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ABSTRACT: Combined chemical/photophysical studies on the mixed Yb—Er trinuclear
lanthanide quinolinolato compound Yb,ErQg and on the corresponding Yb;Qg analogue have y
been performed. In the mixed-metal molecular species, the ligands, acting as a bridge, allow the { B Dl |
two metals to lie at optimal distance for direct Yb-to-Er resonance energy transfer, which UV-vis efl @ LS
reaches nearly unitary efficiency. The obtained results show that polynuclear lanthanide QY / Coasd

complexes provide a suitable strategy for achieving effective erbium sensitization in solution- 2~ &5~ |
processable molecular materials. 1

SECTION: Molecular Structure, Quantum Chemistry, and General Theory

L anthanide ions emitting in the near-infrared (NIR) region very few reported cases of codoped Yb—Er compounds such as

are of considerable current interest for various applications mononuclear Er and Yb complexes stoichiometrically cocrystal-
in the telecommunication or biomedical fields."™ In fact, these lized"* or equimolar mixture forming dimers in solutions of
ions exhibit emission peaks wavelengths falling in telecom noncoordinating solvents'> and polymeric structures."*"> In
windows and suitable penetration of the radiation in biological these compounds, however, Yb-to-Er RET can only be
tissue. However, the very small absorption coefficients of the observed for samples in the solid state or in solution/
lanthanide-based absorption transitions require the use of suspension of selected solvents. This hampers the processing
highly efficient light-harvesting “antennas” for resonance energy potential of these materials through convenient, easy-to-handle,
transfer (RET) to the higher energy levels of these emitting solution methods such as the sol—gel process'’ or by
ions. In recent years there has been significant interest in Er** techniques commonly used for the fabrication of electro-

sensitization through RET from Yb*' in ion-implanted/ 18-20
codoped glass host materials because the absorption cross
section of Yb*" at 1 um is approximately 10 times higher than
that of Er’* and energy transfer can occur between the Fs),
level of Yb*" and the resonant *I;; , level of Er’*. Enhancement
of Er** NIR emission at 1.5 um has been achieved in glass host
Yb—Er codoped optical fiber amplifiers.*™® For efficient Yb-to-
Er RET through a Forster’s mechanism, the distance between
the two ions must be limited.” However, it is often difficult to
control the Er’* and Yb** doping concentration accurately and
homogeneously, resultin% in difficult quantitative analysis of
RET from Yb*" to Er**.* A strategy to achieve composition
control can rely on the encapsulation of Er and Yb in the same
molecule to afford intermetallic communication between
lanthanide ions at short distance in a discrete polynuclear
architecture.

So far there has been very limited work on mixed lanthanide

luminescent devices such as vacuum deposition.
Because of its coordinating properties and bridging ability
toward lanthanide ions, the 8-quinolinolato (Q) ligand is a
good candidate to prepare polynuclear discrete lanthanide
complexes in which the metal centers lie at short distances
(within few angstroms) from each other.”' 7> In the trinuclear
Er;Qy>***and Ho;Q,>* complexes the Q_ligands fully saturate
the metal coordination sphere and prevent water molecules
(the most important quenchers for NIR emission) from directly
binding to the lanthanide ion. Moreover, it has been
demonstrated that 8-quinolinolato ligands are highly efficient
light-harvesting “antennas” for RET to the higher energy levels
of NIR-emitting lanthanide ions (sensitized emission).”’ >
Herein we report a novel trinuclear mixed Yb—Er
quinolinolato (Q) complex, Yb,ErQq, in which fully efficient
direct Yb-to-Er energy transfer is demonstrated at molecular

complexes for NIR luminescence,'® !¢ and, to the best of our
knowledge, there are only a couple of very recent reports of Received: August 9, 2013
mixed Yb—Er heterobimetallic molecular complexes.'®"" Accepted: August 27, 2013

Erbium emission enhancement was found in some of the Published: August 27, 2013

W ACS Publications  © 2013 American Chemical Society 3062 dx.doi.org/10.1021/jz401699e | J. Phys. Chem. Lett. 2013, 4, 3062—3066


pubs.acs.org/JPCL

The Journal of Physical Chemistry Letters

Scheme 1. Synthesis of 1 and 2
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level in a solution-processable emissive material. To add further
support to our findings, results are compared with those found
for the complex Yb;Qy whose trinuclear structural arrangement
is newly demonstrated here.

The syntheses of Yb;Qo (1) and Yb,ErQ, (2) were carried
out following the synthetic procedure already optimized for the
preparation of Er;Qo.”>** 1 was synthesized using YbCl; as
starting material through a one-pot reaction, whereas the mixed
complex 2 was similarly prepared by adding Yb and Er salts in
2:1 molar ratio to the ligand solution. Microcrystalline pure
products were obtained after recrystallization from CH;CN.
See Scheme 1.

Analytical data for these compounds (elemental analysis,
vibrational spectroscopy in the mid- and far-infrared) compare
well with those of the analogous Er;Qg complex, suggesting the
same stoichiometry and trinuclear structural arrangement for 1
and 2, which also have similar powder X-ray diffraction patterns
(Supporting Information).

EDX analysis on crystalline samples confirms the purity and
homogeneity of the compounds and provides evidence of Yb:Er
molar ratio close to 2:1 in 2 (Supporting Information). The
ESI-mass spectra of 1 and 2 (Figure 1) show the presence of
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Figure 1. Expanded region of the ES(+) mass spectrum of 1 (red) and
2 (blue) in CH;CN/MeOH 3/1.

peaks related to [LnyQg]* fragments similarly to results found
for Er;Qo>® clearly demonstrating that both compounds
possess a trinuclear structure that is also preserved in solution.
The most intense peak in the spectrum of 2 is related to the
mixed species [Yb,ErQg]* (m/z=1666.54), confirming the
coexistence of Yb and Er in the same discrete molecular
architecture. The asymmetric shape of this peak hints at a
statistical mixture of Yb/Er trinuclear species in the sample.
(See the Supporting Information.)
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Taking the molecular structure of Er;Qq as model,* it is then
possible to reasonably assume an intermetallic Yb**:--Er**
distance of ~3.5 A. Such short distance will prove crucial to
allow for efficient intermetallic communication through RET
between the two metals.

All of the spectroscopic and photophysical studies on the
investigated compounds were performed on diluted (107> M)
solutions of the strongly coordinating dimethyl sulfoxide
(DMSO) solvent to ensure that the observed properties are
related to isolated molecules rather than to aggregates or
clusters."> The NIR absorption and photoluminescence (PL)
spectra of 1 and 2 are reported in Figure 2 and compared with
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Figure 2. NIR absorption (a) and PL (b) spectra of 1 (red) and 2
(blue) compared with Er;Q, (black) in DMSO solution. Er absorption
cross sections at 1.5 ym are corrected for solvent effects (Supporting
Information). PL spectra, obtained after ligand excitation at 392 nm,
are normalized to the same complex concentration (107 M) and laser
fluences.

the analogous Er;Qy complex. Absorption and emission bands
are related to intrashell f—f transitions of Yb** and Er®*, which
are slightly broadened due to small crystal field effects that
partially remove the degeneracy of lanthanide f levels. 1 shows
one absorption peak whose most intense line is centered at 977
nm and corresponds to the fundamental *F;,«<*F, , transition
of Yb*'(6y,[*Fs/,<*F,)5] = 2.6 X 107*° cm?®). Two absorption
bands are instead recognized for 2, which are attributed to the
*F;/,<"F,), transition of Yb** (1 um, oy,[*Fs/,<’F,,] = 2.8 X
107 cm?) and to the *I ;< *I;5), transition of Er’* at ~1.5
pum  (og,[*1)5,<*T5,] = 1.0 X 107*° cm?). The
Er’**}, <5/, transition at 980 nm is hidden by Yb
absorption in 2 but is clearly visible in the spectrum of Er;Qq
(051115 15] = 02 X 107° cm?®). See the Supporting
Information. The Yb radiative lifetimes, representing the
oscillator strength of the emitter in the absence of deactivating
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processes, are retrieved from absorption cross sections through
the Strickler—Berg equation.®® The obtained values 7,4 = 620
us for 1 and 7,,4 = S50 ps for 2 are in accordance with those
determined for similar ytterbium quinolinolato com-
plexes®3%?* although significantly lower than “literature
values” commonly accepted.®®

Upon excitation in the ligand lowest absorption band at 392
nm (see the Supporting Information), 1 shows NIR PL at ~1
um related to the Yb*"*F;,,—°F,, transition, while 2 displays
dual NIR luminescence due to the coexistence of Yb*" (977
nm, *F/,—°F,/,) and Er’* (1530 nm, *I;;,,—";5,,). The very
weak erbium emission at 980 nm (*I;;,,—";5,,), recognizable
in the spectrum of Er;Q,, is probably covered by the Yb** band.
Noticeably, in 2 the intensity of ytterbium luminescence is
~30% that observed for an equimolar solution of 1, whereas
erbium emission is almost as intense as in Er;Qo, where the
erbium atomic ratio 1:3 between the two compounds. These
findings hint at effective energy transfer taking place in 2
between Yb and Er, which can be better quantified through
time-resolved spectroscopic studies. The NIR emission
dynamics at 1 and 1.5 pgm of 1 and 2 excited at 392 nm are
reported in Figure 3 and compared with Er;Qq as reference.
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Figure 3. (a) NIR decay dynamics of 1 (red), 2 (blue), and Er;Qq
(black) at 1 ym and of 2 (cyan) and Er;Q, (gray) at 1.5 um. (b) NIR
dynamics on a short time scale of 2 (blue) and Er;Q, (black) at 1 ym
and of 2 (cyan) and Er;Qo (gray) at 1.5 um. The short-lived
component of the signal of 2 is retrieved by subtracting the long-lived
component attributed to Yb;Q, (dashed line). Single-exponential
decay time constants are also displayed. Excitation wavelength was 392
nm. Intensities are normalized to the same complex concentration
(1073 M) and laser fluences.

Erbium emission is detected for 2 at 1.5 ym with the same
dynamics as Er;Qq (7 = 2.0 s). The Er**1,3, level in Er;Q is
fed through relaxation from the higher *I;, , level, which gives a
ultrafast decay at 980 nm (z = 17 ns), shown in Figure 3b. A
monoexponential decay of Yb emission is observed for 1 at 980
nm yielding a time constant of 7y, = 10.2 s, so that the
intrinsic quantum yield of Yb can be calculated as @y = 7y,/7,0q
= 1.6 X 107 in agreement with values already observed for
analogous Yb quinolinolates.”” > For 2, two signal compo-
nents are clearly distinguishable at 1 um with associated time
constants differing by almost three orders of magnitude. The
longer decay signal yields approximately the same time constant
as 1 (7y, = 9.8 us) and can therefore be attributed to the
presence of Yb;Qq species in the sample. These results show
that PL measurements provide useful information, not easily
retrievable from conventional analytical characterization
methods, of the statistical composition of 2, which, for a
nominal Yb:Er 2:1 atomic ratio, should consists of a mixture of
mixed Yb—Er species, which are predominant (~44% Yb,ErQq
and 22% YbEr,Qy), and homometallic ones (ca. 30% Yb;Qq
and a negligible amount of Er;Qy). In fact, the intensity of the
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longer decay component in 2 is ~30% of the signal of 1, in
agreement with the Yb;Qy fraction in the sample. The shorter
decay component of 2 can therefore be easily extrapolated by
subtracting the long-lived component to the observed decay
curve, as shown in Figure 3b, and a time constant of 7y,z, = 50
ns can be retrieved through monoexponential fitting. This
lifetime is longer than that related to the *I;, , level of Er**, and
its intensity is about one order of magnitude higher. Therefore
this ultrafast decay signal can be reliably entirely attributed to
the ytterbium °F,,, decay strongly quenched (®y, = 9.1 X
107°) by efficient direct energy transfer to the resonant *I;;/,
level of Er*, as schematically depicted in Figure 4. These
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Figure 4. Jablonski diagram depicting the energy levels of the Q
ligand, Yb*, and Er** and the full photocycle in trinuclear
quinolinolato complexes. Dashed arrows represent nonradiative
processes. Thick arrows indicate the mechanism of Yb-sensitized Er
emission in mixed Yb—Er Q-complex.

considerations find further support in the analysis of the Er 1.5
pum signal rise times in Er;Qg and 2, which are compatible with
the ultrafast decay time constants detected at 1 ym in the two
cases (Figure 3b).

Taking into account the fact that erbium emission intensities
are practically equal for equimolar solutions of 2 and Er;Q, in
both emission spectra (Figure 2b) and transient PL experi-
ments (Figure 3) in a low-excitation regime of 0.1 excitations
per complex (per pulse), it can be reasonably inferred that Yb-
to-Er RET in the mixed molecular system is nearly quantitative.
This also sounds more realistic when considering that the
ultralow lifetime of the Er *I;;,, level prevents energy back
transfer to Yb. The emission spectral feature observed at 1 ym
for 2 (Figure 2b) can consequently be attributed solely to the
Yb;Qy species. The quantum efficiency of RET can be easily
quantified through the formula:

where 7ggr (= S0 ns) represents the Yb-to-Er RET time
constant and 7y, is the lifetime of Yb emission in the absence of
erbium energy acceptors. This calculation yields 99.5%
efficiency of Yb-to-Er energy transfer in the mixed species.
Even taking into account the inhomogeneous composition of 2,
which retains dual luminescence at 1 and 1.5 ym due to the
coexistence of Yb;Qo, an overall statistical average nzgr R70% is
predictable, which is still higher than estimations made for
Yb**-Er** codoped AlL,O; waveguides.”” By modeling this
process as a dipole—dipole Forster’s resonance energy transfer
(FRET)? and taking a reliable estimation of Yb---Er distance as
r=3.5 A, it is then possible to calculate the Forster’s radius of
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R, ~10 A, and the time constant of donor(Yb)—acceptor(Er)
FRET, 7ggr &~ 20 ns, which is consistent with the value
observed experimentally (Supporting Information).

The validity of the Forster’s model for explaining Yb-to-Er
energy transfer in molecular systems is further supported by
results reported by Zhong et al.'> for cocrystallized Er and Yb
mononuclear complexes. In that case, taking an average Yb---Er
distance of r = 11.75 A in the crystal packing, 7ger = 1.4 ms and
Nrer = 6.1% are calculated for the solid state, in accordance
with experimental data. Concerning the other example of mixed
Yb—Er heteropolynuclear complexes studied by Xu et al,"
where r = 3.5 A (av.), Yb-to-Er FRET time constants of Tppy =
3.5 and 3.7 us were found in Er,Yb, and Yb,Er, isomers,
respectively. These times are rather slow and comparable to the
lifetime of Yb *F;/, > °F,/, emission, likely robustly quenched
by the presence of OH bridging groups in the Gd,Yb, (1.94 us)
and Yb,Gd, (2.55 pis) reference analogs, where no intermetallic
FRET is possible. This leads to an estimation of #pgr = 35—
41%. These efficiencies are quite low if compared with our
findings, hinting at indirect energy-transfer process between Yb
and Er.

In conclusion, we have prepared and studied two trimetallic
lanthanide (Ln = Yb, Er) quinolinolato complexes possessing
the general stoichiometry Ln;Q,, the ytterbium complex (1),
and the mixed Yb—Er analogue (2). ESI-mass spectrometry
confirms that Yb and Er coexist in the same molecular structure
in 2, and 2:1 Yb:Er ratio was further established by EDX
analysis. The results of spectroscopic and time-resolved studies
clearly provide evidence of direct Yb-to-Er energy transfer with
nearly unity efficiency at molecular level in the mixed species.
Because Yb emission is so efficiently quenched by FRET to Er,
this process would likely not suffer from other competitive
deactivating channels such as vibrational quenching by CH
groups and even water molecules.®’ These studies will therefore
provide a relevant strategy for achieving effective erbium
sensitization in polynuclear complexes, where the two metals lie
at short distance in the same molecular structure. It must be
remarked that the encapsulation of Yb and Er in the same
molecule affords a suitable precursor that can be easily
processed in solution to obtain doped optical waveguides and
amplifiers with controlled composition and donor—acceptor
distances within the Forster’s radius. Further studies are in
progress in our laboratory to optimize synthetic methods to
obtain pure mixed Yb—Er complexes suitable to be processed
for achieving these goals.

B ASSOCIATED CONTENT

© Supporting Information

Experimental section, FT-IR spectra, powder XRD patterns,
EDX analysis, visible spectroscopy and PL transients, ESI-mass
analysis, and Forster’s model. This material is available free of
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