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Due to their ease of fabrication, chemical stability and optical transparency polydimethylsiloxane-
derived silicones ([O-Si(CH3);]-) are excellent matrices to enable optical functions. We here report
on the luminescence of silicone hybrids with red-emitting europium diketonate complexes, which
have not been described previously in this matrix. The problem of too low solubility of the pure com-
plexes has been resolved by co-coordination with trioctylphosphine oxide (TOPQO), which permits
complex concentrations of up to 5 x 1073 molL~!, at the same time maintaining complete trans-
parency. Quantum efficiencies in excess of 60 % could thus be obtained for benzoyltrifluoroaceto-
nates, and near 50 % for thenoyltrifluoroacetonates. These high efficiencies have been confirmed by
room-temperature life time measurements, which displayed straight single-exponential decay behav-
ior for both complexes independent of their concentration in the silicone.
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Introduction

Silicones obtained from condensation crosslinking
of polydimethylsiloxane (PDMS) with, e. g., tetracthyl
orthosilicate (TEOS) are completely colorless, slightly
flexible polymers. Typically, the precursors PDMS,
TEOS and a catalyst like DBTL (dibutyltin dilaurate)
are moulded into a desired shape or spun to give corre-
sponding layers.

Luminescence activation of the silicones can be
realized by several methods, among which dissolv-
ing luminophores in the precursor mixture to give
solid solutions after curing, occasionally referred to
as host-guest polymers, is probably the most feasible
and easy-to-perform task. Numerous dyes have been
imbedded into silicone matrices, among them rho-
damines, coumarines, perylene derivatives, phthalo-
cyanines, and porphyrins, for mere optical “show” ef-
fects and luminescent marking, but also in lumines-
cent solar cell concentrators [1] and oxygen [2—10],
CO, [5, 11, 12] and SO, [13] sensing in particular.
However, due to the comparably small Stokes shifts of

the embedded organic dyes, most of the silicone mate-
rials will assume a body color, unless their absorption
is in the UV, which on the other hand, restricts the dye
emission to the blue spectral range. This unfavorable
situation can be circumvented by using metalorganic
complexes replacing the purely organic dyes.

It is well known that rare-earth ions display very
large apparent Stokes shifts on excitation of higher f
states due to the internal relaxation process leading
to predominant emission from usually only one char-
acteristic excited state (see e. g. refs. [14, 15]). This
excited state is, in the case of Eu’t, located at ap-
proximately 17 200 cm~! °Dy) above the ground state
("Fp), i. e. in the red-orange spectral range, and at ap-
proximately 20 500 cm™! (°Dy) above the ground state
("Fg) in the case of the Tb3* ion. Due to spin-orbit
coupling, both ions possess a manifold of six further
states in close energetic proximity to the ground state,
such that the radiative return from the excited Eu’*t
(5Do) and Tb3t (5D4) states, respectively, can pro-
ceed into either one of the altogether seven states. The
probability of return to either of these is governed by
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quantum mechanical selection rules, resulting in a pre-
dominant (“hypersensitive”) red emission at approx-
imately 612nm (°Dy — ’F,) for Eu* (if the Eu?*
coordination sphere is non-centrosymmetric), and the
strongest, green emission at 545 nm (°D4 — ’Fs) for
Tb** [16, 17].

To overcome the weak absorption strength for parity
and spin-forbidden f—f transitions in rare-arth ions,
ligation with strongly absorbing organic moieties and
the “antenna” effect are now heavily exploited, e. g. in
B-diketonate and carboxylate complexes [18 —22], to
grant sufficient excitability and the narrow and long-
lived line emission of Eu™ and Tb>*. In the con-
text of silicon polymer embeddings yet another bot-
tleneck has to be resolved, because the essentially
non-polar silicone matrix does not dissolve satisfying
amounts of the mentioned complexes, which is espe-
cially true for simple but highly efficient aryl carboxy-
lates. Recently, we were able to successfully tackle
the solubility problem by introducing trioctylphos-
phine oxide (TOPO) as a co-ligand to Tb(salicylate)s,
“Tb(sal)3(TOPO),” [23], which affords an efficiently
green emitting hybrid with the silicone matrix [24];
a similar approach of co-coordination had previ-
ously been reported for perfluorinated diketonates in
polymethylmethacrylate (PMMA) [25]. Pure diketo-
nates of Tb and Eu in PMMA matrices have also
been described recently [26], in which, additionally,
a new intermolecular energy transfer was identified.
Other common polymer matrices which have previ-
ously been functionalized with rare-earth complexes
to give transparent hybrids, include, e. g. epoxy-resins,
polycarbonates, polyurethanes and polyvinyl pyrroli-
dones [27-32], while surprisingly few reports on
silicones as hosts to europium complexes have ap-
peared [33 —35], neither of them elaborating on con-
ventional diketonates.

Similar to the case of Tb3", red line emit-
ting silicone hybrids can also be obtained by co-
coordination of TOPO to thenoyltrifluoroacetonates
(ttfa) and benzoyltrifluoroacetonates (btfa) of Eu’*
(see Fig. 1 for sketches of the ligands), as will be
shown below. In general, rare-earth ions (Ln) in
complexes of similar compositions (Ln(ttfa)s(TPPO),,
Ln(btfa)3(TPPO),, TPPO = triphenylphospine oxide)
adopt a distorted, trigonal-dodecahedral (approximate
D,; symmetry) or square-antiprismatic coordination
(approximately Dy,;) of the ligand and co-ligand oxy-
gen atoms [36—38].

=0

Fig. 1. Sketches of the ligands used in this investigation:
thenoyltrifluoroacetonate (ttfa, left), benzoyltrifluoroaceto-
nate (btfa, center) and trioctylphosphine oxide (TOPO,
right).

Unfortunately, we could not find a blue rare-earth
emitter of sufficient efficiency to complement the red-
and green-emitting complexes; neither the emission of
the Tm3* ion in diketonate complexes nor the broad-
band blue ligand emission (phosphorescence or fluo-
rescence) of the salicylate ion in Na, La, Gd, or Y sali-
cylates proved to be useful in the silicone matrix.

Experimental Section

Preparation of the chelate complexes Eu(btfa);(TOPO),
and Eu(ttfa);(TOPO),

The Eu chelates were prepared as described in [39] using
Eu(NO3)3(H,0)¢ which was consecutively co-coordinated
with btfaH or ttfaH by dissolving the components in CH3CN,
followed by addition of 2 aliquots of TOPO, evapora-
tion of the solvents and washing the residue with small
amounts of hexane. The compositions of all new com-
plexes were verified by elemental analysis and IR spec-
troscopy, the IR spectra obviously consisting of a wealth
of absorption bands. We therefore focus on relevant, strong
C=C and C=0 absorptions of the diketo-fragment follow-
ing recent assignments of Sc(acetylacetonate); [40] and
Sm(tetramethylheptanedionate); [41] vibrations, and the
P=0 vibration by comparing with free TOPO, where appli-
cable (Table 1).

The Eu3t content was determined by complexometric
titration with Na,EDTA (from Merck) using xylenol orange
as indicator. Carbon analyses were carried out using an Eltra
CS 800 carbon and sulfur determinator.

Preparation of the chelate-silicone hybrids

The TOPO-co-coordinated complexes were converted
into the silicone hybrids by a preparation essentially
following the procedures previously described for
Tb(sal)3(TOPO), (i.e. polydimethylsiloxane with an
average molecular weight (M) of 26 OOOgmolfl, tetra-
ethylorthosilicate, acetone as a dilutand, dibutyltin laurate
as catalysts) [24], except that the desired amounts of
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Eu(btfa);(H,0), Eu(btfa);(TOPO), Eu(ttfa)3(H,0),® Eu(ttfa);(TOPO),

Table 1. Selected IR data and

IR vibrational frequencies (cm™)

analytical results for the com-
plexes used®.

v(C=0) 1613 1627 1604 1617

v(C=C), v(C=0) 1576 1581

v(C=C), 6(C=CH) 1533 1532 1543 1535

v(C=0) 1491 1488 1411 1416

v(C=0) 1292 1290 1303 1302

v(C=0), 6(C=CH) 1188 1182 1192 1181

v(P=0) 1144 1138 1147 1142

Elemental analyses (%)°

Eu’t theor. 18.17 9.66 - 9.5
exp. 18.02 9.93 - 9.8

Carbon theor. 43.08 59.53 - 54.3
exp. 42.86 58.76 - 55.0

2 Complete IR spectra will be provided by the authors on request; ® Eu(ttfa);(H,0), has been the
subject of numerous previous investigations; see, e. g. ref. [26]; the IR spectra reproduced there were

in complete agreement with our material.

Eu(btfa);(TOPO),, or Eu(ttfa);(TOPO),, respectively,
were used. For subsequent optical measurements the
non-polymerized mixtures were poured into disposable
polystyrene cuvettes (1 cm, Brand Germany, UV-Kiivette
Plastibrand) or into a self-made, ring-shaped mould of
approximately 3 mm in depth and 30 mm in diameter. After
curing, the polymer hybrid was removed from the mould to
yield free standing and transparent disks of 2.4 to 3.0 mm
thickness (measured and checked for plane parallelity with
a micrometer screw, see also Fig. 5).

Optical measurements

Absorption, excitation and emission spectra were ob-
tained as described [24] on the silicone disks in transmis-
sion using a 500 nm long pass filter, excitation via an Ac-
ton Monochromator of 300 nm focal length, a 450 W Xe
lamp, and an Ocean Optics HR4000 UV/Vis spectrometer.
All disk absorption and luminescence measurements were
crosschecked in cuvettes as well. The measurements of the
disks in the high-concentration range between 4 x 10™* and
5x 1073 molL~! suffered from a relative imprecision of
roughly £6% due to very strong absorption near the irra-
diated faces of the disks, resulting in a penetration depth-
dependent loss of emitted light to the edges of the disks. Due
to geometrical constraints this error could not be accounted
for in, e. g., an integrating sphere. However, the monoexpo-
nential decay curves (see Fig. 4) with almost constant life-
times (668 to 694 s for Eu(ttfa); (TOPO),; 726 to 707 us for
Eu(btfa)3;(TOPO); ) over the mentioned concentration range,
unambiguously showed the constant quantum yield of all
samples. Quantum yield determinations were conducted rel-
ative to Eu(ttfa)s(phen) (phen = 1,10-phenanthroline), which
is known to possess a quantum yield of 37% in CH3CN
(10’3 mol L*I) [42]. The concentrations used for the sili-

cone hybrids were in excess of 1073 mol L ™!, with less than
0.1 % of the incident intensity being lost to transmission; for
the calculations the index of refraction of the silicone matrix
was set to 1.5. Luminescence decay times were measured
with an Edinburgh Instruments FL 920 lifetime spectrome-
ter (single-photon counting) equipped with an Edinburgh In-
struments 4F900 flash lamp and a Hamamatsu extended red
sensitivity photomultiplier tube.
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0.9 JEu(btfa)(TOPO),
0.8
g 077
E 0.6—_
5 051
S 04]
0.3 1
0.2
0.1 Eu(ttfa),(TOPO),
0.0 +—+—+—"7—"r—7—7=
250 300 350 400
Wavelength (nm)
Fig.2. Absorption spectra of the individual lu-
minophores  Eu(ttfa);(TOPO), and Eu(btfa);(TOPO),

at 2x 109 molL~! in silicone matrix (1 cm cuvettes).
Absorption data are also reproduced in Table 1.
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Results and Discussion

Absorption spectra of the individual luminophores
Eu(ttfa);(TOPO), and Eu(btfa);(TOPO); in silicone
matrix are depicted in Fig. 2. The maximum extinc-
tion coefficients €nax, the €369 values at 360 nm and
the corresponding quantum yields for the 360 nm ex-
citation are summarized in Table 2. Eu(ttfa)s;(phen),
usually a good choice for efficient emission, proved
to be unsuitable for this investigation, as a too low

solubility in the silicone after evaporation of assist-
ing acetone and consecutive curing caused undesired
turbidities. As opposed to that, the employment of
co-ligating TOPO yielded perfectly transparent ma-
terials. It should be pointed out that the quantum
yields of the Eu complexes given in Table 2 do not
represent the highest values, as the 360 nm excita-
tion chosen for comparable absorptivities of complexes
does not correspond to their excitation maxima (see
Fig. 3).

Complex Aexe.max Emax £360nm I2) Table 2. Optical data of the individ-

(nm) (Lmol 'em™) (Lmol~'cm™!) (%) ual luminophors from silicone hy-
Eu(ttfa)s (phen)® 341 52000 36300 37 brids. Absorption data frc;m cuvettle
Eu(ttfa)3(TOPO), 342 48000 35600 48 measurements at 2 < 10> mol L™ ";
Eu(btfa)3(TOPO), 330 47000 16400 62 quantum yields from disks of thick-
Tb(salicylate); (TOPO)," 330 10900 _ 67 ness 2.4—3.0 mm, transmittance <

2 In CH3CN; used as the quantum efficiency reference at 10~ mol L~

0.1%.

1 [42]; in silicones with

c[Eu(ttfa)z(phen)] < 7 x 1073 mol L™ !, & became non-constant (increased); ° ref. [24], excita-

tion at 330 nm.

280 300 320 340 360 380 400 575 600 625 650 675 700 575 600 625 650 675 700

1 0 e | PR EEPERE BT N Rt MEFETETE BPE ST EPEET AT BPEET ST EPEEr ST BPEET ST R SRR EPECECErE SRR SRR SR
R Eu(btfa),(TOPO), LT L 1.0
| 3 c,moll | ¢, mol L' [ 0.9
0.8 4 5x10° + 410" -0.8
] 3 2:10° f\ 5:10° '
3+ . 0.7
0.6 2 1x10 1210
o 1 5«10 T 2.10° [ 06
1.00 . 1 s 05
j A """"44 5x10
04] /E095) /3 1 L 04 3
1/ ¢o090{ (2 o
2> ¥ S%oss T 03 o
‘@ 0.2 & 0.80{%1 + -02 §
5 ] 012345 1 (01 @
b= Conc., (mol L")x10* » 3
E 0.0 f } f } } T T T T T v T 1 " T 1" T ?0 g
o 1 Euttfa),(TOPO), 2 ] 1.0 S
E 0.8~‘ 3 c, mol_ls_'1 i ¢ mol L - 0.9 5
% ] o | 4x10* [08 3
. 0.6 5)\103 5x104 L 0.7 g.
© 1 2:107 + 1<10° Log @
. 510° 1 210° 05
04f ~ s |
: E =4 5«10 L 0.4
02] 3 T 03
12 T L 0.2
j r Q.75
] 0123 4‘5 . LﬁJ 4 ‘ L 0.1
_ Conc., L7 )=10
0‘0 T OnIc (mol ) L} T 1 1 1 1 L} _’J T L} T T T __-‘_0'0
280 300 320 340 360 380 400 575 600 625 650 675 700 575 600 625 650 675 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 3. Excitation and emission spectra of the hybrid samples w

ith varying complex content. The excitation of fabricated disks

(left column) was monitored at 615 nm, corresponding emissions of the disks (middle column) and cuvettes (right column)
were excited at 360 nm. Top row: Eu(btfa);(TOPO),, bottom row: Eu(btfa);(TOPO),. For clarity, the insets in the left column
depict the course of maximum excitation as a function of concentration. For differences in the emission spectra, see text.
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Fig. 4. Lifetimes of the hybrid samples with varying complex
concentrations. The single exponential decay character and
practically constant decay times should be noted.

Furthermore, the emission intensities do not cor-
relate linearly with the complex concentrations for
a twofold reason: on increasing the complex con-
centration the excitation maxima for the 612 nm-
emission experience a blueshift for both complexes,
the Eu(ttfa);(TOPO), eventually being spectrally lo-
cated at 391 nm, at the same time losing inten-
sity, while Eu(btfa);(TOPO), only drifts to 377 nm
but is accompanied by an intensity gain, as shown
in the insets of Fig.3. The total absorption does
not increase linearly, because all incident radiation
is practically absorbed (e. g. transmission T3gp = (1-
Absorption) ~ 0 for Eu(ttfa);(TOPO), and ~ 0.03 %
for Eu(btfa);(TOPO),). The observed redshift of
the excitation band (at unchanged absorption max-
ima) needs some consideration. As mentioned above,
Eu(ttfa);(phen) showed a lower solubility in the sili-
cone polymer, which leads to visible turbidity at the
concentrations used for TOPO-co-coordinated com-
plexes, the latter staying clear up to 5 x 1073 mol L.

S o e e s

Fig.5 (color online). Photographic image of the disks
for a series of mixed hybrid samples with varying ra-
tios of Tb(sal);(TOPO);, to Eu(btfa);(TOPO),. The sam-
ples were obtained by adding increasing amounts of
Eu(btfa);(TOPO), to a 2x 1073 mol L~! stock solu-
tion of Tb(sal)3(TOPO), (additions from left to right: 0,
1x1074,2x1074,3x 1074, 4x 1074, 5 x 10~* mol L~
of Eu(btfa)3(TOPO),).

This behavior is indicative of a tendency of the com-
plexes to form aggregates in the matrix. It is most likely
that such aggregates form at lower concentrations al-
ready, albeit the size of the aggregates obviously re-
mains below the scattering threshold for visible and
near UV light.

We have recently been able to demonstrate the ag-
gregation of Tb(sal)3(TOPO); in the same matrix [43].
The exact nature of the interaction between the com-
plexes is unclear at present, however, we speculate that
micelle-like aggregates form, in which the alkyl chains
of the TOPO molecules are oriented towards the sur-
rounding silicone. The shift of ligand-centered excita-
tion bands may then reflect intermolecular interactions,
e. g. of the m-stacking or other 7-interaction types [44],
giving rise to intermediate states between the origi-
nal LMCT and the ligand triplet state. Lifetime mea-
surements of Eu(ttfa);(TOPO), and Eu(btfa);(TOPO),
(Fig. 4) are in agreement with this view, as the interme-
diate states are not expected to lead to any quenching.
Correspondingly, the Eu** decay times, as exhibited
by the long-lived >Dy level ('F, < D transition), are
unaffected by the aggregation, and furthermore, show
no dependence on concentration.

Finally, we would like to mention that the existence
of red- and green-emitting, silicone-soluble complexes
obviously opens the path to cover all intermediate col-
ors of the red to green range by simply mixing e. g.
Eu(btfa);(TOPO), and Tb(sal)3;(TOPO), in appropri-
ate ratios (see, e. g., Fig. 5). However, the color pre-
diction turned out to be somewhat complicated, due to
a number of intermolecular energy transfers, involv-
ing both, ligand-to-ligand and Tb>* to Eu’* transfers,
which we are currently trying to unravel. Also in this
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context, the mentioned lack of a blue rare-earth emitter
is most deplorable, as it presently blocks the access to
a wider color gamut. An exit away from this bottleneck
may be provided by the use of blue-emitting organic
dyes such as Coumarin 460, for which various energy
transfers were found. The evaluation of the results is
beyond the scope of this article.

Conclusion

Despite the fact that silicones are of high inter-
est for photophysical investigations and applications
due to their optical and chemical properties, such as
high transparency and chemical stability, and last but
not least ready accessibility, very little attention has
been devoted to their use as hosts for efficient Eu’*

emission in the past. The high quantum yields in ex-
cess of 50% and fairly high concentration levels of
up to 5x 1073 molL~!, enabled by the co-ligation
with TOPO, provides these new host-guest hybrids
with valuable potential in numerous UV conversion
devices and luminescent markers. Complementing the
red-emitting hybrids with corresponding green Tb3*
complexes gives access to the red to green color range.
However, an efficient blue rare-earth component for
access to a more complete color gamut is not in sight
and may instead have to be substituted by suitable or-
ganic dyes.
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