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ABSTRACT: We report time-resolved X-ray absorption near edge structure (TR-XANES) measurements at the Eu L, edge
upon photoexcitation of several Eu"'-based luminescent lanthanide complexes. We find an unambiguous signature of the 4f
intrashell excitation that occurs upon energy transfer from the photoactive organic antennas to the lanthanide species.
Phenomenologically, this observation provides the basis for direct investigation of a crucial step in the energy transfer pathways
that lead to sensitized luminescence in lanthanide-based dyes. Interestingly, the details of the TR-XANES feature suggest that the

degree of 4f—5d hybridization may itself vary depending on the excited state of the Eu

I jon.

B INTRODUCTION

Many of the lanthanide elements have useful spectroscopic
properties that have spurred broad development of novel
luminescent molecules and materials.'® Examples include
“standard” phosphors with applications in lighting and
communication,”'® phosphors with tailored up-conversion or
down-conversion properties for the enhancement of photo-
voltaic cell efficiency,"’ ™** and luminescent lanthanide dyes for
biological assays,'"*! in addition to decades of work on laser
materials.”>~>* Despite the development of numerous applica-
tions, elucidating the energy transfer pathways in luminescent
lanthanide materials remains challenging. Most of these systems
exploit transitions within the partially filled 4f shells of the
trivalent lanthanide ions. The optical cross sections for direct
excitation (or de-excitation) of 4f—4f transitions are very weak,
since they are electric dipole forbidden by parity and, in some
cases, by spin. It is more efficient to indirectly excite the
lanthanide by coupling to a sensitizer, i.e., another species that
strongly absorbs photons and then transfers energy non-
radiatively to the lanthanide.**>*
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To rationally design efficient luminescent lanthanide materi-
als, it is crucial to understand the underlying mechanisms of
energy transfer (which vary from system to system). After initial
photoexcitation, the sensitizer may undergo intersystem crossing
to lower energy excited states before transferring energy to the
lanthanide, creating uncertainty about which particular states
contribute most. There are several possible mechanisms for the
sensitizer to lanthanide energy transfer, such as resonant
Coulomb interactions including Forster dipole—dipole transfer
and resonance between higher multipole transitions,””*° or
charge exchange (Dexter transfer).”’ Resonance conditions and
selection rules may constrain these possibilities, but it is often not
clear a priori which mechanism is dominant.**~** Following
energy transfer, the excited state of the lanthanide may relax to a
lower excited state before emitting a photon, or be nonradiatively
quenched without any photoemission.**~*
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Here, we report a time-resolved X-ray absorption near edge
spectroscopy (TR-XANES) signature of the ligand-to-lanthanide
energy transfer (ET) step in a set of luminescent Eu'"' complexes.
Specifically, we find that photoexcitation of the sensitizing ligand
leads to along-lived (> 100 ys) transient change in the XANES at
the Eu L; (2p;/,) edge, and that the magnitude of the change is
correlated with the efficiency of the ligand-to-lanthanide ET. TR-
XANES directly interrogates the metal ion and is complementary
to time-resolved optical measurements that indirectly provide
information about the ET step. While the result we report here is
a purely phenomenological observation, we aim to use this
ultrafast technique as a time-resolved probe for the excited state
electronic structure of Eu™ and other lanthanides, toward
establishing a more detailed understanding of energy transfer in
these systems.

Over the past two decades, TR-XANES has emerged as a
powerful technique for studies of transient photoinduced effects,
including chemical reactions®”*° and spin crossover in photo-
active transition metal complexes.*' ~** All of these phenomena
involve significant distortions in local structure (e.g., dissociation,
or bond length changes larger than 0.1 A) that are driven by
interatomic charge transfer or by electronic occupancy changes
in bonding orbitals. Here, we find that TR-XANES can be used to
observe a qualitatively different process, the nonradiative transfer
of energy to a lanthanide ion, involving no intermediate charge
transfer state. Because the long-lived Eu"" excitation is confined
to nonbonding 4f orbitals, we expect no significant structural
change relative to the ground state at the 100-us time scale of the
observed signal (Supporting Information Figure S4). The
nonbonding nature of the 4f orbitals is well documented and
self-evident from the atomic-like spectroscopic properties, which
is why atomic term symbols are used to label the observed
transitions. We note that lanthanide phosphors in general,
including those that are sensitized via intermediate charge
transfer states, show no difference in configuration coordinate
between 4f intrashell excited states.*~* It is therefore
interesting that we observe a clear TR-XANES feature at all.

The functional form of the transient signal raises questions
about the nature of 4f coupling to other atomic orbitals and to the
local environment (e.g, the ligand). In particular, we consider
whether the degree of 4f mixing with the bonding s- and d-
orbitals, and consequently the energies of the nominal 4f and 5d
manifolds, may itself be a function of 4f excitation.

Luminescent lanthanide dyes'®™>"**75? such as the ones used
in this study provide an illustration of the difficulties involved in
understanding the photophysics of a general luminescent
lanthanide system. An organic ligand attached to a trivalent
lanthanide ion (Eu™ here) serves as a light-harvesting
antenna'®>%%3 by absorbing broadband UV light (Figure 1).
Ideally, this excitation is eventually transferred to the Eu'", which
can later emit a visible photon (Figure 1 (a)). The quantum
efficiency of this process is limited by the existence of other
pathways for radiative and nonradiative dissipation of energy,
which we will now summarize. The initial excited singlet state (S)
of the ligand may quickly undergo intersystem crossing to the
triplet state (T). However, it may also transfer energy directly to
the lanthanide, or decay back to the ground state (Figure 1 (c)).
When sufficient coupling exists between the ligand and the Eu™
ion, a portion of the energy in the ligand S or T state is converted
to a 4f intrashell excitation on the Eu'".

The long-lived Eu" excited state requires substantial isolation
from solvent species that have vibrational modes capable of
quenching the excitation through nonradiative channels®**~3*
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Figure 1. A schematic representation of the different possible energy
transfer pathways in photoactive luminescent lanthanide complexes.
Solid arrows represent radiative transitions, while dashed arrows
represent nonradiative transitions. Three possible outcomes of
photoexcitation (a, b, c) are described in the text.

(Figure 1 (b)). Ligands used for lanthanide luminescence must
therefore be carefully designed to minimize nonradiative solvent
coupling. In cases where the excited lanthanide is not quenched,
the lanthanide may emit a photon upon 4f intrashell de-excitation
along narrow, atomic-like emission lines (Figure 1 (a)). In this
final emission step, the intensities of certain 4—4f transitions, the
“hypersensitive” lines (e.g, D, to 'F, of Eu'), are strongly
dependent on the local environment of the lanthanide
atom 255456

Each step in this process has been investigated experimentally
by UV/visible spectroscopy”®***’~> and by extensive theoreti-
cal calculations.®~* The overall efficiency of the antenna-to-
lanthanide energy transfer has been estimated through
calculations based on optical photoemission measurements (as
outlined under Materials and Methods) and on the efficiency of
energy transfer to a second fluorescent species.”> Additionally,
transient absorption measurements have been used to determine
the lifetimes of the various ligand excited states responsible for
energy transfer.***® There have been no complementary metal-
specific absorption spectroscopy observations of the lanthanide
excited state electronic structure, likely due to the very weak,
dipole-forbidden nature of the 4f intrashell transitions.

B MATERIALS AND METHODS

The samples are listed in Table 1. The three ligands are similar in that
they each bear two 1-hydroxypyridin-2-one amide antennas (Table 1,
shown in blue) which bind the Eu™ ion through both types of pyridyl
oxygen donors. Each ligand has four donors, leading to 8-coordinate 1:2
metal:ligand complexes in the solid state.***” Note that upon solvation,
the coordination number of [Eu(L*),]” increases to nine (Supporting
Information Figure S2). The UV—visible absorption and photo-
luminescent emission properties of the three complexes are similar. In
particular, all three show broadband absorption in the near UV, with the
absorption maxima (A,,,) occurring at wavelengths near 340 nm and
similar peak molar absorptivities (&,,,,). Combined spectra of
[Eu(L'),]" in aqueous buffer are provided in Figure 2 as a representative
plot. A notable feature of the luminescence spectrum is the large *D, —
’F, transition, which accounts for 79% of the total emission.

Analysis of Eu™ luminescence is greatly simplified by the presence of
a purely magnetic dipole transition (°Dy — “F;). With an intensity that is
unaffected by the ligand field, the D, to "F, transition acts as an internal
reference for estimating the radiative lifetime (7,,4). The radiative
lifetime, inversely related to the radiative rate (k,q), is the expected Eu™
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Table 1. Ligand Structures and Photophysical Parameters of

the Luminescent Eu™ Complexes
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Tobs H20 (uis) 733 234 536
Tobs D20 (pis) 1022 317 734
Ot H,O 0.22 0.051 0.062
Trad (ps) 1680 1740 1470
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Figure 2. Photoabsorption spectrum (black) and photoluminescence
spectrum (red) at 333 nm excitation, collected from a 2 4M solution of
[Eu(L'),] in 0.1 M Tris buffer (pH = 7.4). Note that the hypersensitive
line at 612 nm (°D, — ’F, transition) dominates the photoemission.

lifetime in the absence of all nonradiative cguenching, and it is calculated
according to the following equation.**%°

krad = 1/Trad = A[Itot/IMDJ

(1)

Here, I, and Iyp are the integrated intensities of the total Eu™" emission
and of the magnetic dipole transition (580 to 600 nm) respectively. The
constant, A, is the spontaneous emission probability of the *Dj to ’F;
transition, which is 32.4 s™! in water.® By comparing the observed
luminescent lifetime to the radiative lifetime, we can define the
probability that the excited Eu™ ion will decay radiatively (i7g,,) as

jiig

’7Eu = 7"obs/‘rrad = krad/kobs

@)

The overall quantum yields (®,,,) were experimentally determined by
the optically dilute method using quinine sulfate as the fluorescence
standard. The quantum yield is simply the probability that an absorbed
UV photon generates an emitted red photon from Eu", and it can be
broken down into two component probabilities, the metal efficiency 7,
defined above and the sensitization efliciency 7.

<I>tot = (”sens)(rlEu) (3)

4188

The sensitization efficiency () is the probability that the energy of an
absorbed photon is successfully transferred onto the Eu™ center. The
extent of nonradiative quenching of the Eu™ excited state can be
quantified in two ways. First, the rate of nonradiative decay can be
calculated using the observed lifetime and calculated radiative lifetime
according to the following equation.

k kobs - krad = 1/Tobs - 1/Trad (4)

More specific to aqueous solution, the lifetimes of each complex in
H,0 and D,O can be used to determine the degree of Eu'"" hydration.
Since O—H oscillators resonate at high energy, water is a particularly
efficient quencher of Eu! luminescence.’*>® Consequently, each
complex shows a shorter luminescent lifetime in water than deuterated
water. The number of inner-sphere water molecules, ¢, is calculated

using the empirically derived Horrocks equation,®

nonrad —

q=111(1/70 — 1/7p,0 — 0.31) (5)

where 7y 5 and 7p o, the observed luminescent lifetimes in the two

solvents, are in milliseconds. Comparing k;q,,q and q in Table 1 shows
that water coordination leads to increased rates of nonradiative
quenching.

Comparing the values 7., and 775, in Table 1 reveals the rationale for
choosing these three complexes to study. Complex [Eu(L'),]” is
approximately four times brighter than [Eu(L?),]™ and [Eu(L?),]™ due
to efficient sensitization (large #,.,) and minimal quenching (large #7g,;
q close to zero; small k,,.q). Complex [Eu(L?),]” has efficient
sensitization (large #7,.,), but alow quantum yield due to quenching by a
bound water molecule (small 77g; q close to one; large k,q)- Finally,
[Eu(L*),]” has minimal quenching (large #y,; q close to zero; small
Koonrea) but also a low quantum yield due to inefficient sensitization of
the metal (low #,,,;). Thus, complex [Eu(L'),]™ is representative of
pathway (a) in Figure 1, [Eu(L*),]” is representative of (b), and
[Eu(L?),]" is representative of (c). Synthesis and characterization of
[Eu(L*),]” and [Eu(L?),]” have been reported previously (including
further details on the photophysical measurements summarized in Table
1), while [Eu(L'),]™ will be reported soon, *867¢

Time-resolved Eu L;-edge XANES measurements were performed in
total fluorescence mode at beamline 11-ID-D of the Advanced Photon
Source (APS) using a flowing jet of each sample in solution, at
concentrations varying from 0.3 to 1 mM. The energy of the incident X-
ray beam was scanned through the Eu L; edge (i, the 2p;, binding
energy) in 0.25 eV steps, and the total X-ray fluorescence (proportional
to the absorption for a dilute sample) was measured at each step.
Avalanche photodiodes were used to record the time-resolved incident
X-ray flux and the fluorescence from the sample. A pulsed 351 nm laser
was used to excite the chromophore. Data were collected for 300 us
before and after each laser pulse. This collection time was limited by the
height of the laser-illuminated volume of sample (approximately 750
pum) and the minimum jet flow rate needed to sustain laminar flow
(approximately 3 m/s), rather than the luminescence lifetimes of the
samples (74, H,O, Table 1). Additional experimental details are given in
the Supporting Information.

B RESULTS AND DISCUSSION

Typical Ly XANES spectra for [Eu(L'),]™ are shown in Figure
3a. The “white line” peak at 6987 eV corresponds to the 2p;,, —
5d excitations dominating the spectrum, since the 5d shell is
unoccupied. The width of the peak is determined largely by the
splitting of the Sd levels. There is an additional intrinsic
broadening of the entire spectrum due to the lifetime of the 2p;,
core hole; the implications of this effect are discussed below.
The UV photoexcitation caused a suppression of the white line
and additional smaller changes, which are visible in the difference
spectra shown in Figure 3b. The difference scales with the pump
laser power, saturating (but not changing functional form) near a
fluence per shot of 20 mJ/cm?; the spectra in Figure 3a were
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Figure 3. (a) Eu L; edge XANES collected from a 1 mM solution of
[Eu(L'),]". The sample was excited by a 351 nm laser with a fluence per
pulse of approximately 20 mJ/cm?® Two sections of the spectrum are
magnified (insets) to show part of the change induced by the UV pump.
(b) Fractional differences in the excited-state and ground-state XANES
from the three complexes used in this study. To mitigate sample damage,
the laser fluence was decreased to approximately 12 mJ/cm® while
collecting these spectra, giving a smaller change than the one seen in (a).
Data were averaged over 75 us after the pump pulse to generate the
excited-state spectra.

collected at this fluence. The data shown in in Figure 3b were
collected at a fluence per shot of 12 mJ/cm?.

The UV pump laser gradually caused sample damage,
observed as precipitation of unidentified Eu-containing material
out of each solution. Monitoring the intensity of the total
fluorescence over time showed that during a typical ten-minute
long XANES scan the concentration of Eu in solution decreased
by approximately 0.05% (an amount we regard as negligible).
The total white line intensity changed by approximately 1%
following each laser pulse (Figure 3b). In addition, we observed
visible luminescence extending approximately 2 mm along the
sample jet below the laser spot. On the basis of the jet flow rate
(approximately 3 m/s), we estimate the luminescence lifetime to
be on the order of 0.5 ms, consistent with optical measurements.

We first note that the signals from [Eu(L'),]™ and [Eu(L?),]~
have similar magnitudes and shapes, while the signal from
[Eu(L?),]™ is strongly suppressed. We find this to be consistent
with the calculated ., values discussed above; specifically, there
is a clear correlation between the magnitude of the transient
XANES signal and the efficiency of energy transfer from the
ligand to the Eu" ion. The long lifetime (>100 us) of the TR-
XANES signal is also inconsistent with the short lifetimes of the
ligand excited states of related systems at room temperature (<2
ns).>¥% We conclude that the transient signal is a feature of the
Eu" 4f-4f intrashell excitation that follows photoexcitation of the
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antenna, and that X-ray absorption spectroscopy is a useful probe
of the transient 4f electronic state of the lanthanide atom in these
systems.

Furthermore, we again emphasize that this method specifically
targets the lanthanide, and it is therefore complementary to
transient absorption and time-resolved photoemission measure-
ments. As a possible application, we suggest that measurements
at higher time resolution (available at XFEL facilities) should be
able to determine the time delay between UV activation of the
ligand and population of the lanthanide 4f excited state(s). This
would directly probe the ligand-to-lanthanide energy transfer
mechanism in complexes of this type.*>>>*77°

Before concluding, it is interesting to consider possible
mechanisms for the sensitivity of the L; XANES to the 4f
intrashell configuration. Recall that this effect is unexpected in
light of the insignificant structural differences between the
ground state and the excited states of each complex (Supporting
Information Figure S3). We therefore consider mechanisms
driven purely by changes in electronic structure.

Figure 4a shows a simplified schematic of the density of states
of Eu™ in the presence of a ligand. The ion has several narrow,
atomic-like unoccupied 4f states near the Fermi level Ep, and a
large unfilled 5d band. For clarity, we have plotted a small
number of arbitrarily positioned 4f states rather attempting to
show the entire 4f manifold. A simple broadening of the 5d band
(Figure 4b) would lead to suppression of the associated XANES
peak. This might be caused, for example, by an increase in the
crystal field splitting due to a change in the symmetry of the
chelating cage around the Eu ion. However, no such distortion
is expected here (Supporting Information Figure S3). As an
alternative explanation of our result, we first note that there is a
TR-XANES peak at 6977 eV. We expect unoccupied 4f states (or
mixed 4f—S5d states) to contribute to the XANES near this
energy, since FEFF calculations’' (Supporting Information
Figure S8) show a concentration of Eu f states there. In addition,
this energy is 10 eV below the white-line peak, and the gap
between the 4f and 5d levels of Eu™ is on the order of 10 eV in
solid-state systems.”>”"*

Taken together, the TR-XANES features of the long-lived Eu™
excited state indicate a change in both the 4f and 5d states, as
would be associated with an increase of 4f—Sd mixing (Figure
4c). As support for this hypothesis, we note that static orbital
hybridization effects in lanthanide materials have been
extensively studied.”>””” In particular, quantitative interpreta-
tions of visible lanthanide emission spectra’™®' use 4f wave
functions that are mixed with opposite-parity 5d states due to
perturbation by the ligand field. The observation of a time-
dependent change in the degree of orbital mixing would have
important consequences for theoretical calculations of the energy
transfer rate, as well as for treatments of the emission spectrum in
these complexes.

The total fluorescence detection method used in this
experiment gives spectra with an energy resolution intrinsically
limited by the 3.91 eV lifetime of the 2p;/, vacancy. The low
resolution destroys some information about the density of states,
especially changes of the hypothetical type shown in Figure 4.
The present data therefore do not distinguish unambiguously
between the possible scenarios. Existing data on lanthanide
compounds,**** including europium(1II) oxide,”* show that it
is possible to resolve 2p to 4f excitations with high detection
energy resolution; further studies are ongoing.
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Figure 4. (a) Schematic representation of the density of states for
ground-state Eu"", including atomic-like occupied 4f states (solid lines),
unoccupied 4f states (dashed), and unoccupied 5d and continuum
bands. (b) Effect of a 4f—4f transition accompanied by a change in Sd
crystal field splitting. (c) Effect of a 4f—4f excitation accompanied by a
change in the degree of 4f—5d hybridization. The curved arrows indicate
the change in electron occupancy upon excitation, while the orthogonal
arrows indicate reorganization of the 4f manifold due to a changed 4f—

5d hybridization.

B SUMMARY

We have identified a transient XANES signal associated with the
4f—4f intrashell transition that precedes hypersensitive emission
in a family of luminescent Eu complexes. The functional form of
the transient signal suggests that excitation-induced orbital
hybridization effects may play an unexpected role in systems of
the type studied here. More fundamentally, the existence of the
signal demonstrates that time-resolved X-ray absorption spec-
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troscopy is a promising tool for directly studying the excited
states of lanthanides in luminescent materials.

B ASSOCIATED CONTENT

© Supporting Information
DFT-minimized structures of the ground states; structure
comparison of the S and T state for [Eu(L'),]”; additional
details on collection of TR-XANES; analysis of laser-induced and
X-ray-induced sample damage; results of FEFF calculations of
the I-projected density of states. This material is available free of
charge via the Internet at http://pubs.acs.org.
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