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ABSTRACT Organocomplexes with trivalent erbium are investigated by time- /
resolved optical spectroscopy techniques. Ultrafast time scales are reported for
intraligand intersystem crossing (~10 ps) and ligand-to-metal resonance energy
transfer (~100 ps), resulting in lanthanide-ion sensitization with nearly unity
efficiency. Given the interest of erbium complexes for telecom wavelength solid-
state amplifiers and emitters, the results should stimulate further theoretical
investigations on radiationless transitions in such complexes.

SECTION  Kinetics, Spectroscopy

gands have long attracted fundamental and applied
research interest owing to the possibility of sensitizing
rare-earth radiative transitions at visible and near-infrared
wavelengths. The promise is to achieve sensitization with high
efficiency by resorting to advantageous light harvesting prop-
erties of the organic part,' that is, by designing ligands to
absorb light with high efficiency in selected spectral regions.
At the same time, employing lanthanide organocomplexes in
films for solid-state devices would guarantee that each lantha-
nide ion is sensitized with the same efficiency, and quenching
of lanthanide transitions due to clustering is prevented. Such
complexes therefore appear suitable to solve the need for
dense packing of rare earth emitters, particularly erbium, in
solid-state devices, such as light-emitting diodes® and telecom
optical amplifiers.” Research endeavors have concerned the
determination of the lanthanide sensitization quantum yield,
1s, which is a key parameter for the design of functional
complexes. Several relaxation steps are involved in the sensi-
tization of the lanthanide ion, including the mixing between
ligand singlet and triplet states (intersystem crossing (ISC)),
which is enhanced by the “heavy-atom effect”,* and reso-
nance energy transfer (RET) from the triplet state to the ion. In
Er(I1l) complexes, values of s ranging from a few percents to
nearly unity are inferred from available data on ion emission
lifetimes and quantum yields.°~” Besides, little information
has so far been collected on the intraligand and ligand-
to-metal excited-state dynamics that following photoexcita-
tion of the organic ligands leads to efficient sensitization of the
Er(11l) emission.®
In this work, we conduct an experimental study of the
excited-state dynamics of Er(I1l) coordination complexes with
8-quinolinolate (Q) and partially halogenated Q derivatives as
organic ligands. We excite the complexes with subpicosecond

I anthanide coordination complexes with organic li-
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laser pulses tuned to the fundamental intraligand absorption
band and monitor the evolution of the excited-state popula-
tions with a combination of transient photoluminescence (PL)
and photoinduced absorption measurements. We study the
regime of linear response in which a single laser pulse creates,
on average, less than one excitation per complex, and we
unveil ultrafast time scales for the dynamical steps involved in
Er’*-ion sensitization, namely, ISC and ligand-to-metal RET.
Our finding of an unexpectedly fast ISC helps explain erbium
sensitization efficiencies as high as 80% and ion populations
up to inversion threshold.” The comparison between the
excited-state dynamics of Er(Il[)—quinolinolate complexes
and those of corresponding Gd(IIl) and Al(Ill) complexes,
where lanthanide sensitization is suppressed’ and the heavy-
atom effect is negligible, respectively, allows for discerning
dynamical steps relating to erbium sensitization from other
processes.

Upon near-ultraviolet photoexcitation, the organic ligands
of an Er(Ill) complex are promoted to a singlet excited state
(Sy), which can either transfer its energy directly to a Er’* ion
by RETor decay to triplet states by ISC. (See Figure 1.) RET can
occur via either Dexter or Forster mechanisms, depending on
total angular momentum variation (AJ) undergone by the
lanthanide ions.'® According to information available on
8-quinolinolate and similar N-heterocycles,” the first excited
singlet state S; and the fundamental triplet state (T;) corre-
spond to m—xr* transitions, whereas a triplet state involving
transition from a nonbonding (n) to a * state (T(n)) lies in
energy between S; and T,. Photoexcited singlets populate the
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Figure 1. Jablonski diagram of an Er(Ill)—quinolinolate complex.
Near-ultraviolet absorption promotes the ligand from the ground-
state (Sp) to singlet excited-state manifold (S,), which undergoes
intersystem crossing (ISC) to intermediate triplet manifold (T(n))
with subsequent population of the fundamental triplet mamfold
(T,). Both singlet and triplet intraligand excitons can excite the Er’*
ions via resonance energy transfer (RET) or decay radiatively by
fluorescence (fluo.) and phosphorescence (phos.), respectlvely
Upon nonradiative relaxation to the first excited state (*Iysp).
Er’" jons can return to the their fundamental state via radiative
emission at 1.54 um wavelength.
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Figure 2. Absorption and emission spectra of metal coordination
complexes with quinolinolate (Q) ligands in diluted anhydrous
dimethylsulfoxide solutions. Dashed lines: Absorption cross-sec-
tion spectra (left scale). Solid lines: Normalized photolumines-
cence (PL) spectra excited by a cw source at 380 nm wavelength
(right scale).

T(n) state via ISC; the T(n) intermediate state then relaxes to
the T, state. Enhancement of spin—orbit coupling due to the
heavy-atom effect associated with the lanthanide ions is
expected to resultin acceleration of the ISC process. Efficient
ISC and subsequent ligand-to-metal energy transfer by
triplet excitons has so far been considered to be the main
rare-earth sensitization pathway in Er(Il[)—quinolinolate
complexes.”™®

The dynamics of the overall lanthanide sensitization pro-
cess is studied on the trimetallic complex ErsQq and partially
halogenated, monometallic complex [Er(5,7ClQ),(H5,7ClQ),Cl]
(ErClQy)."" Complementary measurements are done in Al(I1I)
and Gd(IIT) complexes AlQ5 and GdsQo. The latter complex
has been determined to have the same molecular structure
as Er;Qo."? Figure 2 depicts absorption and emission spectra
of all investigated complexes under cw illumination. The
fundamental absorption band peaked near 400 nm, already
presentin the spectrum of the Q anion, has previously been
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Figure 3. Temporal decay traces of photoluminescence (PL) in-
tensity of metal complexes excited by subpicosecond pulses
centered at 380 nm wavelength. Pulsed photoexcitation levels
are set to ca. 10~ ® excited states per complex. Pulse repetition rate
is 82 MHz for ErClQg, ErsQo, and GdsQq and 1 kHz for AlQs5. Initial
intensities are normalized to unity for ease of comparison among
decay traces. Dots: Experimental data. Solid lines: Single and
double exponential decay curves best fitting to experimental data.
Characteristic decay times are indicated. Dashed line: Decay trace
of pump light scattered by sample cuvette.

ascribed to intraligand absorption. The optical emission,
spectrally peaked at ca. 550 nm, is attributed to fluorescence
of singlet excitons.

Decay time of singlets critically depends on the coordi-
nated metal ions (Figure 3): fluorescence lifetime is ~10—
20 ps in ErClQ4 and Er;Qg, ~60 ps in GdsQo, for which the
decay is best fitted by a double exponential function and
reaches up to the 10 ns scale in AlQ5. We do not observe triplet
phosphorescence rising at longer wavelengths during fluor-
escence decay, implying that temporal evolution of triplets
cannot be tracked by their optical emission.

Aiming at the determination of activation and decay time
constants of ligand triplets, we perform transient absorption
experiments with subpicosecond photoexcitation in the fun-
damental absorption band of the ligands. Photoinduced
response of the complexes is probed in the visible (470—
660 nm) and near-infrared (1400—1600 nm) regions of the
optical spectrum. In addition, we measure the resonant
response at the same pump (central) wavelength of 392 nm.
Transient absorption AA is quantified by differential transmis-
sion AT, neglecting reflection, through the relation A = 1 — T,
implying AA = —AT. The measured quantity is AT/T = (T —
To)/To, where T (Ty) represents the fraction of the energy of
the probe pulses transmitted through the sample cuvette in
presence (absence) of the pump beam.

Photoinduced absorption (—AT/T > 0) is found to dominate
the response of all complexes in all spectral regions. Reso-
nant and near-infrared signals exhibit a temporal decay that
is compatible with that of the fluorescence and is thus
attributed to excited-state absorption (ESA) of the S; state
(left panel of Figure 4, dynamics at infrared wavelengths is
not shown). In the visible range, where activation and decay
processes are observed (right panel of Figure 4), ESA is in
turn ascribed to the T triplet state. Model curves are applied
to the spectrally integrated differential transmission signals
to quantify the relative contributions of singlet and triplet
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Figure 4. Excited-state absorption dynamics of metal complexes
photopumped by subpicosecond pulses centered at 392 nm
wavelength. The dynamics is reconstructed by differential trans-
mission (AT/T) measurements versus probe-to-pump time delay.
Pulsed photoexcitation levels are less than 0.2 excited states per
complex. Color coding is the same as in Figures 2 and 3. Left panel:
Resonant response, probed at 392 nm. Right panel: Nonresonant
response probed in 570—650 nm spectral window by broadband
pulses. Dots: Experimental data. Solid lines: Model curves best
fitting to experimental data. (See the text for details.) Time con-
stants of excited-state processes are indicated: singlet-decay time
(tsp) in left panel, triplet activation (7ra), and decay (7rp) time in
right panel.

ESA and to extract triplet population dynamics. Singlet and
triplet ESA signals (S(t) and T, (¢), respectively) are propor-
tional to the number of excited states in the low-absorption
limit and can be modeled as follows

Si(t)= As(4) exp(—t/tsp)
Ti(t)= Ar(4) exp(—t/Tm) [l —exp(t/Trp — t/Tra)]

Here tsp, T1a, and 7rp are the singlet-decay, triplet-activation,
and triplet-decay time constants, respectively, whereas ¢ is
the time delay between pump and probe pulses; Asy(4)
represents a wavelength-dependent amplitude reflecting S,
(T,) ESA line shape.

For each metal complex, curve fitting is conducted follow-
ing a three-step procedure: (i) Singlet-decay time constant zgp
is first obtained by fitting a single exponential decay function
to the resonant AT/T time trace (near-infrared traces lead to
the same results within 1 to 2 ps). (ii) The time trace obtained
by integrating the signal over the 570—650 nm spectral
window, where triplet ESA is large compared with singlet
one, is fitted with the superposition function S;(¢) 4+ T,(¢) and
triplet time constants are determined. (iii) Last, the same
function is applied, with Ag)(4) as fitting parameters, to
narrowband (20—30 nm) AT/T traces with varying central
wavelengths to reconstruct singlet and triplet ESA spectra.
The whole procedure is justified by the fact that the decay
times extracted in steps i and ii do not depend significantly on
the spectral boundaries we have chosen, and singlet and
triplet decay times seem constant across the spectrum.

Fit curves relating to steps i and ii are plotted as solid lines
in Figure 4, whereas spectral amplitudes Ag(r)(4) are shown in
Figure 5. ESA spectra Age)(4) feature a triplet resonance
peaked at ca. 525 nm in all investigated lanthanide com-
plexes. For excited singlets, absorption decreases with in-
creasing wavelength across the visible region and is spectrally
flat in the near-infrared region. These spectra match well with
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Figure 5. Excited-state absorption (ESA) spectra of lanthanide
complexes photoexcited by ultrafast pulses centered at 392 nm
wavelength and probed by broadband pulses in visible and near-
infrared regions (left and right panels, respectively). Lines with
dots (squares) show the reconstructed amplitudes of intraligand
singlet (triplet) excited-state absorption (see text for details).
Spectra are normalized to the triplet maximum at 525 nm for
each complex. Dashed horizontal lines mark zero amplitude.

transient absorption ones reported in AlQs by Watanabe
et al.,'> confirming the validity of our assignment of photo-
induced processes to singlet and triplet states.

It is noteworthy that curve fitting analysis yields values of
the triplet activation time (z15) that are systematically shorter
than those of singlet decay time (tsp). We interpret this fact to
be aresult of two-step, intraligand relaxation of photoexcitations
through enhanced S; — T(n) ISC and subsequent T(n) — T,
conversion. Transient population of the intermediate state
T(n) appears in monometallic complex ErClQ,4, where S, state
decays in ~15—20 ps, whereas T, state is activated in ~40 ps.

In Er(Ill) complexes, inferred triplet (T;) decay times of
~80—100 ps show that energy transfer to the lanthanide ions
is also an extremely efficient process. GdsQq acts as a control
sample because the energy level spectrum of Gd’* ions is
empty in both visible and near-infrared regions,” so that
ligand-to-metal energy transfer is suppressed; as a result,
triplet decay is found to be one order of magnitude slower
than that in ErsQq and ErClQ,. Parallel decay pathways such
as conventional oxygen quenching can be suggested for
triplets.'* Being much slower than ligand-to-metal energy
transfer, these processes can in fact influence only marginally
lanthanide-ion sensitization efficiency in Er(Ill) complexes.

Efficiency of ISC (1;sc) in Er(Ill) complexes can also be
evaluated by comparing triplet differential transmission ampli-
tude, normalized to the excitation level, to the one observed
in GdsQq, where 15 can be assumed to be unity. The
comparison is carried out with the aid of curve fitting results,
allowing us to estimate triplet population reached at the
steady state after photoexcitation in the absence of any
decay process. The results of this analysis are compatible
with 77;sc = 1 in both Er;Qq and ErClQy.

AlQ5 is a good control compound for ISC because it
presents a negligible heavy-atom effect: the determination
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of a singlet lifetime of ~10 ns in AlQ5 goes along the absence
of triplet ESA in the first few hundreds of picoseconds after
photoexcitation (orange dots in right panel of Figure 4).

We shall compare our findings for ISC rates with estimates
based on basic rules of scale for the heavy-atom effect
induced by the lanthanide ions. Spin—orbit interaction energy,
responsible for singlet—triplet mixing and consequent ISC, is
linearly dependent on the effective nuclear charge (Z) of
each contributing atom.*'® Neglecting all coupling terms
except that with the coordinated metal (Me) ions, ISC time
constant scales as 1/Zye". Starting from a value of 100 ns for
Al(\)_;,13 one infers corresponding values of ~3.5 and 4 ns for
Er;Qq and GdsQo, respectively. The estimated values, much
longer than the experimental ones (10—100 ps), hint to the
necessity of a full quantum mechanical treatment of 1SC
rates in 8-quinolinolate lanthanide complexes.

In conclusion, we report on ultrafast ISC and ligand-to-
metal RET processes in Er(Il[)—quinolinolate complexes in-
vestigated by transient PL and absorption spectroscopy. ISC is
found to be three to four orders of magnitude faster than in
AlQs, a phenomenon unexpected from simple rules of scale
for the heavy-atom effect. Knowledge gained on lanthanide
sensitization pathways in coordination complexes with or-
ganic ligands is expected to hold value for future develop-
ments with solid-state materials, for example, polymers
doped with lanthanide organocomplexes featuring optical
transparency in near-infrared telecom regions.'®

EXPERIMENTAL SECTION

Er(Ill), Gd(IlI), and Al(Il) 8-quinolinolate complexes are
synthesized using well-established methods.""'* Complexes
are dissolved in anhydrous dimethy! sulfoxide (DMSO) and
loaded in quartz cuvettes for optical investigations. Absor-
bance spectra are recorded on ~10~> mol dm™ (M) solutions
using a cw spectrophotometer. Diluted solutions (~107> M)
are used for fluorescence measurements in a cw spectro-
fluorimeter with excitation at 380 nm. For time-resolved
fluorescence spectroscopy, we resort to a Ti/sapphire ultrafast
oscillator delivering 100 fs long pulses with 82 MHz repetition
rate. Laser pulses are frequency doubled to create an excita-
tion beam at 380 nm central wavelength. Sample fluores-
cence, excited by the focused pump beam, is sent through
color filters to reject laser scattered light, wavelength dis-
persed in a single spectrometer, and detected using a visible
streak camera. Actual time resolution of the experiments is ca.
10 ps. Transient absorption experiments are performed using
a Ti/sapphire regenerative amplifier delivering 150 fs pulses at
1 KHz rate. Frequency doubled pulses at 392 nm wavelength
are used as the pump. Samples are optically probed in the
transmission geometry using broadband pulses produced by
supercontinuum generation in a sapphire plate. Probe-to-
pump time delay is controlled by a motorized optical delay
stage. Differential transmission is detected in visible
(470—660 nm) and near-infrared (1400—1600 nm) bands
using a spectrometer equipped with Si and InGaAs charge-
coupled device, respectively. Signal averaging over a thousand
pulses is sufficient to attain sensitivity values as low as 2 x 10~*
in differential transmission.
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