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diffraction

The ionic liquid 1-dodecyl-3-methylimidazole chloride ([C,-
mim]Cl) is doped with 1mol-% of the lanthanide ternary
complexes [Ln(tta)s(phen)] (tta = thenoyltrifluoroacetonate,
phen = 1,10-phenanthroline, Ln = Nd, Eu, Er, Yb), resulting
in luminescent mesogenic phases at room temperature. Ac-
cording to DSC and SAXS measurements, the temperature
of the crystal — liquid crystal transition is below 10 °C.
Analysis of vibrational and luminescence data points to the
inner co-ordination sphere of the Eu" ion being very similar
in both the mesomorphic sample and the parent f-diketonate

complex. The mesomorphic samples containing Nd™, Er', or
Yb'! display relatively intense near-infrared luminescence.
This emission is enhanced in the liquid crystalline phases
with respect to the initial compounds, as demonstrated for
instance by the quantum yield of the [Yb(tta)s;(phen)]-con-
taining mesogenic sample which amounts to 2.1 %, as com-
pared to 1.6 and 1.1 % for the powdered ternary complex and
its solution in toluene, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The development of smaller, more penetrable probes for
biological imaging using near-infrared (NIR) light,!'-?! as
well as of luminescent polymers for optical amplifierst®) and
light-emitting diodes working in the telecommunication
window (1-1.6 um) have attracted a lot of attention re-
cently. In this context, near-infrared lanthanide-based emit-
ters are presenting considerable interest in view of their pe-
culiar spectroscopic properties, namely narrow and easily
recognizable emission lines and relatively long lifetimes of
their excited states, compared with organic chromophores,
which allows the use of time-resolved spectroscopy in ana-
lytical procedures, thus enhancing considerably the signal-
to-noise ratio. In recent papers, we have demonstrated how
Yb(®Fs;,) can be populated through energy transfer from
Cr'"Min a heterobimetallic d-f helicate, leading to an appar-
ent lengthening of the Yb"! lifetime in the ms range,!> and
we have proposed an octadentate podand yielding highly
stable and luminescent complexes in water.!”]
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Liquid crystalline phases provide anisotropic media
which are used in displays (LCD) and succeeding in produc-
ing emissive LCD by rendering the liquid crystalline phase
luminescent would be a definitive advantage.[®! In addition,
NIR-emitting mesomorphic materials could be useful in
optical telecommunications since they would act as switch-
able light-converting devices. One strategy for producing
lanthanide-containing mesophases is the doping of existing
liquid crystalline phases with luminescent lanthanide salts
and complexes.” ' For instance, we have recently shown
how the emission color of a room temperature ionic liquid
(RTIL) presenting a liquid crystalline phase at room tem-
perature, 1-dodecyl-3-methylimidazolium chloride ([C;,-
mim]CI) can be tuned by the introduction of various Eu'!!
salts and by varying the excitation wavelength.!'%! Tonic li-
quids present definitive advantages over classical sol-
vents,[!7-11 and some of them have been used for generating
lanthanide-containing solutions emitting in the NIR
range.?%211 In this paper, we report the thermal, structural,
and photophysical properties of solutions of lanthanide tris-
(thenoyltrifluoroacetylacetonate)®? with o-phenanthroline
in [Cy,-mim]Cl and demonstrate an exaltation of their NIR-
emitting properties with respect to solutions of these com-
plexes in toluene and in the solid state.

Results and Discussion

Characterization of the Mesophases

Imidazolium chlorides with long alkyl chains form la-
mellar arrays in the crystalline phase and an enantiomeric
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smectic liquid crystalline phase (SmA,) at higher tempera-
ture.l?3! The temperature of the crystal—>smectic A, transi-
tion of [C;»,-mim]ClI heavily depends on hydration (44.5 °C
for the monohydrate and —2.8 °C for an anhydrous salt) ow-
ing to the significant structural stabilization induced by hy-
drogen bonds with water molecules. The H-bond array is
destroyed at elevated temperature and under vacuum, which
allowed Guillet et al.'% to obtain 10 mol-% solutions of Eu
salts (chloride, nitrate, perchlorate, and triflate) in [C,-
mim]Cl without disturbing the mesomorphic properties of
this RTIL. In our case, the [Ln(tta);(phen)] complexes are
too sensitive to thermal decomposition and since they have
low solubility in anhydrous [C;,-mim]Cl, we have settled for
a partially dehydrated ionic liquid (<1 water molecule per
molecule of ionic liquid, probably around 0.25), in which
1 mol-% solutions of ternary complexes could be prepared.
In the following description, we use Lnl to designate the
samples prepared in this way. DSC data indicate the forma-
tion of a SmA, phase starting between 6 and 10 °C and
ending by isotropization between 99 and 102 °C for all the
Ln-containing materials obtained (Figure 1).
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Figure 1. DSC traces (first heating-cooling cycle) of (a) Nd1, (b)
partially dehydrated [C;,-mim]Cl and (c) anhydrous [C;,-mim]Cl.

We have resorted to small-angle X-ray scattering (SAXS)
experiments to get more insight into a correlation between
the structural and liquid crystalline properties of the doped
mesophases. Data were collected both for the monohy-
drated imidazolium salt and the Eul sample as a function
of temperature and typical SAXS patterns are shown on
Figure 2. At room temperature the most intense peak in the
low-angle region (20 = 1.89°) is assigned to the (001) layer
repeat unit in the [C;,-mim]CIl-H,O structure with d spacing
of 46.6 A (Figure 2c, Table 1). This d value corresponds to
the double/extended bilayer spacing and is reported for the
first time for [C,,-mim]CI-H,O. Similar values of layer spac-
ing have been determined for [C,-mim]CI-H,O with longer
alkyl chains (n = 14, 16, 18).123] Another, less intense peak
at 20 = 3.80° corresponds to a layer spacing of 23.3 A and
is assigned to the (002) regular repeat unit. In addition, a
very weak peak at 26 = 2.79° reveals the presence of a small
amount of anhydrous [C;,-mim]Cl under its liquid crystal-
line SmA, phase (d = 31.8 A). At 90 °C only one intense
peak is observed at 20 = 3.08°, corresponding to a layer
spacing of 28.7 A, and is characteristic of the SmA, phase.
The latter value of the d spacing, as well as the one found
for the crystalline phase (d = 23.3 A) are slightly different
4740
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from the ones reported by Bradley et al. for fully anhydrous
[C1»-mim]Cl (22.5 A in the crystalline phase and 31.7 A in
the SmA, phase determined on cooling the isotropic
phasel?3l). On the other hand, Guillet et al. have extracted
a d value of 22.8 A from the crystal structure of [Cy,-mim]-
CI-H,O.["% These small differences may originate from the
hydration state and thermal history of the sample (whether
partial or full dehydration was performed) and from the
SAXS experimental conditions (during heating or cooling
cycles and from which phase SAXS data were col-
lected).?>?* Depending on these factors different phases
such as the extended bilayer and/or double bilayer struc-
tures can form both in the initial crystalline phase and in
the subsequent re-crystallization process after isotropi-
zation. The SAXS pattern for Eul prepared from the pre-
viously partially dehydrated imidazolium salt, which feature
a single peak at 20 = 2.79° (Figure 2, a), is totally consistent
with the presence of the SmA, phase at 26 °C (d = 31.8 A)
similar to that found for pure [C,,-mim]Cl (Figure 2, b).
Thus, both DSC and SAXS data point to Lnl having a
structural behavior close to the one of anhydrous [C;,-mim]-
Cl and therefore, the experimental procedure proposed for
preparing the Lnl samples successfully produces Ln-con-
taining phases with mesomorphic SmA, properties at room
temperature.

Eu1, 26 °C

a

Hydr. RTIL
90 °C

b
Hydr. RTIL

22°C
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Figure 2. SAXS patterns for Eul at 26 °C (a) and for [C;,-mim]-
CI-H,O at 90 °C (b) and 22 °C (c) obtained during the heating.

Table 1. Layer spacing determined for the crystalline and SmA,
phases from the position of the lowest-angle diffraction peak.

T Layer spacing

Sample [°C] (d) [A] Phasel?

[C12-mim]CI-H,O 22 23.3 (46.6I") Cr
90 28.7 LC

Eul 26 31.8 SmA,

[a] Cr = crystalline, LC = liquid crystalline. [b] Peak due to double/
extended bilayer spacing.

Photophysical Properties

The Eu-containing samples have been used to probe
changes in the local structure of the lanthanide ions upon
the transition from both the crystalline to the liquid crystal-
line phase and from the solid state to the solution. The crys-
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tal-field splitting of the >Dy—"F; transitions (J = 1-4), which
is very sensitive to differences in the nearest environment of
Eu'! are alike for all samples, except for some broadening
which masks finer details in the luminescence spectra of
Eul and of [Eu(tta)s(phen)] in toluene (Figure 3). In the
luminescence spectra of powdered [Eu(tta);(phen)] and
Eul, emission from the D, level is also detected, pointing
to a not so fast nonradiative relaxation from °D; to D,
(Figure 4). The luminescence spectra of all the Eu'-con-
taining compounds reveal maximum (2J +1) splitting of the
’F, electronic levels, consistent with a low symmetry (at
most C,,) of the immediate Eu™ surroundings. Judging
from the qualitative criterion of the integrated intensity of
the °Dy—7F, transition relative to the magnetic dipole
SDy—’F, transition, the symmetry around the metal ion
seems to be lower in the mesophase compared to the pow-
dered sample (0.14 and 0.17, respectively).

17 16 15 14
E /108 cm™’

Figure 3. Luminescence spectra at 295 K of (a) [Eu(tta);(phen)] (so-
lid state), (b) Eul, and (c) [Eu(tta);(phen)] 103 M in toluene with
inserts showing the vibronic satellites associated to *Dy—’F, and
SDy—F, transitions; the excitation wavelength is 385 nm.
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Figure 4. Luminescence spectra of [Eu(tta)s;(phen)] (top) and Eul
(bottom) at 295 K obtained under ligand excitation at 385 nm.

Both broad structured bands of the ligands and narrow
lines of f-f transitions are observed in all the excitation spec-
tra of Lnl (Figure 5). These spectra are similar and their
coincidence with the absorption spectra indicates a sizeable
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energy transfer from the ligands onto the lanthanide ion. A
broad shoulder with a low-frequency edge at 19665 cm™
and a maximum around 22200 cm ! is most remarkable in
the spectrum of [Eu(tta)s;(phen)]. Its absence in the exci-
tation spectrum of Nd1 allows one to assign it to a li-
gand—metal charge transfer (LMCT) transition. The mean
optical electronegativity®! is equal to yop = 2.73, a value
obtained by using the optical electronegativity of Eu'! re-
ported by Demirbilek et al.?! This value can then be used
to estimate the energy of the LMCT states in the complexes
with the other lanthanide ions (Table 2). According to these
calculated energies, influence of the LMCT state on the en-
ergy migration within the ternary complex should be much
smaller in the cases of NIR-emitting ions compared to
Eulll
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Figure 5. Luminescence excitation spectra of (a) [Nd(tta);(phen)]
(solid state), (b) Nd1, (c) [Eu(tta);(phen)] (solid state), (d) Eul, and
() [Eu(tta)s(phen)] 10 M in toluene; A, are 614 (Eu) and 1060 nm
(Nd).

Table 2. Lifetimes of the Ln excited state at room temperature and
energy of 'nn*, 3nn*, and LMCT states for powdered [Ln(tta)s-
(phen)] and Lnl samples.

E('nn*)  ECnn*) E(LMCT

Compound Tobs [HS] [an—l][a)] [Cf.n—l][b)] [(Cm—l][c] )
[Nd(tta)s(phen)]  1.29£0.03 24690 20400 40200
Nd1 1.52£0.01 24845 -
[Ex(tta);(phen)] 1.86+£0.02 24855 20480 44400
Erl 1.95£0.04 24940 -
[Yb(tta)s(phen)] ~ 12.01£0.02 23920 20340 27900
Ybl 12.4£0.03 24235 -

[a] From fluorescence spectra at 295 K. [b] From phosphorescence
spectra at 77 K. [c] Calculated values, see text.

To help characterize the liquid crystalline phases, we have
resorted to vibronic satellites appearing in the emission
spectra of the Eu-containing samples. They are similar for
powdered and mesomorphic samples and the most intense
ones are assigned to the symmetric vibration of the B-dike-
tonate chelating ring with a large contribution of the C=O
bond stretching with a frequency of 1470 cm™ (Figure 3, cf.
the bands marked by arrows in the 15900-15600 and
15110-14800 cm™! spectral ranges). A comparison with the
IR spectra of [C;,-mim]CI-H,O, [Yb(tta)s;(phen)], and Ybl
reveals a homogeneous mixture of both components in the
doped liquid crystalline sample (Figure S1, Supporting In-
formation): vibrations of both the ionic liquid and the B-
4741
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diketonate complex (although very weak) are indeed seen
in the IR spectrum.

On the other hand, the lifetime of the Eu(°Dy) state hints
at some differences between Eul and the powdered sample.
Both luminescence decays are single exponential, but life-
times amount to 0.64%0.02 and 0.97+0.03 ms for Eul and
[Eu(tta);(phen)], respectively. The shorter lifetime in the
former could be explained as follows. In a fluent system,
energy transfer quenching involves collisions between com-
plexes during diffusion.?”! The critical distance for nonradi-
ative energy transfer, as calculated from known theory for
energy transfer via electric dipole-dipole interaction®®2°1 is
larger than the collision distance, which leads to energy
transfer via cross-relaxation and excitation migration. More
over, collisional deactivation with [C;,-mim]* cations
should also be taken into account. In summary, the lumi-
nescence analysis of Eul confirms that dissolution of
[Eu(tta);(phen)] in the RTIL does not modify substantially
the inner co-ordination sphere of the europium ion, al-
though it reveals an influence of the ionic liquid on the de-
activation processes.

NIR Luminescence

The luminescence excitation spectra of NIR-emitting
lanthanide complexes as well as the corresponding Lnl (Ln
= Nd, Er, Yb) samples are similar (Figure S2, Supporting
Information). Comparison of the normalized excitation
spectra of powdered and mesophase samples reveals a much
lower excitation efficiency of the lanthanide ions through
ligand levels in the powdered samples. This reduced lumi-
nescence efficiency at high concentration is known as con-
centration quenching. In spite of the low concentration of
the doped ternary complex (1 mol-%), relatively intense lu-
minescence is obtained for all the Lnl samples, as ascer-
tained by the intensity ratios found between the total inte-
grated emission intensity of the pure complexes and that of
the Lnl samples: 6, 3, and 5 for Nd, Er, and Yb, respec-
tively. The near-infrared luminescence spectra of mesomor-
phic Lnl samples at room temperature are presented in Fig-
ure 6 and relevant photophysical data are given in Table 2.
The observed f-f emission bands correspond to the typical
electronic transitions of the NIR-emitting lanthanide ions:
F3—y (J = 9/2, 1172, 13/2) for Nd, *1;5,—*1,5,» for Er,
and ?Fs;,—2F, for Yb. We have determined the quantum
yields of the Yb-centered luminescence taking [Yb(tta)s-
(H»0),] as standard. Upon excitation at 390 nm, the quan-
tum yield of Ybl amounts to 2.1+0.3%, compared with
1.1£0.1% for a solution of [Yb(tta);(phen)] in toluene and
1.6£0.2% for a solid-state sample of [Yb(tta)s;(phen)] (Fig-
ure 6). Thus, the quantum efficiency increases in the order
Yb1 > [YDb(tta);(phen)] powdered > [Yb(tta);(phen)] solu-
tion, which agrees well with the corresponding lengthening
of the emission lifetime. This correlation means that nonra-
diative relaxation processes are minimized in the ionic li-
quid used. The improvement in the photophysical proper-
ties of the Lnl samples is further substantiated by the life-
4742
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times of the metal-centered excited states, which are slightly
longer compared with those of the pure ternary complexes
(Table 2).

Er(*l13,*15)

0.8 1.0 1.2 1.4 pm
Yb(2F 5, —>%F )
-]
f
09 1.0 1.1 pm

Figure 6. Near-infrared photoluminescence of (a) [Er(tta);(phen)],
(b) Erl, (c) [Nd(tta)s(phen)], (d) Nd1, (e) [Yb(tta);(phen)], and (f)
Yb1 at 295 K. The excitation wavelength is 385 nm.

At room temperature, [C,-mim]Cl displays a bright-blue
fluorescence with a maximum at 410 nm upon excitation
between 225 and 280 nm.[!%1 Therefore, both a sensitization
of the lanthanide-centered NIR luminescence and fluores-
cence from the RTIL are obtained upon UV excitation.
More over, owing to the energy transfer from the ionic li-
quid, lanthanide-centered luminescence can be observed
with excitation wavelengths as large as 410 nm (cf. Fig-
ures 5, 7, and S2), which is interesting because getting near-
infrared emission upon excitation by visible light is an at-
tractive aim for various industrial and analytical applica-
tions.

400 500 600
A [nm]

Figure 7. Luminescence spectra of (a) [Nd(tta);Phen] (solid state),
(b) Nd1 and (c) [C,-mim]Cl at 295 K. The excitation wavelength
is 385 nm.

Conclusions

In summary, a method for obtaining [C;,-mim]CI me-
sophases doped by 1 mol-% [Ln(tta)s;(phen)] complexes at
room temperature has been developed. The layer spacing in
the liquid crystalline phases is independent of the presence
of 1 mol-% of [Ln(tta)s;(phen)] complexes and identical with
the one measured for the anhydrous ionic liquid.?*! The
prepared Lnl samples have an enantiomeric smectic liquid
crystalline phase in the temperature range 10-102 °C. The
inner co-ordination sphere of the lanthanide ion remains

Eur. J. Inorg. Chem. 2005, 4739-4744
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essentially unchanged, while the photoluminescence proper-
ties are enhanced. The studied liquid crystalline phases dis-
play relatively intense near-infrared photoluminescence,
thus opening up interesting perspectives for the design of
NIR-emitting materials since emission lines from 0.9 to
1.6 um are easily obtained at the expense of a small amount
of B-diketonate complexes (1 mol-%) and since sensitization
of this luminescence can be obtained with visible light.

Experimental Section

All reagents and solvents were used as received (Acros); monohy-
drate of 1-dodecyl-3-methylimidazolium chloride ([Cj,-mim]-
CI-H,0, Scheme 1)[?% as well as the lanthanide ternary complexes
[Ln(tta)s(phen)]?® where Ln = Nd, Eu, Er, Yb were synthesized
according to literature procedures and characterized by elemental
analyses, IR, and NMR spectroscopy. Thermogravimetric analyses
(TGA) under normal atmospheric pressure showed the monohy-
drated imidazolium salt losing one water molecule per formula
weight between 120 and 150 °C and no degradation occurring until
320 °C but decomposition started at 330 °C. In order to obtain
a mesophase material at room temperature and to avoid thermal
decomposition, the ionic liquid was dehydrated before the introduc-
tion of the lanthanide compounds, although complete dehydration
was avoided because [Ln(tta)s;(phen)] complexes have very low solu-
bility in anhydrous [C;,-mim]Cl. All preparations were performed
under N, using Schlenk techniques and further handling of the
samples was performed in a glove-box. Monohydrated [C;,-mim]-
CI-H,O was heated from room temperature to 230 °C at a speed of
10 °C/min and under reduced pressure (6.5x 10! Torr), left 5 min
at this temperature and then cooled to room temp. The resulting
partially dehydrated RTIL showed a crystal — liquid crystal (Cr-
LC) transition at 6 °C and isotropization (LC-I transition) at 99 °C.
Determination of the transition temperature was performed by me-
ans of differential scanning calorimetry (DSC) experiments during
the first heating from —90 to 160 °C (Table 3). A DSC experiment
was carried out every time before addition of the lanthanide ter-
nary complex for confirmation of the partial dehydration of ionic
liquid. Then the lanthanide complexes (1 mol-%) were added to the
molten ionic liquid and the mixtures were stirred for 30 min at
130 °C under vacuum. The thermal properties of the Ln-containing
samples were tested by DSC again and temperatures of the phase
transitions for prepared samples are reported in Table 1. The fol-
lowing notation is used for the samples: Nd1, Eul, Erl, Yb1. Heat-
ing the mixtures at higher temperature and during a longer span
of time allows the doping of larger quantities of ternary complexes
in [C},-mim]Cl but we observed some thermal decomposition. The
mesomorphic samples were transferred into 0.1-cm quartz Supra-

[Cp-mim]Cl

Scheme 1.
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sil® cells under controlled atmosphere and the cells were sealed
with paraffin.

Table 3. Transition temperatures (in °C,£0.5°C) of the studied
samples prepared from partially de-hydrated [C,-mim]CI (see text),
as determined from DSC curves during the first heating-cooling
cycle.

Sample Cr-LC LC-1 I-LC LC-Cr
[C/,-mim]CI] 6 99 89 3
Nd1 6 102 90 3
Eul 10 102 93 5
Er1l 6 102 89 4
Yb1 9 99 89 2

[a] Partially dehydrated.

Elemental analyses were performed by the Ilse Beetz Laboratory
(96301 Kronach, Germany). IR spectra were obtained with a Per-
kin-Elmer Spectrum One FT-IR spectrometer equipped with a
Universal ATR sampling accessory. DSC thermograms were re-
corded with a Setaram DSC 131 instrument equipped with a liquid
nitrogen cooler under nitrogen with cooling-heating cycles be-
tween —90 and 160 °C at a rate of 10 °C/min. Thermogravimetric
traces were obtained with a Pyris 6 thermogravimetric analyzer
from Perkin—Elmer. UV/Visible spectra were measured at 295 K
with a Perkin—Elmer Lambda 900 spectrometer. Luminescence
measurements (spectra and lifetimes) were recorded with a Fluo-
rolog FL3-22 spectrometer from Jobin—Yvon at 295 and 77 K. Life-
times for NIR-emitting lanthanides were determined with a high
resolution instrumental set-up equipped with a Hamamatsu
H9170-75 photomultiplier as described previously.[’l The quantum
yields of Ybl and of the solution of [Yb(tta);(phen)] in toluene
were determined upon ligand excitation and taking [Yb(tta)s-
(H,0),] as standard (0.35% in toluene at room temp.).l’!l Refrac-
tive indices were 1.4964 for the toluene solutions and 1.5059 for
Yb1.l'% The quantum yield of a powdered sample of [Yb(tta)s-
(phen)] was measured by means of an integration sphere from
Spex-Jobin Yvon-Horiba 99FL-PLQY, using a described pro-
cedure.’?l SAXS patterns were recorded, on samples in 1-mm boro-
silicate capillaries from Hilgenberg sealed with Araldite®, with a
SAXS system from Molecular Metrology equipped with a Cu-K,
Bede micro source configured with confocal Max-Flux™ optics, a
variable-temperature universal sample chamber, and a two-dimen-
sional multi-wire gas detector; analysis was performed with the
open-source analysis software from Molecular Metrology. The dif-
fraction patterns of pure [C;,-mim]Cl were isotropic, whereas those
for Eul were somewhat anisotropic. The traces reported in Figure 2
are azimuthally averaged. The Electronic Supporting Information
contains IR spectra and excitation luminescence spectra of pure
and doped ionic liquids.
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