanol
groups. From the contents in grafted cations aketdnate ligands, and in initially available
silanol groups, all the compounds should contasideeal silanol groups. This is confirmed by the
infrared spectra in the energy range 3250-3750 cAt least part of these residual groups
probably co-ordinate europium as neutral liganis:peak at 3710 crh might originate in

silanols forming dative bonding [SIO(H) Eu] with europium.

The E&* visible luminescence of Eu(th@®MCM-41 is weak. It is observed after excitation in
the discrete E¥f levels, and the lines are broader than for gentiuréhd); (Eig. ). In
agreement with all above-reported results, th&" Emission characteristics show that the local
environment of the cation is strongly modified in(tad) @MCM-41 compared with Eu(thgl)

Actually the emission spectrum for sample W4 redeminore that for the air-calcined sample
W9k than that of genuine Eu(thd)Fig. a and b). The observation of broaden lines for W4

versus Eu(thd)is well explained by the diversity of coexistingrardination schemes. The same

is true for the air-calcined sample W9k, an amoyshgilica-europium mixed oxide (Eu@MCM-
41). The excitation spectra for the three samteas 6 solid lines) show the diminution of the
luminescence quenching effect via the LMCT statewfjoing from genuine Eu(thgFig. )

to grafted Eu(thd@MCM-41 (W4, Fig. 8), and to the amorphous oxide EU@MCM-41 (W9k,

Fig. 6a). These observations are consistent with thettiatthere are less (thddound to every
europium cation in the grafted species than inHgl)t

Studies on the encapsulation and luminescence iepef Eu(lll) B-diketonates are reported in
Refs. [11] [12] and [13] These papers describe the incorporation of EujITA

(TTA = thenoyltrifluoroacetone) or Eu(TTA(N-hexadecylpyridinium) in Si-MCM41, either

unmodified or pre-treated witk-(3-trimethoxysilylethyl)ethylenediamine. In eitheaise, the
results are interpreted considering that the entiraplex is encapsulated. The grafting process
described in Refs. [12Jnd_[13]is based on hydrogen bonding interactions betwleefigand
(TTA) and the pore walls. This is in marked contragh our study that has evidenced the direct
grafting of optically active Eu(lll) species thrdugtrong iono-covalent bonds of the emitting
species with the pore surface.

The europium emission spectra for samples load#dtweiteroleptic species (WRnd WB,, Fig.
5c and d) show some differences with respect todhgu(thd) @MCM-41 (W4, Fig. @), due to

the effect of the additional ligand. Each spectdiffers from that of the corresponding precursor
complex in the line broadening essentially. Thea@fbf an additional ligand is more visible in
the excitation spectra (Figd&nd e). The excitation centred on the chromopabserption band,

i.e. around 270 nm for phenanthroline or bipyridiresults in E&" visible emission. This
antenna effect further proves that phenanthrolsneell as bipyridine does chelate europium, to
give grafted species denoted (p@Erm)(thdL@MCMAl and (bipy))Eu(thdg(@MCM-41. All the
observations made on the samples treated with pkieadine could be interpreted from a
homogeneous phase, whereas the samples treateblipyitidine proved less homogeneous in
terms of chemical composition and luminescenceomesp. For (pheQBEu(thdg(@IVlCM-M, the

emission intensity observed at 612 nm under exaitatt 280 nm is about 2/3 that for the genuine
complex Eu(thd)phen) measured in the same conditions.SDHeemission level lifetime at



room temperature is 0.80 £ 0.10 ms. Thus, the osynthesize hybrid materials with a good

Eu®* luminescence has been achieved with these hytioleover, the hybrids are thermally
stable up to a temperature of 440-450 °C, at wthielgrafted species starts to decompose.

5. Conclusion

The grafting of europium(lll) onto the inner watlsmesoporous silica has been achieved starting
from the unmodified MCM-41 silica and from [Eu(thtljthd = 2,2,6,6-tetramethyl-3,5-

heptanedionate), using two routes: wet impregngtél), and chemical vapour infiltration
(CVI). Received hybrids are denoted Eu(ff@MCM-41. The same yield expressed as (grafted

Eu atom)/(silicon atoms) is achieved for both mdthdEu]/[Si] = 8.2 at%. The molar ratio

x = [thd]/[Eu] is on average 0.6 for samples pre@ddrg WI, and 1.5 for samples prepared by

CVL. In the second class of samples, the loweramrin silanols is compensated by the higher
content in (thd). Rationalizing the possible boagshanged at the silica surface leads to consider
a great diversity of co-ordination schemes fortthalent cations according to the general
expressior} [Si(OH), . (O),Eu(thd), . ]. Europium ions are bound to one, two or threansilate

(SiO)™ groups and to one or two (thd)gands that can also bridge two or three metatres.

Two cations may also share one (Si(Bilanol and siloxane groups may act as neutral co
ordinating ligands.

Due to its electronic scheme, the Eu(thc)mplex is not suitable to observe Eu(lll) emissio
under excitation in the violet-near UV range. Sany, the Eu(thdf@MCM-41 samples exhibit

only a weak red luminescence, that is observed afigtation in some of the 4f electronic levels.

Adding a chromophore molecule (phenanthroline, tiitiye) greatly enhances the Ewemission
when the excitation is centred on the chromophbseigption band, i.e. around 270 nm. The
observation of the antenna effect proves that epdﬁheqﬁu(thd)x@ MCM-41 or

(bipy)yEu(thdg(@ MCM-41 are grafted on the silica surface followthg same rules as described
for Eu(thd) @MCM-41. Phenanthroline or bipyridine are neutigdhds bound to europium. For
the more favourable case ((pt@ﬁ)(thd&@MCM-M), the emission intensity observed at 612 nm
under excitation at 280 nm is about 2/3 that ofrteeroleptic complex Eu(thgphen) measured

in the same conditions, a promising result for i/bmaterials which are thermally stable up to
440-450 °C. Further investigations of the synthgmeameters is in progress in order to improve
these properties
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