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In this paper, we propose for the first time that the combination of agallderived diurethane cross-
linked siloxane-based biohybrid host including short pelgdéprolactone) segments (PCL(530)) and
lanthanide aquocomplexes incorporatifigliketonate ligands yields an effective protecting cage that
efficiently encapsulates the emitting centers and reduces luminescence quenching. The results obtained
using the Eu(ttafH.0), (where tta is 2-thenoyltrifluoracetonate) complex demonstrate that 1 (2) carbonyl
oxygen atoms of the host matrix enter théEcoordination shell, thus replacing the labile water molecule-
(s). The significant increase in the quantum efficiemcpf the doped hybrid with respect to that of
Eu(ttay(H20), (44.2 versus 29.0%, respectively) reveals that complex anchoring to the PCL(530)-based
host structure contributes to enhancement ofwequantum efficiency. However, when a complex that
contains only strong chelating ligands, such as Euftten (where phen is 1,10-phenantroline), is
incorporated into the same host medium, the effect is lost anfiheaonradiative paths in the doped
hybrid are higher than those existing in the complex itself. Under UVA exposure, the emission intensity
of PCL(530)/siloxane/Eu(tta)H.0O), decreased 10% in 11 h, whereas that of PCL(530)/siloxane/Eu-
(tta)sphen decreased 25% in the same period of time.

Introduction inorganic hybridéwith technological interest for the domain
S . . s G of optics. Because of its advantages, in particular, the mild
Materials incorporating lanthanide ions (e.g. NcEW™, reaction conditions, the processing versatility, the possibility

+ + + ; ;
Er?, Tb*", Ce™) are of great interest for a wide range of ¢ iving the inorganic and organic precursor components
optical applications, such as tunable lasers, luminesCeNncey ihe nanometer scat@nd the ability of tailoring the final
displays, amplifiers for optical communication and optical onerties of the material through adequate choice of the
stor+age based on photochemical hole burtiirign addition,  ,rganic and inorganic componefthis chemical method
Ce**-doped hosts may find application in the area of | 5 peen extensively employed for the creation of amorphous
scintillation and tunable lasers in the UV and visible rarfges. \+rices with improved luminescence properties.

In recent years, the sobel processhas become one of  The synthesis and design of hybrid frameworks for optics,
the preferred synthetic routes for the development of organic/ 3 challenging task for the materials research community, has
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been essentially directed toward the reduction or virtual
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Scheme 1. Structures of the (A) PCL (530)/Siloxane Hybrid

suppression of groups responsible for the luminescence Host Matrix and (B) Eu(tta) s(Hz0),, and (C) Eu(tta)sphen

quenching (e.g., silanol (SIOH) groups and residual
solvent). The following five strategies have been propdsed:
(1) Fine control of the setgel processing conditions. This
may be achieved by means of optimization of water content,
use of reactive hydrophobic precursors and thermal curing.
(2) Use of nonhydrolytic procedures, such as the modified
sol—gel process, usually designated as solvolysis or car-
boxylic acid method* '3 (3) Combination of strategy 1 with
the encapsulation of the emitting species through complex-

ation or chelation. The complexes or chelates may be added

directly to the matrix*~18 or may be formed in sit&? 2% In

the latter case, appropriate ligands are grafted or anchored

to the hybrid network itself prior to the addition of the
lanthanide ions. (4) Encapsulation of the lanthanide ions
within nanoparticles. This route involves the combination
of microemulsion techniques with the sajel procesg? 2

(5) Simultaneous introduction of inorganic and organic
chromophores, i.e., lanthanide ions and organic dyes, into
the hybrid structure.

Embedding of luminescence species, such as dyes or

lanthanide compounds (salts or complexes), into-gel-
derived hybrid host structures (strategy 3) has attracted
considerable interest in the past few years. Lanthanide
complexes, in particular lanthanigizdiketonate chelates,
exhibit intense emission lines upon UV light irradiation
because of the effective intramolecular energy transfer from
the coordinating ligands to the central lanthanide ions, which
in turn undergo the corresponding radiative emitting process
(the “antenna effec?®). However, in spite of the good
luminescence features, the poor thermal stability and me-

chanical properties of lanthanide complexes have severely

limited their practical application. A significant number of
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tion of these complexes into organic/inorganic host networks
using low-temperature soft-chemistry routes, such as the sol
gel procesgé 34

In this paper, we investigate the structure, morphology,
thermal properties, and luminescence features of an innova-
tive hybrid system composed of a sgel derived diurethane
cross-linked siloxane-based host including short pely(
caprolactone) segments (abbreviated as PCL(530), where 530
represents the average molecular weight in g ol
(Scheme 1A) and the Eu(ttéh.0), and Eu(ttagphen
complexes (B and C in Scheme 1, respectively).

The Eu(ttajphen complex has been extensively employed
to produce luminescent organically modified silicate com-
posite phosphor:33.34

In contrast, PCL is a linear, aliphatic thermoplastic, with
a unique set of properties (biocompatibility, permeability,

reports have demonstrated that a strategy that allows us tdydrophobicity, biodegradability, nontoxicity for living
successfully overcome these disadvantages is the incorpora@rganisms, resorbtion after a certain period of implantation
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time), that has found widespread application in the field of
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prostheses and containers for sustained drug delifets. Table 1. Relevant Data of the Eu(ttaj(H-0O). and Eu(tta)sphen
Hybrids composed of PCL with an average molecular weight Complexes

of 2000 g mol! have been also proposed as degradable  compd Ama(@bs} (nm)  Amaem) (hm) IE (V) EA(eV)
bioglasses, coating materials for bone implants and prosthetic Eu(ttay(H20). 340 271 5.3 3.6
devices, supports for enzyme immobilizafidrand bone ~ Eu(ttaphen 340 265 52 36
substitute$® No references to the use of PCL hybrid host  #Measured in ethanol.

structures for the development of materials for optics have
however, been found. Thus, to the best of our knowledge
this is the first time that the PCL(530)/siloxane framework
is considered as a candidate for the production of environ-
mentally friendly luminescence biohybrid materials. Such
materials may be expected to have lower environmental
impact than that those currently used in commercial devices.
Moreover, as in the PCL(530)/siloxane matrix both ends of
the polymer chains are bonded to the inorganic network by
means of urethane groups, this host structure may be viewe
as a diurethanesil. Consequently, the present work will allow
us to enlarge the investigation on the diurethanesil hybrids
WhiCh has been restricted to poly(oxyethylene) (POE)/ cases, the low-energy absorption edge is located near 400
siloxane syste_m’sl: The_ replacement of the POE chains py nm (see Figure S2 of the Supporting Information). The
PCL(530) chains IS of interest, bgcause we have ex.tens'velyaquocomplex displays another equally strong absorption band
demon_strated that n the Ianthamde-dpped _dlurga/dmrethgneat about 271 nm (see Figure S2 of the Supporting Information
cross-linked POE/siloxane systems (diureasils/diurethanesils)

o . N . and Table 1). Below 310 nm, the spectrum of Eugfibgn,
the coordinating ability of the matrix itself (provided by the dominated by an intense band centered at 265 nm, receives

carbonyl oxygen atoms of the urea/urethane groups and thethe contribution of the intraligang—s* transitions of the

ether oxygen atoms of the POE. chains) plgys a key rqlg " two ligands (see Figure S2 of the Supporting Information).
the optical features of the materials, protecting the emitting The electron affinity (EA) and ionization energy (IE) of

species from deleterious quenching effects associated With'[he complexes, indicated in Table 1, were calculated on the

1,42
water molecules: basis of their oxidation and reduction potentials, measured
by cyclic voltammetry, using the following equatidhs

' S1 of the Supporting Informatiori}.In both cases, the event

" ascribed to the €0 stretching vibration mode/C=0) of

the free tta ligand is displaced from 1660 to 1600 cin
(see Figure S1 of the Supporting InformatiéhThese results
confirm the absence of water ligands and the presence of
the phen ligand in the Bt coordination sphere of the Eu-
(tta)sphen complex.

The Eu(ttaj(H.0), and Eu(ttagphen complexes exhibit
heir lowest-energy absorption maxima at about 340 nm (see
igure S2 of the Supporting Information and Table 1). This
common band corresponds to ligand singlet-to-singlet transi-

"tions and is thus associated with the ttands?** In both

Results and Discussion

|E = E,,, +4.35 )

Complex Characterization. The analysis of several
critical bands of the Fourier transform infrared (FT-IR) E(HOMO) = —IE )
spectra of Eu(ttajH.0), and Eu(ttagphen is useful for EA =Eq,+4.35 3)

inspecting the composition of the first coordination sphere

of the lanthanide ion. The strong broad band found at 3351 The oxidation and reduction potentials were deduced from
cmtin the FT-IR spectrum of the agquocomplex, associated the intersection of two curves, one corresponding to the onset
with the stretching vibration mode of the OH groups of the Potential and the other to the residual current of the
water ligands, is missing in the FT-IR spectrum of the Eu- Voltammogram. The redox couple ferrocene/ferricenium ion
(tta)phen complex (see Figure S1 of the Supporting Infor- (FC/FC) was used as an external standard. Its energy, with
mation). In the latter spectrum, the feature due to theN\C ~ respect to the vacuum level, defined as zero, was estimated
stretching vibration modevC—N) of the free phen ligand 0 be—4.8 eV* |E and EA are the relevant energy levels

is shifted, as expected, from 1643 to 1622 ¢rfsee Figure ~ (HOMO and LUMO, respectively) for charge injection when
such materials are used in light-emitting devices. The

similarity of IE and EA values for Eu(ttg)H.O), and Eu-

(36) Pak, J.; Ford, J. L.; Rostron, C.; Walters,Rharm. Acta Het. 1985

60, 160. (tta)sphen (Table 1), along with the observation of the same
(37) %ijg??, D. W,; Zondervan, G. J.; Penning, AJ.JPolym. Bull.1991, lowest-energy absorption maximum, indicate that the HOMO
(38) Coombes, A. G. A.: Rizzi, S. C.; Wiliamson, M.; Barralet, J. E; and LUMO energies of both complexes are essentially
Downes, S.; Wallace, W. ABiomaterials2004 25, 315. determined by the ttaligand.

39) Tian, D.; Dubois, Ph.;"3éme, R.Polymer1996 37, 17, 3983. ; ; ; :
§40g Rhee, S-H.: Choi, J-H.: Kim, H.—NB)ilomateriaaSZOOZ 33 4915. The differential scanning calorimetry (DSC) and thermo-

(41) (a) Gonalves, M. C.; de Zea Bermudez, V.: Barreira, R. A.; Carlos, ~ gravimetic analysis (TGA) curves of the complexes are

L. D.; Ostrovskii, D.; Rocha, JChem. Mater2004 16, 2530. (b)  reproduced in Figure 1. In the 16A15 °C temperature
Gonglves, M. C.; Silva, N. J. O.; de Zea Bermudez, V.;Feareira,

R. A.; Carlos, L. D.; Dahmouche, K.; Santilli, C. V.; Ostrovskii, D.;

Correia Vilela, I. C.; Craievich, A. FJ. Phys. Chem. B005 109, (43) Jablonski, Z.; R.-Himmel, |.; Dyrer, Mspectrochim. Actd978 35A
20093. 1297.

(42) (a) de Zea Bermudez, V.; $=rreira, R. A.; Carlos, L. D.; Molina, (44) Silva, F. R. G.; Menezes, J. F. S.; Rocha, G. B.; Alves, S.; Brito, H.
C.; Dahmouche, K.; Ribeiro, S. J. U. Phys. Chem. 2001, 105, F.; Longo, R. L.; Malta, O. LJ. Alloys Compd200Q0 303—304, 364.
3378. (b) Dahmouche, K.; Carlos, L. D.; de Zea Bermudez, V.; Sa (45) Al-lbrahim, M.; Roth, H.-K.; Zhokhavets, U.; Gobsch, G.; Sensfuss,
Ferreira, R. A.; Santilli, C. V.; Craievich, A..B. Mater. Chem2001, S. Sol. Energy Mater. Sol. Cel2005 13, 85.

11, 3249. (c) SaFerreira, R. A.; Carlos, L. D.; Gaatves, R. R;; (46) Pommerehne, J.; Vestweber, H.; Guss, W.; Mahrt, R. FssiBg H.;
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Figure 1. DSC (left axis) and TGA (right axis) curves of the (a) Eu@ta)
(H20), and (b) Eu(ttagphen complexes.
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range, the TGA curve of Eu(ttgH.O). (Figure 1a) displays

Chem. Mater., Vol. 19, No. 16, 2@BB5

tion of the Ed" ions in the doped samples, we decided to
inspect the FT-IR signatures of PCL(530)/siloxane/Eufita)
(H20), and PCL(530)/siloxane/Eu(tghen in the spectral
region typically associated with the stretching vibration of
the carbonyl groups and compare them with that of the
nondoped PCL(530)/siloxane matrix.

The “amide 1" modes of urethane groups, which receive
a major contribution from the carbonyl stretching vibration,
appear between 1800 and 1600 ¢t As these modes are
sensitive to the specificity/magnitude of hydrogen-bonding
modes?’ in general the “amide 1” band consists of several
distinct components that correspond to differer=@
environments usually known as associations. In the same
spectral interval, the carbonyl stretching modes of the ester
carbonyl groups give rise to bands that have been widely
explored for crystallinity determinatiot§:*

Rich information may be retrieved from the carbonyl
stretching region of the nondoped matrix (see Figure S3 of
the Supporting Information). Curve-fitting procedures per-
formed in the 18061650 cm* interval allowed us to resolve
the band profile of the PCL(530)/siloxane hybrid into four
distinct components located at about 1762, 1736, 1720, and
1692 cm! (see Figure S4 of the Supporting Information).
The weak 1762 crt band is associated with the presence
of “free” (non-hydrogen-bonded) carbonyl groups of the
urethane cross-links (Scheme 28)The 1736 cm' com-
ponent is characteristic of amorphous PCL(530) ch&ifs.
The component found at 1720 cinis attributed to the
presence of hydrogen-bonded oxyethylene/urethane associa-
tions (Scheme 2B¥ Finally, the 1692 cm! feature is
assigned to the formation of urethanerethane hydrogen-
bonded associations (Scheme 2€Because of their struc-
tural similarity, it is, however, very likely that associations
such as that represented in Scheme 2D also absorb at 1692
cm L,

In spite of the low concentration of europium in the
samples prepared (see Experimental Section), doping the
PCL(530)/siloxane hybrid matrix with Eu(tti.0), and Eu-

a mass loss of 5% that corresponds to the release of the twqtta);phen modifies the carbonyl stretching region of the

water molecules from the coordination sphere of thé"Eu

matrix, leading to band redistribution (see Figures S3 and

ion. In the corresponding DSC trace, this effect is manifested S4 of the Supporting Information). Upon incorporation of

as an intense endothermic peak centered around°C30
(onset at about 108C; Figure 1a). The weaker endotherm
centered at 150C (onset at about 12%C) in the same curve
is associated with the melting of the complex (Figure4).
At temperatures higher than approximately 280 complex
decomposition takes place (Figure 1a).

The DSC and TGA curves of Eu(TT4hen demonstrate
the anhydrous character of this complex (Figure 1b). The
sharp endotherm centered at about 245 (onset at ap-
proximately 240°C) corresponds to the fusion of Eu-
(tta)sphen (Figure 1(b)). We note that the replacement of
the two water ligands of Eu(ttgH.O), by the phen ligand
is clearly advantageous, as it imparts a thermal stability to
the Eu(ttagphen compound. The degradation of this complex
begins only above 300C (Figure 1b).

Hybrid Characterization. In an attempt to get insight into

the role played by the urethane carbonyl oxygen atoms and®?

the PCL(530) ester carbonyl oxygen atoms in the coordina-

Eu(ttayphen, the intensity maximum of the band profile is
shifted from about 1733 to 1726 c(see Figure S3 of the
Supporting Information).

The plot of Figure 2 reveals that the addition of Eugta)
(H20), has more dramatic consequences on the chemical
environment of the carbonyl groups than Eu@bagn. In
the case of Eu(tta)H,O), doping, a significant breakdown
of the hydrogen-bonded associations responsible for the 1692
cm~! component (i.e., urethane/urethane associations and
urethane/ester carbonyl associations) occurs. In parallel, the
proportion of ester carbonyl groups increases dramatically.

(47) Skrovanek, D. J.; Howe, S. E.; Painter, P. C.; Coleman, M. M.
Macromoleculesl985 18, 1676.

(48) He, Y.; Inoue, Y.Polym. Int 200Q 49, 623.

(49) Sanchis, A.; Prolongo, M. G.; Salom, C.; Masegosa, RJ.NPolym.

Sci., Part B: Polym. Physl979 17, 837.

de Zea Bermudez, V.; Ostrovskii, D.; Gaiees, M. C.; Carlos, L.

D.; SaFerreira, R. A.; Reis, L.; Jacobsson, Phys. Chem. Chem.

Phys.2004 6, 638.
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Scheme 2. Tentative Representation of the Chemical Environment of the Carbonyl Groups in the PCL (530)/Siloxane Hybrid
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The fraction of oxyethylene/urethane associations and thethan the minimum concentration for which this ¥u
population of “free” urethane groups remains constant, coordination-sensitive absorption is identified by FT-IR in
however (Figure 2). Typically, when urethane/urethane the case of the europium triflate-doped diurethangsilsd
associations are destroyed, the number of “free” carbonyl the Eu(ntagopy -doped diureasils (where nta is 1-(2-
groups tends to increase and/or new hydrogen-bondednaphthyl)-4,4,4-trifluoro-1,3-butanedionate and bpy is-2,2
associations are formé# As this is not the case here, we bipyridinef* (Si/Eu = 3.5* and 7.9 g/g! respectively).
propose that the hydrogen-bonded associations destroyed irfrurthermore, the possibility that a new band is masked by
the PCL(530)/siloxane/Eu(tt#MH,0), sample are essentially the broad component centered at 1690 trmannot be
the urethane/ester carbonyl ones. We emphasize that thaliscarded either (see Figure S4 of the Supporting Informa-
rupture of these associations frees ester carbonyl groupgion).
without increasing the number of available “free” urethane  The data obtained also indicate that, unlike Eugt#)0).,
groups (Scheme 2D), leaving the oxyethylene/urethanewhose interaction with the PCL(530)/siloxane host appears
associations unperturbed. to be restricted to the environment of the urethane/ester
Although the addition of Eu(ttagphen to PCL(530)/  carbonyl associations, Eu(ttphen exerts its influence
siloxane does not produce such marked effects (Figure 2),essentially on the urethanerethane associations of the
we observe a slight rupture of the urethane/urethane associapCL (530)/siloxane structure, weakening them. Considering
tions, whereas the proportion of urethane/ester carbonyl andthe bulkiness of the ligands in the latter complex, we consider
oxyethylene/urethane associations remains practically thethat this breakdown of the hydrogen bonds is consistent with
same. At the same time, the fraction of “free” urethane the existence of steric constraints. However, the arguments
groups rises. presented above for the PCL(530)/siloxane/EufitD).
These findings suggest that the inclusion of Eu{t#)O), material regarding the formation of new associations char-
within the PCL(530)/siloxane medium promotes the interac- acteristic of E&*/carbonyl bonding apply here as well, as
tion of the complex (i.e., of the Etiions) specifically with  the concentration of Ei1 in PCL(530)/siloxane/Eu(ttg)hen
the carbonyl groups of the PCL(530) chains of the hybrid (Si/Eu= 24 g/g) is slightly lower than that of Eu(tig),0).
host. This explanation apparently eliminates the contribution in the same hybrid host matrix.
of the urethane carbonyl oxygen atoms to the coordination  The DSC curves of the doped PCL(530)/siloxane hybrids
process of the Ed ions. Typically, in mond®/diurethane-  exhibit a very weak endotherm in the low-temperature range
sils* and diureasil$?*the coordination of lanthanide ions  (Figure 3). This event is centered at 4Z (onset at about
(introduced as a triflate s&t®® and as a comple¥;! 42°C) in the case of Eu(ttg)H.O), doping (Figure 3a) and
respectively) to the carbonyl oxygen atoms of the urethane 5t 36°C (onset at about 29C) in the case of Eu(ttg)hen
and urea cross-links of the hybrid matrix, respectively, is doping (Figure 3b). It is of interest to mention that, although
easily monitored in the amide | region through the detection {he parent PCL(530) organic precursor is crystalline (the
of a new event emerging below the component at ap- reported melting temperature of this compound is-38
proximately 1690 cm. In the carbonyl stretching region  oc)  the nondoped PCL(530)/siloxane matrix is totally
of the PCL(530)/siloxane/Eu(ttg)-:0), material, this E¥"  amorphouss Thus the weak endothermic event observed in
coordination-sensitive feature is not seen (see Figure S3 ofihe thermograms of PCL(530)/siloxane/Eu@teO), and
the Supporting Information). However, it is possible that the pc| (530)/siloxane/Eu(ttg)hen may be associated with the
concentration of Etf is too low to yield a detectgble band  fysion of short uncomplexed polymer segments of the PCL-
by FT-IR. We recall that the concentration ofEun PCL-  (530)/siloxane hybrid host. Considering that the reported
(530)/siloxane/Eu(ttajH-0). (Si/Eu = 19 glg) is lower  yajye for the bulk enthalpy of melting of PCL (i.e., 100%
crystalline)AH is 166.7 J g*,5 the proportion of crystal-

(51) Fu, L.; SaFerreira, R. A.; Silva, N. J. O.; Fernandes, A. J.; Ribeiro-
Claro, P.; Gonalves, |. S.; de Zea Bermudez, V.; Carlos, L. D.
Mater. Chem2005 15, 3117. (52) Chen, H.-L.; Li, L.-J., Lin, T.-LMacromoleculed998 31, 2255.




Photostable Luminescent Paly§aprolactone)siloxane Biohybrids

50
1

N
1 1 1

100 150 200 250 300 350 400
1 ! 1 1 ! 1 !

(a)

450
100

-250 L 80

&

3

3
1

-750 4

o
1
(%)ssol yBrapn

-500

Endo Heat flux (mWg ™) Exo

-1000

-1500

T T T T
50 250 300 350 400

T (°C)
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complexes.
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Figure 4. Emission spectra of the PCL(530)/siloxane hybrid host excited
at (1) 300, (2) 325, (3) 350, (4) 375, (5) 400, and (6) 425 nm. The inset
shows the excitation spectra monitored at (7) 380, (8) 420, (9) 470, and
(10) 510 nm.

linity in the PCL(530)/siloxane/Eu(ttglH20). (AHm
J g1 and PCL(530)/siloxane/Eu(timhen AHy,
g 1) samples is 1.9 and 1.5%, respectively.

It is noteworthy that the pair of peaks ascribed to the two

3.1
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Normalised Intensity

350
Wavelength (nm)
Figure 5. Excitation spectra of the (a) PCL(530)/siloxane/Eugtd)O),
and (b) PCL(530)/siloxane/Eu(tsmhen hybrids monitored at 617 and 612
nm, respectively.

250 300

the excitation wavelength was recently modeled as radiative
recombinations involving thermal relaxation within localized
states, in the framework of the extended multiple trapping
approacht? The excitation spectra were monitored along the
broad emission band (inset of Figure 4), showing that the
excited states of the PCL(530)/siloxane hybrid range from
the UV (250 nm) to the blue spectral region (480 nm).

Figure 5 compares the excitation spectrum (monitored
around the most inten$®, — “F, emission transition) of
the PCL(530)/siloxane/Eu(ttgH.0), and PCL(530)/silox-
ane/Eu(ttagphen samples. Both spectra display a large broad
band peaking at-370 and~380 nm, respectively, which
may result from the overlap of the—x* electron transition
of the organic ligand$24‘and the excited states of the PCL-
(530)/siloxane hybrid (inset of Figure 4). In the excitation
spectrum of the hybrid incorporating the Eu(tf)en
complex, it is also possible to discern the — 5Le, 'F1 —
5D; (taking into account the selection rules for forced electric-
dipole transitionsAJ = 2, 4, 6, this is a more reasonable
assignment at room temperature tHen— 5D3) and’Fo —
5D, intra-4f transitions (Figure 5). The absence or negligible
intensity of the intra-£ftransitions in these excitation spectra
indicates that the EU ions are mainly excited via an
effective sensitized process involving the ligands excited

water ligands of the aquocomplex are absent in the DSC states, rather than by direct intraé4fcitation. Comparison

thermogram of PCL(530)/siloxane/Eu(g@).0), (Figure

of the PCL(530)/siloxane/Eu(ttgH.O), excitation spectrum

3a). No mass loss associated with the removal of the two with that of the starting complé&Xallows us to infer that in

water molecules is detected by TGA (Figure 3a). The TGA

the case of the complex, the broad band overlaps infra-4f

curves of the two hybrid samples reveal that both materials lines. Thus, the incorporation of the complex into the PCL-

start to decompose at approximately 2@

The PCL(530)/siloxane hybrid host is photoluminescent
prior to the incorporation of the Etrbased complexes. As
shown in Figure 4, the emission spectra of the PCL(530)/

siloxane hybrid host are composed of a large broad band,

(530)/siloxane hybrid host framework results in an improve-
ment of the sensitization process. We will return to this point
below.

The PCL(530)/siloxane//Eu(ttgH.O), hybrid shows an
intense red photoluminescence when irradiated with ultra-

whose peak position deviates to the red as the excitationyiolet (UV) radiation (Figure 6). Figure 7A shows the
wavelength increases. These emission features resemble thosemission spectra of the hybrids under the excitation wave-

previously reported for other amine functionalized hybrids,

length that maximizes the Euemission. The spectra are

such as the diureasils/diurethanesils, and have been ascribegomposed of the characteristic sharp peaks of tHe Fdy

to electron-hole recombination occurring within oxygen-

— "Fy_4 transitions. Only a single line is observed for the

related defects present in the siliceous domains and withinnondegenerate#D, — 7F, transition (Figure 7B), with a

the urea/urethane groups® The emission dependence on

(53) (a) Carlos, L. D.; S&erreira, R. A.; de Zea Bermudez, V.; Ribeiro,
S. J. L.Adv. Funct. Mater2001, 11, 111. (b) Carlos, L. D.; Skerreira,
R. A.; Pereira, R. N.; Assu@o, M.; de Zea Bermudez, \d. Phys.
Chem. B2004 108 14924.

(54) (a) SaFerreira, R. A.; Ferreira, A. L.; Carlos, L. [Eur. Phys. J. B
2006 50, 371. (b) Sarerreira, R. A.; Ferreira, A. L.; Carlos, L. D.
Non-Cryst. Solid006 352 1225.

(55) Teotonio, E. S.; Brito, H. F.; Felinto, M. C. F. C.; Kodaira, C. A;;
Malta, O. L.J. Coord. Chem2003 56, 10, 913.
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100 ions resulted, indicating that the energy transfer channels
(@) resonant with the Eu °D, level are not efficient in
. populating the E¥ states. For the PCL(530)/siloxane/Eu-
= 80r (b) (tta)sphen hybrid, only the EU lines could be observed for
2 I excitation wavelengths ranging from 300 to 420 nm and
% 60 | under excitation into théD; level.
£ Comparing the Et emission features of the hybrids with
B those of the complexes, changes are observed in the energy
® 40 and fwhm of the’Dy — "Fo—4 transitions, which points out
Eg’ an effective interaction between the®ions and the PCL-
= o0l (530)/siloxane host. The increase in the fwhm for the hybrids
also suggests a higher nonhomogeneous distribution of
0 similar E* chemical environments due to changes outside

0 1 2 3 4 5 6 7 8 9 10 11 Fhe coordl_natlon polyhedroii.As recently suggestgd for the
i incorporation of other EUf based complexes in amine cross-
Time (hours) linked organie-inorganic hybrids, such alterations may be

Figure 6. Emission intensity under UVA excitation as a function of  ra|ated to the essentially amorphous local structure of the
exposure time for the (a) PCL(530)/siloxane/Euf(td)O), and (b) PCL-

. . . +
(530)/siloxane/Eu(ttaphen hybrids under UV irradiation at 370 and 380 NOSt that accommodates in slightly different ways _thé Eu
nm, respectively. The photography shows the PCL(530)/siloxane/gu(tta)  first-coordination sphere, also leading to slight modifications

(H20)2 hybrid under UV irradiation (366 nm). in the phonon density distributicf.
N The®Dy emission decay curves were monitored within the
DF, Do — ’F; transition under the excitation wavelength that
CIAN maximizes the emission intensity (not shown). The decay
576 578 580 582 curves are well-reproduced by means of a single-exponential
3 ¢ function, yielding®Dy lifetime values of 0.679t 0.001 ms
H @/ - o and 0.622+ 0.002 ms for PCL(530)/siloxane/Eu(tiphen
2 B . and PCL(530)/siloxane/Eu(tigH,0),, respectively. Al-
= %69, %60, 5% 600 though the’Dy, lifetime value for the PCL(530)/siloxane/Eu-
o i v P (ttaphen material is smaller than that reported for the
2 v oy @ isolated complex (0.976 rff§, the incorporation of the Eu-
— T (tta)s(H,0), complex into the hybrid induces an increase in
Wavelength (nm) the®Dy lifetime value, with respect to that estimated for the
Figure 7. (A) Emission spectra of PCL(530)/siloxane/Eu(itel0). (a) isolated complex (0.34 A&,

and PCL(530)/siloxane/Eu(timhen (b) hybrids excited at 370 and 380 nm, On the basis of the luminescence data presented above
respectively. The inset shows the emission spectra of the PCL(530)/siloxane/

Eu(ttay(H,0), excited at 465 nm. (BD) Details of the®Do — "Fo_ (|.e'., emission spectra arhdo Ilfetlmes), itis p055|bllg to
transitions. The asterisks identify the four distinctly discerfd Stark estimate th&D, radiative {) and nonradiativek,) transition
components. probabilities and théD, quantum efficiency ) of the

hybrids. Assuming that only nonradiative and radiative
processes are involved in the depopulation of’bgstate,
g may be defined as

typical full-width at half-maximum (fwhm) value of20
cm 1, suggesting that all Bt1ions occupy the same average
chemical environment. Moreover, the energy, fwhm, and
number of emission lines are independent of the selected K.

excitation wavelength. The detection of a single line for the q= m (4)
Do — "Fo transition (Figure 7B), the local-field splitting of '

theF,; levels into 3 and 4 Stark components (panels C and 1q emission intensityl) taken as the integrated intenssy

D in Figure 7, respectively) and the higher intensity of the ¢ the emission curves for th#d, — 7Fo_, transitions is

Do — "F; transition indicate that the Etilocal coordination expressed by

site has a low symmetry without an inversion center. For

the PCL(530)/siloxane/Eu(ttgH.O), hybrid, upon exciting i =hw_;A_N=5_; (5)
along the broad band in Figure 5 (36620 nm), no emission

arising from the ligands triplet levels or from the PCL(530)/ wherei and | represent the initial®Dg) and final (Fo-4)
siloxane host was detected, pointing out an efficient energy levels, respectivelyiw;—; is the transition energyA;
transfer from PCL(530)/siloxane and the organic ligands to corresponds to Einstein’s coefficient of spontaneous emis-
the Ed* ions. However, upon excitation of the hybrid around sion, andN; is the population of thé€D, emitting level®®

465 nm, it is possible to discern a large broad band peaking The radiative contribution may be calculated from the
at ca 525 nm (inset of Figure 7A). This band was previously relative intensities of théD, — Fo-4 transitions. The
observed for emission of a Gdanalogue complex and was
assigned to the emission arising from the triplet state (56) Carlos, L. D.; Messaddeq, Y.; Brito, H. F.} Barreira, R. A.; de Zea
localized in each tta ligand®® For the latter excitation o, Sfémslfdﬁ.zhy\'}ﬁﬁﬁ'effFf.'TJ.'Flﬁ%”émgé%f%?%éffgﬁém.Chem.
wavelength (465 nnPD, level), no emission from the Eti Phys 2002 4, 1542,
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Table 2.5Dg Lbifegilme (), Féadiative k) 2ﬂd Nonf(a;iiati\lle (knr)d derived from the analysis of tH®, lifetime and quantum
Transition Probabilities, and Quantum Efficiency (q) Values an ;
Maximum Quantum Yield (#) for the Isolated Eu(tta)s(H20). and yield values of ather sy_s'Fems bésed O.n the Eufttwn
Eu(tta)sphen Complexes and Incorporated into Several Hybrid complex and other organignorganic hybrid hosts, such as
Hosts. The data were obtained at room temperature. the Merrifield resirt®tetramethoxysilane (TMOS)-diethoxy-
host 7(ms) k (Ms™) ky(ms?) q(%) (%) ref dimethylsilane (DEDMS) and TMOS-3-glycidoxypropyltri-
Eu(ttay(H,0), methosysilane (GLYMO32¢580as shown in Table 2. For all
0.34  0.806 2137 27 31  these materials, a decrease in By lifetime and in the
0.3 1110  2.736 29 55 . ; :
PCL(530)/siloxane 0.622  0.595 1013 37 13 emission quantum yleI.d values is observed after comp[ex
diureasil 057 1299 0476 74 31  incorporation, suggesting the appearance of nonradiative
epoxy resin 0442 1034 1229 46 59  channels that were not present in the isolated complex.
076 Eu(ttayphen 6 " The g value reported for the isolated Eu(H#@),0),
PCL(530)/siloxane 0.679 0651 0822 44 22 pomplex -27%%) r(—;-veals that the complex incorporation
merrifield resin 0.500 22 58a  into the PCL(530)/siloxane host contributes to enhance the
mgg'gfemg; 8-288 5471 ggg'ggg 5Dy quantum efficiency. The increase in thealue may be
' o ’ attributed to a decrease in thg value in the hybrid with
® Samples processed as thin films. respect to that of the complex (2.736 mt<9). The kn,

branching ratio for the’D, — 7Fs¢ transitions must be decreases very likely originated from the replacement of the
neglected because of their poor relative intensity with respectWater molecules (i.e., OH oscillators) present in thé'Eu

to that of the remainingD, — "Fo_4 transitions. Their first-coordination sphere of the starting complex by oxygen
influence on the depopulation of t¥®, excited state can atoms of the carbonyl groups of the PCL(530)/siloxane host.
therefore be ignored. ThéD, — 7F; transition can be e will return to this point below. Nevertheless, the absolute

considered as a reference because of its dipolar magneti€mission quantum of the PCL(530)/siloxane/EugtajO),

nature, sk, can be calculated as hybrid is lower (13%) than that of the isolated complex
(299%), indicating that the UV absorption and energy

hwgy 4 Sy transfer phenomena are less efficient in the hybrid.
k= Ao S, Hhw, ®) The Eu(ttaj(H.0), complex is among the most studied

p-diketonates complexes, and has been already incorporated

whereA,_; is Einstein’s coefficient of spontaneous emission into other organie-inorganic hosts, such as, for instance, the
between théD, and the’F; Stark levels. diureasils’* and polymer resin®25°Table 2 compares the

The 5Dy — 7F; transition does not depend on the local °Do lifetime, k;, ka, andq values and quantum yields reported
ligand field seen by Eif ions and thus may be used as a for these materials with those estimated for the PCL(530)/
reference for the whole spectrum; in vacuuly,; = 14.65 siloxane hybrid. In the case of the Eu(8#).0), complex,
s 153 An effective refractive index of 1.5 was used, leading an increase ik and a decrease iy occurs when the Eu-
to A(®Do — F1) ~ 50 s%. The values found foq (%), k. (tta)s(H20). complex is incorporated into the diureasil matrix
(ms™), and k, (ms™?) for PCL(530)/siloxane/Eu(ttghhen and into the polymer resin, leading to higligralues (74%"
and PCL(530)/siloxane/Eu(ttgH.0),, are shown in (Table  and (46%)°respectively) than those resulting from its
2). incorporation into the PCL/siloxane hybrid host. These

The absolute emission quantum yields estimated for PCL- differences are induced by the different chemical environ-
(530)/siloxane/Eu(ttgphen and PCL(530)/siloxane/Eu(ga)  ments experienced by the complex in the three organic
(H,0), are 22 and 13%, respectively (Table 2). In common inorganic hosts. In particular, for the diureasil and the epoxy
with the situation observed for tlipvalues, the higher value  resin, the local interaction between the complex and the
found for the former hybrid may be caused by the higher hybrid host occurs through the oxygen atoms of the polymer
nonradiative transition probabilityk() of the PCL(530)/  chains? whereas in the case studied here, the complex
siloxane/Eu(tta)H,0).. interacts with the host matrix via the oxygen atoms of the

It is useful to compare the above results with those reported carbonyl groups of the hybrid structure. In all cases, the
in the literature for the isolated Eu(tsphen complex. The  removal of water molecules from the Etfirst-coordination
previously reported data for this complex refer to the sphere might happen, inducing the increase in the quantum
estimation of the overall emission quantum yiel) (hat yield and efficiency values.

has been theoretically and experimentally determined as The removal of water molecules from the¥woordina-
being 63 and 69%, respectivelyThe lower value found  tion sphere after incorporation into the PCL(530)/siloxane
for the PCL(530)/siloxane/Eu(ttghen hybrid leads us to  may be further studied. On the basis of the empirical formula
conclude that théDgy nonradiative paths in the PCL(530)/
siloxane/Eu(ttaphen hybrid are higher than those existent
in the Eu(ttajphen complex. As the absolute emission
quantum yield is defined as the ratio between the number of (58) ﬁ?;éf%%ﬁsifé 13%‘_‘”-‘?3)”L9Kr;ég’r?sf“ E_?L:ren)}cﬁébglsrg\?rgfnﬁggg .
emitted and absorbed photons, there . We are thus led Van Deun, R.; Nockemann, P.;"8er-Wairand, C.; Binnemans, K.
to conclude that theD, nonradiative paths in the PCL(530)/ J. Lumin 2005 114, 77. _ _
siloxane/Eu(ttaphen hybrid are higher than those existent ©% gt‘;tpeagﬁér?éga3'\ﬂlu70f'2|1°2"A('t;)B,;gcr’r'a':"DF';FIhé’mg’Sﬂr."F':ﬁggf 3

in the Eu(ttagphen complex. The same conclusion may be R.; Carlos, L. D.J. Appl. Polym. Sci2002 83, 2716.
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suggested by Supkowski and HorroéRsye are able to average molecular weight 530 g/mol), and 3-isocyanatepropyltri-
estimate the number of water moleculeg)(coordinated to ethoxysilane (ICPTES, Fluka, 95%) were used as received. Ethanol
the metal ion in the PCL hybrid host with the following (CHsCH:OH, Merck, PA grade) and tetrahydrofuran (THF; Merck,

formula puriss. PA grade) were stored over molecular sieves. High-purity
distilled water was used in all experiments.
n,=1.11x [kexp — kr — 0.310 @) The europium complexes were prepared using the conventional
method described in detail elsewhétda) Synthesis of Eu(ttg)
wherekey, is the reciprocal value of theD, lifetime. (H20),. A mass of 0.6670 g (3 mmol) of Htta was dissolved in 15

On the basis of eq 7, we estimated that in the case of PCL-ML of CH;CH,OH. The pH of this solution was adjusted te-B
(530)/Eu(tta)(H,0), 0.8 + 0.1 water molecules are coordi- by adding an approprlgte amount of an aqueous NaOH so!utlon 1
nated to the Etr ions. This finding leads us to deduce that M). An aqueous solution of EugsH,0 (0.3611 g, 1 mmol in 5

| I le of the E o | mL of water) was then added dropwise to the ethanolic solution of
at least one ;vr;lter mﬁ e?ﬁef'o the g,(f;(ai)? )2 f;]OrlTp ?X Htta. The addition of 100 mL of water on heating at®Dfor 120
was removed from the Irst coordination shell after  mjn followed. The resulting solution was left in the fume cupboard
being added to the PCL(S30)/siloxane host. The removal of yntil precipitation. The yellow solid obtained was filtered off,
water molecules from B ion first-coordination sphere in - washed with water and dried in a vacuum desiccator at room
the Eu(ttaj(H-O), complex was also detected in other hosts, temperature. Yield: 81% Anal. Calcd: C, 33.83; H, 1.88. Found:
such as the diureasit, TMOS-DEDMS, and TMOS- C, 33.86; H, 1.79. (b) Synthesis of Eu(fghen. The preparation
GLYMO?®8 grganic-inorganic hybrids, and is in complete of this complex differed from that of Eu(ttH-O) only in the

Recently, it was demonstrated that amine-based organic Solution of Hta Yield: 74% Anal. Caled: C, 43.41; H, 2.00.
inorganic hybrids contribute to the photostabilitybflike- ~ ~ound: C, 43.37; H, 2.81. _ _
tonate complexe®.The photostability of the [Eu(btfa)4,4- The nondoped and doped hybrids were prepared according to a

, . N procedure described in detail elsewh&dut using a different
_bpy)(EtOH_)] complex (where 4ibpy is 4,_4»b|pyr|d|ne, btfa . ICPTES:CHCH,OH:H,O molar ratio (here, 1:4:3). The synthesis
is 4,4,4-trifluoro-1-phenyl-1,3-butanedione, and EtOH is

. ) A : of the host PCL(530)/siloxane hybrid involved two steps. In the
ethanol) was significantly improved after incorporating the fist stage, a urethane cross-link was formed between the hydroxyl
complex into a diureasil hybrid, the resulting material (—OH) end groups of the PCL(530) chain and the isocyanaké=
displaying~100% photostability under UVA radiatio To C=0) groups of ICPTES in THF at 7880 °C to yield the PCL-
evaluate the photostability of the PCL/siloxane-based hybrids (530)/siloxane hybrid precursor. In the second stage, appropriate
examined in the present work, we monitored the integrated amounts of CHCH,OH and water were added to this solution to
intensity of theSDy — 7Fo_4 transitions in real time as a  Promote the soetgel characteristic reactions (i.e., hydrolysis and
function of the exposure time for the excitation wavelength condensation). Th_e complex was incorporated in the I_atter stage.
that maximizes their emission intensity, namely 370 and 380 I the PCL(530)/siloxane/Eu(tidh20). and PCL(530)/siloxane/
nm (UVA) for PCL(530)/siloxane/Eu(ttaH.0), and PCL- Eu(ttayphen hybrids prepared, the Si/Eu ratl(?s are 19 g/g (105 mol/
(530)/siloxane/Eu(ttaphen, respectively (Figure 5). Under mol) and 24 g/g (130 mol/mol), respectively, and the HC

! . o 0)(CH,)sOJ/Eu ratios are 245 and 304 mol/mol, respectively.
UVA PTXpO_SUfe’ _the PCL(530)/S|onane/Eu(§_pi)en hybrid Elemental analyses of the complexes were performed at Centro
emission intensity decreases around 25% in 11 h, whereasgye Apoio Cienftico e Tecnolaico a Investigacim (CACTI)-
in the case of PCL(530)/siloxane/Eu(§&}0), an emission  yniversity of Vigo (Spain).
intensity degradation of 10% in 11 h is discerned (Figure  The Fourier transform infrared (FT-IR) spectra were acquired
6). It the latter material, 5% of emission intensity degradation at room temperature on a Unicam FT-IR spectrophotometer. The
takes place in the fit2 h of exposure. These results show spectra were collected in the 406800 cnt? range by averaging
that the PCL(530)/siloxane hybrid host has a higher contri- 120 scans at a resolution of 4 clnAbout 2 mg of each compound
bution to the photostability of the Eu(ttéi.0), complex was mixed with potassium _bromide (Merck, spectroscopic grade)
than that of the Eu(ttgdhen complex. This observation is finely ground and pressed into pellets. To evaluate complex band
in good agreement with the more effective interaction being €"velopes and identify underlying spectral components, we used
between the hybrid and the Eu(t@},0), complex rather the iterative least-squares curve-fitting procedure in the Pe€akFit

. . software throughout this study. The best fit of the experimental
than with the same hybrid and the Eu(izlen complex. data was obtained by varying the frequency, bandwidth, and

This aspeCt is probably associated with the higher interaction intensity of the bands and using a Gaussian shape. A linear baseline
that exists between the Eu(#@)-0). complex and the PCL-  ¢orrection with a tolerance of 0.2% was employed. The standard
(530)/siloxane host (via the replacement of one water errors of the curve-fitting procedure were less than 0.005.
molecule in the Etf first-coordination sphere by the oxygen The absorption spectra of the ethanolic solutions of the complexes
atom of a carbonyl group of the hybrid host), when compared were acquired in the 766240 nm range with a U¥visible
with that observed in the case of the Eu@téen complex. Spectronic Genexys 2PCC spectrophotometer.
Cyclic voltammetric studies were performed in a three-electrode
Experimental Section cell consisting of a platinum working electrode, a platinum counter
electrode and a saturated calomel as a reference electrode using a
Thenoyltrifluoracetone (Htta, Aldrich, 99%), europium chloride  scan rate of 50 mV/s (Solartron potentiostat 1285). The complexes

(EuCk6H,0, Aldrich, 99%), 1,10-phenanthroline (phen, Aldrich, were dissolved in acetonitrile (HPLC grade) containing 0.2 M
+99%), o,w-hydroxyl poly-caprolactone) (PCL(530), Fluka,

(61) Melby, L. R.; Rose, N. J.; Abramson, E.; Caris, JJCAm. Chem.
(60) Supkowski, R. M.; Horrocks, W. D, Jnorg. Chim. Acta2002 340, Soc.1964 86, 5117.
44, (62) PeakFit Jandel Corporation: San Rafael, CA.
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tetrabutylammonium tetrafluoroborate (TBABFThe electrolyte tures, and IE and EA energies. Whereas doping the PCL-
was purged with nitrogen before each measurement. (530)/siloxane matrix with the Eu(tt§H,0), complex

A DSCl_31 Setaram differential sgar_ming calorimeter was uged resulted in a significant enhancement of fiy quantum
to dgtermlne the Fhermal characteristics of the sgmples. A disk efficiency (from 29.0% in the complex to 44.2% in the
section (xerogel films) or powder (complexes) with a mass of hybrid), the opposite situation occurred when Euggtagn

approximately 26-30 mg was placed in a 40L aluminum can . . L
and stored in a desiccator over phosphorus pentoxig@sfFor 1 was added to the same medium, with % nonradiative

week at room temperature under a vacuum. After this drying Paths in the hybrid being higher than those existing in Eu-
treatment, the cans were hermetically sealed and the thermogramgtta)sphen itself. Under UVA exposure, the emission intensity
were recorded. Each sample was heated from 25 to°@08&t 10 of PCL(530)/siloxane/Eu(tta)H-O), decreased 10% in 11
°C min-1, The purge gas used in both experiments was high-purity h, whereas that of the PCL(530)/siloxane/Euffiagn de-
nitrogen supplied at a constant 35Tmin* flow rate. creased 25%. It is noteworthy that the thermal stability of

Samples for thermogravimetric studies were transferred to open both doped samples is remarkably high (up to 2G9.
platinum crucibles and analyzed using a Rheometric Scientific TG

1000 thermobalance at a heating rate o@0min-* using dried The data derived from the present investigation lead us to
nitrogen as purging gas (20 mL/min). Prior to measurement, the State that a lanthanide aguocomplex contaifiirdiketonate
samples were vacuum-dried at 80 for about 48 h and keptinan  ligands may be efficiently anchored to the PCL(530)/siloxane
argon-filled glove box. host network by means of the carbonyl oxygen atoms of the
The luminescence spectra were recorded at room temperatureatter structure, which act as efficient coordinating sites
with a modular plom_JbIe grating excitation spectrofluorimeter witha toward the lanthanide ions. In the case of the Eu(itaD),
TRIAX 320 emission monochromator (Fluorolog-3, Jobin Yvon- complex, this process resulted in the release of 1 (2) water

Spex) coupled to a R928 Hamamatsu photomultiplier, using the S
front face acquisition mode. The excitation source was a 450 W molecules from the Etf coordination shell. When the host

Xe arc lamp. The emission spectra were corrected for detection Matrix was doped with the Eu(tighen complex, the absence
and optical spectral response of the spectrofiuorimeter and theOf the labile water ligands and the presence of a strongly
excitation spectra were corrected for the spectral distribution of chelating ligand (i.e., phen) disabled the exchange of

the lamp intensity using a photodiode reference detector. The coordinating atoms (i.e., the replacement of the water oxygen
lifetime measurements were acquired with the setup described forgtoms by the matrix carbonyl oxygen atoms).

the luminescence spectra using a pulsed-Mg lamp (6us pulse . . .
at half width and 26-30 s tail). The absolute emission quantum The encouraging results reported here reinforce the idea

yields were measured at room-temperature using a quantum yieldthat a swnple and .attractlve way of cr.eajtlng hlghly lumines-
measurement system C9920-02 from Hamamatsu with a 150 W ¢ent hybrid materials for optics may lie in the choice of the
xenon lamp coupled to a monochromator for wavelength discrimi- host structure, whose design must provide adequate coordi-
nation, an integrating sphere as sample chamber, and a multichannehating groups that play the role of anchoring sites for the
analyzer for signal detection. guest emitting species. The second requirement that needs

The photostability in the UVA spectral region was investigated g pe fulfilled in the light of this concept is the incorporation
for 11 h by monitoring th€Dy — 7Fo—4 integrated emission intensity of the lanthanide species as complexes including simulta-
using a Jobin Yvon-Spex spectrometer (HR 460) coupled to an neously labile ligands (e.g., water molecules) grdiketo-

R928 Hamamatsu photomultiplier, under the continuous excitation . . .
of a Xe arc lamp (150 mW) coupled to a Jobin Yvon monochro- nate ligands. In practical terms, the process of anchoring may

mator (TRIAX 180). The spectra were corrected for the response pe viewed as the formation in Si'tU of a new complex. These
of the detector. issues have been thoroughly discussed very recently by P.
P. Lima, et af®

Conclusions
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