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Cooperative Infrared to Visible Up Conversion in Tb**,
Eu?*, and Yb3* Containing Polymers

By Ignacio Herndndez,* Niranjeni Pathumakanthar, Peter B. Wyatt,

and William P. Gillin

The conversion of IR photons to higher energies is widely
employed in lasers, imaging, and biology. Mechanisms based
on nonlinear properties of the interaction between matter and
radiation[!l are longstanding techniques to achieve this, but
usually require very high excitation powers. Up-conversion
(UC) processes, which occur when IR-excited centers popu-
late a higher-energy emitting state,l represent a promising
linear Hamiltonian alternative. This process can be extremely
efficient and allows a number of photonic and solar cell appli-
cations,! all of them currently based on inorganic materials.
Consequently there are difficulties with their processability,
which, together with the low concentration of emitters required
to avoid inter-ion quenching of the luminescence, present
serious operational limits. Here, we present and analyze the
design rules for the observation of intense cooperative UCP!
in simple, inexpensive, and easily synthesized perfluorinated
organolanthanide polymers containing Tb** and Eu®" as emit-
ters and Yb3" as a sensitizer. These compounds allow for fine
control of the ion concentration, casting into thin films, and the
possibility of combination with light-harvesting units to achieve
greatly improved performance.

The discovery of organic materials with nonlinear interactions
with incident radiation, such as harmonic generation and mul-
tiphoton processes, has strongly impacted the field of IR to vis-
ible conversion and, although it requires high power densities,
has allowed new and improved applications.l®! Parallel to this,
the optical properties of lanthanides in organic matrixes have
been the object of extensive research,”® but few examples of
organolanthanides with conversion of IR into visible have been
found and the soundest ones are based on ligand-related non-
linearities of Tb complexes.’) UC reports include excited-state
absorption in Nd** complexes'”) and proposed transfer proc-
esses in a family of mixed Yb**—Er3* hybrids.'"! However, it is
important to note that Nd** and Er**, both organic visible emit-
ters, have extremely low efficiency even for direct excitation.”]
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The main reason for the low UC efficiency in organic com-
pounds containing trivalent lanthanides is the strong non-
radiative quenching of the lanthanide excitation by the O-H,
C-H, and N-H units usually present in these systems.'”l Mul-
tiphonon relaxation of the excited states due to their interac-
tion with the high energy oscillators!!¥] associated with these
groups competes with and overwhelms the possibility of
energy transfer and other radiative processes. Thus, the overall
efficiency is greatly reduced and so is the applicability of the
organolanthanides for UC. Ligands bearing minimal num-
bers of high frequency oscillators are critical, but are not the
only factor to obtain an increase of the desired IR to visible
or UV conversion. Given that the multiphonon de-excitation
probability increases when the gap to the lower lying states is
small in comparison to the energy of the molecular vibrations
(so called gap law),[13] efficient organic emitters require lantha-
nides with no intermediate states close in energy to the ones
involved in the radiative or transfer processes.

We have obtained a strong blue/green and red coopera-
tive UC from the mixed lanthanide systems: Yb,_,Tb,(PFBS),
and Yb,_.Eu, (PFBS);, respectively, where PFBS is perfluor-
obutanesulfonate (Figure 1). Cooperative UC takes place when
two excited states simultaneously combine their energies
and excite a higher state,**! which subsequently radiates at a
higher energy than originally absorbed. This is advantageous,
as it allows the excitation of different centers with wide gaps as
shown in Figure 2.

We recently showed indirectly how cooperative UC processes
could potentially take place in concentrated long-lived organolan-
thanide complexes forming nanofibers.! Consistently, our choice
of lanthanides leading to the observation of UC in this work is
based on the absorption energy and relatively large cross-section
of the Yb*" centers along with the wide energy gap for the emit-
ting °D, and °D states of Tb*" and Eu®*, respectively. Once these
states are sensitized all de-excitation branches are radiative, which
is the reason why Tb** and Eu**-based materials are amongst the
most used lanthanides in organic emitters in the visible range.l
Moreover, by employing perfluorinated ligands with relatively low
energy phonons, we reduce nonradiative de-excitation rates for
the 2Fs, excited state of Yb** (sensitizer), which is an essential
condition for the energy transfer to be significant. Perhalogena-
tion is a well-known approach to enhance the efficiency in visible
and IR-emitting lanthanide(III) complexes.%1413]

Perfluorobutanesulfonate was the preferred ligand due to the
great solubility of the tris- complexes in a number of solvents,
allowing for spin-coating into thin films, and also because of
its size. Perfluoroalkanesulfonates are well-known, inexpensive,
and commercially available ligands!'® and fine control of the
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Figure 1. a) UC spectrum of Ybg ;Tbg 3 (PFBS); for 980 nm excitation. b) UC spectrum of Ybg ;Euq 3(PFBS)3 for 980 nm excitation. The intensity is much
reduced in comparison to the case of Yby;Tbg3(PFBS);. The labels at the corresponding peaks stand for the assignment of the involved radiative
de-excitation processes in terms of the intraconfigurational f—f transitions, which arise from the electronic configurations of Tb** and Eu3*. The colors
employed for plotting the peaks represent the apparent color to the eye of the corresponding fraction of the spectrum.

inter-ion distance can be obtained by selecting the appropriate  overall concentration of active ions in the solid. Interestingly,
alkyl chain length. Another way to achieve such control of the = compounds thus prepared still provided UC for dilutions of
distance between lanthanide ions is to include transparent  the starting materials in up to 50% of the transparent ion com-
complexes, such as Y(PFBS); or La(PFBS);, which decrease the  plexes. This may be necessary if light-harvesting molecules are
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Figure 2. Cooperative UC processes Yb**—Tb*" and Yb**—Eu’* systems showing resonant or nonresonant transfer of energy absorbed in the IR range
by the Yb*" complexes. The dotted arrows represent nonradiative energy transfer and curled arrows represent multiphonon decays; black/grey and
colored solid arrows represent absorption and emission of photons, respectively.
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to be introduced because they would imply longer average dis-
tances between the UC sensitizing and emitting complexes.
Figure 1a shows the associated spectrum of the
YDy ;Tbg 3(PFBS); photoluminescence (PL) at 1.265 eV (980 nm)
excitation. A corresponding picture is shown in the Supporting
Information, Figure 1. This sample provides the most intense
UC along the Yb;,_,Tb,(PFBS);, 0.1 < x < 0.5 series. In order
to rule out the possibility of multiphoton absorption from the
Tb*" complexes, the ytterbium was replaced by yttrium and
we observed that Y, ;Tb3(PFBS); was not luminescent in the
visible range under IR excitation. The blue (2.529 eV), green
(2.275 V), and red (2.120 eV, 1.996 eV, 1.909 eV) components
of the spectrum correspond to the emission from D, to the
lower excited states (Figure 1a and 2). Thus, cooperative energy
transfer from two neighboring Yb*" ions in the Fs), excited
state to Tb**°D, (Figure 1a), or equivalently the trimer transition
[Yb** 2Fs ), Yb* 2Fs 5, Tb* 7F¢] — [Yb 2F;),, Yb 2F 5, Tb* 5D,
is the main mechanism providing visible UC at room tem-
perature.l'”18 The spectrum also reveals the presence of much
reduced UV components in the region 2.7-3.1 eV, which can be
due to further transfer from Yb*" or excited state absorption of
Tb* in the °D, state and emissions from D5 (see Figure 2).
The dynamics of the Yb* and Tb** PL were measured
(Figure 3). The decay curves show an extremely long lifetime
for the majority of ions but also short lifetime components, the
latter being related to the presence of remaining water molecules
in the coordination sphere of a fraction of the lanthanide ions
(it is estimated that this was the case for less than 5% of the com-
plexes). The lifetime of the Yb*" IR emission in the water-free
environment (Tyyrpqr) = 1.2 ms) is remarkably long, meaning

1F ‘ ‘ ‘ ‘ |
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0.7 1Do.3( )3 A, =490 nm T, = 3.55 ms
3_ A, =545 nm T,= 0.40 ms
o
8 0.1 +
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Figure 3. Photoluminescence decay curves for the IR and green emissions
of Ybg 7 Tbg 3 (PFBS);. The extremely long lifetimes achieved for the Yb** pho-
toluminescence 7> 1.2 ms are essential for achieving UC in the presence
of Tb*. Lines represent fits to multi-exponential dependences. When more
than one exponential was needed to fit the experimental data, the process
was done iteratively, adjusting the fast and long components separately from
measurements on shorter and longer timescales. The occurrence of short
components relates to the presence of coordinated water molecules in a
fraction of the complexes. The inset shows the green up-conversion decay.
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that radiative and nonradiative de-excitation pathways are
limited, which we believe is the key for the observation of UC
in the presence of Tb*. By comparison of the Yb*" IR emis-
sion long component lifetime with that of the Yb, ;Y 3(PFBS)s,
Tybyqry = 1.7 ms and, assuming that cooperative transfer to
Tb** is the only additional contribution to de-excitation, the UC
probability per unit time was estimated to bel"* Ty, i1,y =
Typyar) - — Tybhar) - = 250 s71. This implies a comparable effi-
ciency to that obtained in fluoride-based glasses synthesised by
sol-gel methods, but is smaller than in those based on silica.[221]

The UC PL decay (Figure 3, inset) is a multi-exponential
decay with a long component approximating the conventional
Tb3* emission lifetime, 7y, = 3.5 ms. The fact that it is not purely
exponential can be related to the fact that that some sensitized
Tb*" ions can accept more transfers from nearby Yb3* ions (or
absorb an IR photon), which leads to the observation of UV
emission from higher states, or they could transfer the energy
back to Yb** neighbors. The occurrence of the second mecha-
nism is established by the observation of a broad Yb** lumines-
cence at 1.265 eV upon excitation at 2.529 eV (corresponding
to the ’Fg — °D, absorption of Tb**, Supporting Information,
Figure 2) and suggests that the reverse transfer mechanism
proving quantum-cutting down conversion?? is also possible in
these systems. A reliable determination of the corresponding
quantitative influence of these mechanisms could not be made
on the basis of a dynamical study?3?4 due to the uncertainties
caused by the contribution of the water-perturbed centers.

The UC luminescence intensity shows an unexpected
dependence upon laser power. A log-log plot slope of the order
of twol®! is anticipated for the Tb*" visible UC needing two
photons absorbed by two Yb3* ions and a slope three for the
UV (implying three photons absorbed by three centers). How-
ever, we observe slopes of 4.7 and 6.9 in the explored power
density ranges (Supporting Information, Figure 3). It must
be noted that although the slopes are not 2 and 3 for the vis-
ible and UV UC processes, their ratio is still close to 2:3. Slow
avalanche processes are usually responsible for high slopes
in UC systems above a critical pumping rate.?®! These proc-
esses imply low absorption of the laser-pumped level plus an
enhanced absorption cross-section of an intermediate excited
state that can be fed additionally though cross-relaxation.>2l
Similar looped mechanisms have also been proposed, even in
the case of strong absorption.’” Our system has no interme-
diate states involved in the transfer (see Figure 2) that can be
responsible for avalanche-like behavior; instead we ascribe the
obtained discrepancy to the contribution of laser-heating!?®l of
our micrometric (1-5 um) samples. Indeed, we believe that
laser heating may be a common feature in thermally insulated
or poorly conducting nano- and micrometer-sized materials and
we emphasize that the measurement of the power dependence
of cooperative UC in systems with no intermediate states is a
good test before stating the occurrence of avalanche or looping
mechanisms. Our samples were all measured in a vacuum
environment in order to avoid hydration. Thus, long exposure
to the laser raises their temperature, which favors PL.12%3% This
explanation is supported by the observaton that cooling of the
sample under constant excitation power results in a decrease in
the UC PL. Moreover, the excitation spectrum of the Yb-Y PFBS
analog shows that the absorption peak of Yb*" in these systems
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lies around 975 nm while our diode excites at 980 nm. We
interpret the increase in PL due to laser heating of the poorly
heat-dissipating sample in terms of a thermal enhancement of
the excitation at the wavelengths and energies used. Apart from
its role in the Yb*" absorption,?”) temperature can also increase
the overlap between the density states of the involved levels due
to the larger population of vibrational modes.>’!

We have also detected UC PL in Yb, ;Eu, ;(PFBS); (Figure 1b)
when the Yb** ions are excited to ?Fs, by the IR laser. The red
PL from °D, is notably less intense than in the case of Tb**,
as expected due to the lack of resonance of the process: [Yb**
2F5 ), Yb3 2Fs )y, Bud* 7Fg] — [Yb¥* 2Fy),, Yb3* 2F;),, Bu®* 5D; or
°D,].131 The corresponding long component of the Yb** life-
time, Tyygygr) = 1.38 ms, provides an estimate of ry]HEu(Uc)’l =
110 s71, bearing a smaller efficiency than those of the Tb*" ana-
logue and Yb*"-Eu*" processed silica glass!!l but comparable
with sol-gel fluoride glasses.?"]

The strong visible emission obtained for mixed lanthanide
perfluorobutanesulfonates upon IR excitation suggests that
cooperative energy transfer occurs from Yb** organic com-
plexes to neighbouring Tb*" and Eu*" complexes if nonradia-
tive de-excitation processes are kept low. The estimated efficien-
cies are within the range of those measured fluoride glasses
obtained by sol-gel methods. These results open up a new path
for a number of exciting biological and photonic applications
requiring conversion of IR radiation into visible at moderate
and low powers.

Experimental Section

The synthesis of the mixed metal perfluorobutane-sulfonates was
performed in two steps. First, the pure metal complexes were obtained
by mixing a 3 m water solution of perfluorobutane-sulfonic acid (99.9%,
TCl) and the metal oxide (99.9%, Sigma-Aldrich) in appropriate
proportions. Tb,0; was handled in a glove-box to avoid oxidation of Tb**
to Tb*. Mixing the corresponding percentage of the dry metal complex
in de-ionized water yielded the L;_M,(PFBS);-nH,0, LM =Y, Yb, Tb,
Eu compounds. Evaporation of the solvent led to white, highly hydrated,
waxy materials,?? which were dried in a tube furnace at 570 K at 10~ Pa
for three weeks in order to remove the water molecules coordinated to
the trivalent ion. The drying time could be reduced to around 10 days in
the presence of cold P,Os. The obtained material was hygroscopic and
was kept under a vacuum of =107 Pa during all the measurements. Thin
films were obtained by spin-coating a water solution. Fourier transform
IR (FTIR) spectra of the dried sample showed the presence of a small
fraction of residual water. Electron microscopy and energy dispersive X-ray
spectroscopy (EDS) were performed at the Nanovision Centre, Queen
Mary University of London to characterize the morphology of the samples
as well as to confirm their homogeneity and relative metal concentration.

UC PL was measured using a 980 nm modulated diode laser and a
digital lock-in amplifier. The reported powers densities were estimated at
the sample. For conventional time-resolved PL and excitation, a tunable
Continuum Panther optical parameter oscillator was used. Luminescence
was detected using visible or nitrogen-cooled IR photomultiplier tubes.
Spectral resolution was better than 3 nm. Time-resolved intensity decay
curves, I(t), were recorded using a digital oscilloscope.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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