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Abstract

A series of highly luminescent europium(lll) complexes which exhibit photoluminescence from the Eu(lll)
center following energy transfer from the UV absorbing organic sensitizer have been investigated using a
combination of ultrafast optical transient absorption and Eu L3 X-ray transient absorption techniques. We
have previously demonstrated that the latter can be used as a signature of 4f-4f excitation responsible for the
photoluminescence in these Eu(lll) coordination complexes, but the long timescale of the earlier
measurements did not allow direct observation of the ligand-to-metal energy transfer step, preventing a
determination of the sensitization mechanism. Here, we provide the first direct experimental verification that
Dexter electron exchange from the ligand triplet state is the dominant energy transfer mechanism in these
photoluminescent systems. Moreover, the optical transient absorption results obtained herein imply that
energy transfer for all three compounds has near unity yield, regardless of differences in the sensitization
efficiencies, suggesting that the variations in the sensitization efficiencies are determined almost entirely by
differences in the ligand-centered intersystem crossing rates. The implications for the rational design of more
effective photoluminescent lanthanide complexes are discussed.

Introduction

Luminescent materials are used in a wide range of scientific and industrial applications, including lighting and
display screens,'” lasers and fiber amplifiers,”® and as biomedical dyes for imaging and fluoroimmunoassays.®
7 Trivalent lanthanides have garnered particular interest in luminescence applications partly due to their
sharp emission lines in the visible/near-IR and their long luminescence lifetimes, which are a product of 4f-4f
transitions specific to each lanthanide (Figure 1a). These lanthanide transitions are almost entirely metal
centered due to large spin-orbit coupling and very weak interaction with the ligand field. However, since the
4f-4f transitions are highly forbidden, and consequently direct 4f excitation is very weak, bright
photoluminescent lanthanide complexes instead rely on indirect excitation utilizing the “antenna” effect,
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where a sensitizer (typically an organic ligand or a photoactive transition metal complex
photons, leading to excitation of the lanthanide center by energy transfer.” *> 222 A high efficiency Tb(lll)

complex developed as part of our research program is now used in several commercial assays,”*>* and Eu(lll)
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complexes based on a different ligand system also now show similar high efficiency.
guantum efficiency depends directly on the energy transfer efficiency, and hence determination of the energy
transfer mechanism is of fundamental importance. Despite developments in the theoretical understanding of

lanthanide systems,***

experimentally monitoring energy transfer in photoluminescent lanthanide systems
remains difficult, largely due to the absence of suitable experimental methods for directly probing the non-
emissive lanthanide 4f excited states, which inhibits the rational design of highly efficient lanthanide-based

fluorophores.

Generally, the two main energy transfer mechanisms which are applicable for lanthanide based systems are
Forster resonant energy transfer” and Dexter electron exchange.®® Forster transfer involves through-space
resonant Coulombic interactions between the sensitizer and the lanthanide and, at lowest order, occurs when
the transitions in the sensitizer and the lanthanide are both dipole-allowed. Instead, Dexter transfer is driven
by through-bond electron exchange and requires a change in the spin multiplicity of both the sensitizer and
lanthanide. Following these rules, and in accordance with detailed theoretical modelling, it can be expected
that Forster transfer occurs from the ligand singlet state and Dexter transfer from the ligand triplet state,”
with each transfer mechanism populating different excited 4f accepting states depending on the respective
energies of the sensitizer ligand (Figure 1b). More recently, several authors have demonstrated singlet energy
transfer may also occur from intraligand charge transfer (ILCT) states, where organic ligands with electronically
conjugated donors and acceptors feature lower energy (near-UV to visible) ILCT states that can directly access
Af excited states similar to those accessed by Dexter exchange;***® however, we have no spectral evidence or
reason to expect that ILCT states are operative in the complexes reported here. Since Forster and Dexter
transfer each have different energetic requirements to optimize the quantum efficiency, the dominant
mechanism must be identified in order to enable rational design of more effective luminescent lanthanide
complexes. Several studies have demonstrated that energy transfer most often occurs via the Dexter
exchange mechanism from the ligand triplet state (as inferred by the agreement of calculated and observed
transfer rates),”” **®** but to the best of our knowledge, the mechanism of energy transfer for a
photoluminescent lanthanide complex has not yet been directly demonstrated experimentally.

In order to elucidate the dominant energy transfer mechanism, the evolution of both the antenna and
lanthanide excited states must be monitored following photoexcitation. In the former case, optical transient
absorption (OTA) spectroscopy has proven to be effective in following the dynamics of the antenna,
particularly when the antenna is an organic ligand that exhibits strong transient absorption features following

236387 However, the lack of a strong OTA feature for the lanthanide center renders probing

photoexcitation.
the metal center more difficult. Instead, X-ray transient absorption (XTA) can be employed as a direct probe of
the lanthanide 4f states, as we have demonstrated previously.®® By combining ultrafast optical and X-ray
methods, we are able to determine which ligand excited state transfers energy to the metal center, and
thereby confirm the energy transfer mechanism. In this study, we have focused on three europium(lll)
coordination complexes based on the 1-hydroxypyridin-2-one (1,2-HOPQO) chromophore, as shown in the inset
of Figure 2. These complexes have a minimized sensitizer-to-metal distance, with the 1,2-HOPO sensitizer
being directly bound to the metal cation, which should allow for efficient energy transfer by both Forster and
Dexter mechanisms. However, the selected complexes exhibit large variations in the overall quantum yield

despite only minor differences in the chemical structure of the connecting ligand backbones. As a result, these



complexes have proven to be ideal for probing both the dominant energy transfer mechanism in typical
antenna-based luminescence devices and for understanding the source of variation in sensitization efficiency
and quantum yield.

Experimental
Sample Preparation and Luminesence Efficiency Measurements.

The organic ligands used for each complex are shown in Figure 2. Each Eu(lll) complex adopts an overall ML,
structure, wherein each of the two tetradentate ligands bind to the metal center via each of the four
bidentate 1,2-HOPO chromophores (shown in green). As shown, the ligands differ only in the backbone
substituent which connects the pair of 1,2-HOPO chromophores, yet these structural modifications result in
significant changes in the luminescence properties of the corresponding Eu(lll) complexes. All samples were
prepared according to previously published methods, and sample integrity was verified by ESI-HRMS

(Supporting Information).? ** %

Since X-ray absorption measurements require larger concentrations than
optical measurements, methanol was used as the solvent rather than aqueous formulations for improved

sample solubility.

The relevant photophysical parameters measured in methanolic solution for these complexes are shown in
Table 1, and representative absorption and emission (which derive primarily from Do — 'F,, J=1 -4, in Eu(lll)
systems) spectra are shown in Figure 2. The overall quantum yield after 350 nm excitation was determined by
the optically dilute method in comparison to quinine sulfate in 0.05 M H,SO, as a well-established quantum
yield reference (0.508, see Supporting Information). The metal-centered luminescence lifetimes were
measured by monitoring the >Dy — ’F, emission band at 612 nm following excitation at 350 nm. The
instrument used for these measurements has been described elsewhere.® The remainder of the
photophysical parameters in Table 1 were determined according to the methods outlined by Werts and
Verhoeven,® which we briefly summarize. Specifically, there are two relevant efficiencies which dictate the
total luminescence quantum yield: the efficiency of sensitizing the metal center and the efficiency of metal-
centered radiative decay. Therefore, the total emission quantum yield ®;,; can be defined as:

Dot = Nsens * Pru (1]

where Ngens and @, are the efficiencies of sensitization and radiative decay, respectively. Normally,
uncoupling Nsensand @z, would be problematic. However, the °D, — ’F; emission band for Eu(lll) is purely
magnetic dipole allowed, and it is the only >Dy — F, transition with any magnetic dipole contribution. Since
magnetic dipole transitions in lanthanide ions are practically independent of the ion’s surroundings, the >Dy —
’F, transition can be used as an internal standard to determine ®,,, and by extension 1geys once @, is
determined experimentally. The efficiency of radiative decay (®g,,) is determined using the observed emission
lifetime, T,p, and the radiative and non-radiative rate constants k.4 and k,;-:

krad
Gbp, = —2— = T1,.% k [2]
Eu Krad+ Knr obs rad

The only remaining unknown is k,.,4, which can be evaluated as
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where I,,; is the integrated emission intensity over all of the >Dy — ’F, transitions, and I;p, is the integrated
intensity of the >Dy — ’F; transition (measured from 580 — 600 nm). App o represents the spontaneous
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emission probability of the D, — ’F, transition, with a value of 14.65 s in vacuo. Solving for k,44 then

enables us to determine @, and finally Ngeps-

Optical Transient Absorption Measurements

Femtosecond transient absorption measurements were performed using an amplified laser system (Spitfire
ACE, Spectra Physics) as the excitation source, delivering ca. 100 fs 800 nm laser pulses at a 1 kHz repetition
rate. Approximately 0.1 mJ of this output was attenuated and focused onto a 3 mm CaF, window to generate
a white light continuum probe pulse in the visible region from ca. 350 to 650 nm. The remainder of the laser
fundamental was coupled to an OPA system (Topas Prime, Light Conversion) delivering femtosecond
excitation pulses at 340 nm, and the pump pulse polarization was set to the magic angle with respect to the
probe using a Glan-Taylor polarizer (GT10, Thorlabs). The absorbance of samples was approximately 0.6 over
the 2 mm path length cell used, and samples were continuously stirred mechanically. The instrument response
function (IRF) had a full width at half maximum (FWHM) of approximately 200 fs, as measured experimentally
by a Gaussian fit to the scattered laser excitation profile, and all femtosecond spectra were corrected for the
chirp of the probe pulses. For sub-nanosecond transient absorption measurements, a white light continuum
from ca. 380 to 900 nm was generated using a pulsed Nd:YAG based Leukos-STM super continuum light
source, the timing of which was controlled electronically using the sync out of the amplified laser system. The
instrument response function (IRF) for this setup was ca. 100 ps. The resulting time traces were analyzed
globally using GloTarAn and the R package TIMP.”

X-ray Transient Absorption Measurements

Transient X-ray absorption spectra were collected at the Advanced Photon Source on beamline 7-ID,”* using
the MHz-repetition-rate pump-probe, liquid-jet endstation.”® A recently installed, cryo-cooled, double-crystal,
Si(111) monochromator produced X-rays with ~0.8 eV bandwidth around a central photon energy of 7 keV.
The energy of the X-rays was calibrated using an Fe foil and the average X-ray flux at the sample was
measured to be ~4 x 10" photons/second using an ion chamber. The synchrotron ran in the standard 24-
bunch operating mode, producing X-ray pulses with an 80 ps duration (FWHM) at 6.52 MHz repetition rate.
The laser (355 nm wavelength, 10 ps pulse duration, Duetto, Lumentum) was synchronized to the storage ring
and operated at 1.3 MHz so that laser pulses overlapped every 5" X-ray pulse. At this repetition rate, the X-ray
pulses overlapped with the laser are from each of the 24 electron bunches circulating the ring, allowing us to
use the ungated ion chamber measurement as an incident X-ray flux monitor for the pump-probe
measurements. The laser pulse fluence was ~12 mJ/cm?* and spot size at the sample ~20 um FWHM.

The sample was circulated by a HPLC pump through a 200 um diameter quartz nozzle that produced a
cylindrical liquid jet. The flow rate was set to 50 mL/min to ensure a jet speed of ~25 m/s to fully refresh the
sample volume between laser shots. The X-rays were focused onto the jet to a spot size of 5 um (H) x 3 um (V)
FWHM using Kirkpatrick-Baez mirrors. The laser beam crossed the X-ray beam with a small (~5 degrees) angle
and was spatially overlapped with the X-rays at the jet position using a 50 um diameter pinhole. Temporal



overlap between laser and X-rays was performed using an MSM detector (Hamamatsu) to ~10 ps precision
and then spatial and temporal overlap was optimized using the [Fe(bpy)s;]**/acetonitrile reference sample,
which is known to have a prompt response.”

XAS spectra were collected in fluorescence mode at 90 and 270 degrees relative to the incident X-ray beam
using 2 APD detectors (Oxford instruments). One operated in analog mode and was positioned closer to the
jet so as to detect multiple fluorescence photons per shot. The signal was input in a MHz digital boxcar
average (UHFLI, Zurich Instruments) to provide average signals for the X-ray pulses just preceding the laser-
overlapped pulses (OFF) and the X-ray pulses overlapped with laser pulses (ON). The second detector was
operated in photon counting mode and positioned opposite the first detector and farther from the jet so as to
detect on average ~0.1 counts/shot. The signal was routed through a CFD and then sent into FPGA-based
gating electronics that tallied counts for the OFF and ON bunches.

Results
Sensitization Efficiencies

A summary of relevant photophysical parameters measured for the three investigated complexes is given in
Table 1, while absorption vs. total emission profiles for the europium complexes compared to quinine sulfate
used to determine the overall photoluminescence quantum yields (®;,;) are shown in the Supporting
Information. The general trends previously observed in 1., for aqueous solutions are also found here;
namely, that [Eu3,]" has a much lower sensitization efficiency than that observed for [Eul,]” and [Eu2,], both
of which are comparable. In aqueous solution, [Eu2,] has a lower ®,,;, comparable to that of [Eu3,], largely
due to solvent quenching which lowers ®g,,. This was previously shown to be the result of solvent access to
the metal center,® resulting in more rapid deactivation of the Eu 4f* excited state. However, this was not
observed in methanol, where @, is roughly 0.5 for all complexes, suggesting less overall interaction between
the solvent and the metal center in non-aqueous solution. Supporting the lack of significant solvent
interactions in methanol, quantum yields were also collected in deuterated methanol and were found to be
only slightly higher for all three Eu(lll) complexes (Table 1). Comparing the observed lifetimes for all three
samples in methanol and deuterated methanol gives an estimate of 0.5 units of methanol bound to the inner
coordination sphere for all three samples, which we interpret as 0 units of methanol given the limitations of
the empirical equation used and the presence of amide protons than can be exchanged for deuterons in
deuterated methanol.”

Optical Transient Absorption

Transient absorption measurements utilizing an optical probe pulse were undertaken to analyze the excited
state dynamics of the 1,2-HOPO ligand following UV excitation. Initial measurements utilized the Gd(lll)
analogs of the Eu(lll) complexes, since energy transfer to Gd(lll) cannot occur due to the lack of energetically
accessible excited 4f* states on the Gd(lll) cation (Figure 1a). Nanosecond OTA spectra for [Gd1,], [Gd2,], and
[Gd3,]" are shown in the Supporting Information, with each complex exhibiting a single exponential decay
component with a time constant of ca. 150-200 ns, assigned to ligand triplet decay. The corresponding
ultrafast OTA spectra, along with the evolution associated spectra (EAS) for each of the complexes are shown
in Figure 3. For both [Gd1,] and [Gd2,], the initially observed spectra consist of an excited state absorption



(ESA) spectrum with a peak at ca. 375 nm and a second relatively broad ESA feature between 430-600 nm.
These signals rapidly evolve to a long lived feature between 360-450 nm, with a peak at ca. 390 nm. The
corresponding time resolved decay dynamics associated with these features clearly show the presence of two
lifetime components: one on the picosecond timescale, which is assigned to local excited singlet state initially
populated immediately after excitation, and the latter assigned to the corresponding triplet excited state
which was fixed to the value obtained by nanosecond OTA measurements. Instead, for [Gd3,], the initially
observed OTA spectrum differs significantly, showing a more intense and blue shifted ESA feature between
350-510 nm, with a peak at ca. 385 nm, and a smaller shoulder at ca. 450 nm. This feature evolves into a
longer lived signal with a much weaker intensity and less pronounced ESA features between 370-490 nm.
Importantly, the corresponding decay dynamics for these OTA signals could not be satisfactorily fit to a
biexponential decay model (see Supporting Information), and instead required three lifetime components to
obtain a satisfactory fit, as summarized in Table 2. These differences point to significantly different
electronically excited state structure for the 1,2-HOPO chromophore in the [Gd3,]" complex, potentially
demonstrating a different excited-state singlet structure. Corresponding TD-DFT measurements (shown in
Supporting Information) confirm that for the [Eul,]” and [Eu2,]” complexes, the ligand backbone is isolated
from involvement in the electronically excited state transitions by the -CH,- linkers, whereas for [Eu3,]’, direct
attachment of the aryl group to the 1,2-HOPO chromophore results in significant involvement of the ligand
backbone to the lowest energy excited singlet states.

Subsequent ultrafast OTA spectra obtained for the [Eul,], [Eu2,], and [Eu3,]” complexes, and the
corresponding evolution associated spectra (EAS), are shown in Figure 4. The observed spectral features are
essentially the same as those seen in the Gd(IIl) complexes, as expected, since it is the ligand based electronic
transitions which are being probed. However, the time resolved decay dynamics evaluated by global fitting of
the observed spectral features are considerably reduced, as summarized in Table 2. Most importantly, the
longer lived ESA signals assigned to electronically excited triplet state of the 1,2-HOPO chromophore decays
almost completely to the baseline over the available experimental time window (~2.7 ns). The substantial
decrease in the excited state lifetimes can be related to the efficiency of energy transfer, and will be discussed
in more detail below (see Discussion).

X-ray Transient Absorption

The ground-state Eu L3 X-ray absorption near edge spectra (XANES), which involve excitation of core 2ps,
electrons either to bound unoccupied Eu orbitals or out of the atom completely (ie. past the Fermi level), are
shown for the [Eu2,]” complex in Figure 5. The XANES spectra are dominated by broad, dipole-allowed 2p-5d
transitions known as the white line, along with a weak pre-edge feature consisting of quadrupole-allowed
2p-4f transitions. In this case, the white line of [Eu2,] is broadened due to the short 2p core hole lifetime such
that the pre-edge feature is only visible in high energy resolution measurements. As a representative example,
the XANES spectrum of photoexcited [Eu2,], collected 5 ns after photoexcitation, is also shown in Figure 5.
While the observed photoinduced changes are small, the difference spectrum shows a clear shift in the white
line energy and intensity. No clear variation is observed at the pre-edge here, though this may be due to the
strong overlap with the white line. Since no significant changes at the pre-edge feature were observed, the
time-dependent dynamics of the Eu 4f states were instead monitored using the strongest feature in the XANES



spectrum, which in this case is the difference signal at 6.9815 keV. This feature corresponds to a shift in the
white line, which was previously demonstrated to be sensitive to changes in the Eu 4f manifold as a result of
4f-5d Judd-Ofelt hybridization.®® This orbital mixing effect is analogous to the 3d-4p mixing observed in the K-
edge XAS spectra in most non-centrosymmetric 3d transition metals.”®7®

As a representative example, kinetic traces of the XANES spectra for [Eu2,]” at 6.9815 keV are shown in Figure
6, and are well reproduced using a biexponential function, with a 1.4 ns time constant and a longer time
constant that exceeds the 140 ns scan limit. The second time constant may reflect a longer lived Eu excited
state, but it is also affected by the flow rate and pump laser spot size in this experiment. The first component
reflects the timescale of excitation of the metal center, which almost perfectly matches the 1.4 ns time
constant obtained for decay of the ligand centered excited triplet state obtained by OTA. Similar results were
obtained for the [Eul,] and [Eu3,]” (Supporting Information). An overlay of the OTA and XANES kinetics is also
shown in Figure 6, where the normalized XANES kinetic data is plotted with the observed OTA decay dynamics
trace at 400 nm, which is dominated by the third spectral component (i.e., the ligand triplet state.) These two
kinetic traces overlay extremely well, and the matching of these two kinetic processes unambiguously
confirms that decay of the ligand triplet state leads directly to excitation of the Eu(lll) center.

Discussion
Energy Transfer from Triplet State Is >99% Efficient For All Eu(lll) Complexes

As demonstrated using OTA techniques, the most significant difference between the dynamics of the Eu(lll)
and Gd(lll) complexes is the lifetime of the ligand centered triplet excited state, which decays orders of
magnitude faster for the former (vide supra). The increased decay rates for the Eu(lll) complexes can be
attributed to faster depopulation of the triplet state via energy transfer to the Eu(lll) ion, whereas this energy
transfer is not possible for the analogous Gd(lll) complexes. The ratio of these two rates can be used to
determine the efficiency of energy transfer from the triplet state, under the assumption that the radiative and
non-radiative decay rates of the triplet state for the Gd(lll) complexes reflect those of the Eu(lll) complexes in
the absence of energy transfer, such that:
kgd TEu
Mer =1—7"=1-— - (1]

The resulting efficiencies are shown in Table 2. Most notably, each Eu(lll) complex has an efficiency for energy
transfer from the ligand triplet state to the metal of > 99%, despite the variations in sensitizer efficiency, Nsens,
noted across the ligand series. The very high energy transfer efficiency can be rationalized by the direct
bonding of the 1,2-HOPO chromophore to the metal center, minimizing the donor-acceptor distance and
establishing strong wave function overlap for optimal energy transfer.

Dexter Transfer Is the Dominant Energy Transfer Mechanism For Eu(lll)-HOPO Complexes

While the OTA measurements demonstrate the high efficiency of triplet state energy transfer, they do not
explicitly demonstrate the dominant energy transfer mechanism, as a significant amount of Foérster resonant
energy transfer from the ligand singlet state could still be possible. However, the combination of the OTA and



XTA measurements clearly demonstrate which ligand state is responsible for excitation of the Eu(lll) metal
center, and hence which mechanism is dominant. The XANES difference spectra reported herein appear with a
1-2 ns time constant, with continued evolution occurring over 100’s of nanoseconds or longer. Optical
emission measurements have previously demonstrated that the emissive Eu(lll) °Dy state is populated by the

*> while direct population of the °D, state is also possible at higher
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°D, state on a timescale of 1-2 us,2
temperatures via the thermally-populated ’F; lower excited state. Therefore, our measurements likely
probe an admixture of the °D; and °D states. If Dexter energy transfer from the ligand centered triplet state is
the dominant mechanism, the XANES difference signal would be expected to grow in concurrently with decay
of the ligand triplet state. For Forster transfer, a higher energy 4f state would be initially populated, followed
by eventual decay to the °D;, which would manifest as a multiexponential growth in the XANES difference
signal with the earliest component matching the ligand singlet state decay time. However, our XTA growth
time is monexponential and matches the ligand triplet decay time, indicating that the Eu(lll) center is excited
primarily via the ligand centered triplet state. Considering the selection rules for energy transfer in these
systems (vide supra), we conclude that Dexter mediated energy transfer is the dominant mechanism in these
systems, with little to no Forster transfer occurring. To the best of our knowledge, this is the first time that the
energy transfer mechanism has been explicitly demonstrated experimentally for organic lanthanide
complexes. This mechanism is also likely dominant for the d-f bimetallic assemblies of Lazarides and Ward, as
the photoexcited MLCT states there have ISC rates that will exceed those of the organic sensitizers used

here.'®?

Energy Transfer Efficiency is Determined by the Intersystem Crossing Rate

Together, our results demonstrate that, for the family of 1,2-HOPO complexes investigated here, energy
transfer occurs primarily through a Dexter electron exchange mechanism, which has near unity efficiency once
the ligand triplet state is reached. Because the near unity energy transfer efficiency is observed for all three
complexes despite variations in the sensitization efficiency across the ligand set, we conclude that the
sensitization efficiency is instead dictated by ligand-centered processes leading to population of the ligand
triplet state, specifically the competition between the rate of intersystem crossing and other ligand mediated
singlet state decay pathways. Notably, the longest-lived component in the OTA spectrum of the [Gd3,]
complex exhibits a much weaker magnitude for the third EAS component compared to both [Gd1,] and
[Gd2,] (Figure 3), consistent with a lower overall efficiency for the ISC process for ligand 3. Less efficient ISC is
also reflected by the much shorter decay times obtained for the initially populated singlet excited state of the
[Ln3,] complexes (and only very small differences between Ln = Gd c¢f Eu) when compared to [Ln1,] and [Ln2,]
, suggesting radiative and, more likely, non-radiative relaxation pathways of the singlet excited state are able
to more efficiently compete with ISC, resulting in only a small population of the ligand triplet state in the
[Ln3,]" complexes. In this case, the best method to optimize the sensitization efficiency in such complexes
would be to facilitate more efficient population of the excited triplet state, either by improving intersystem
crossing or inhibiting singlet decay back to the ground state.

Since each complex includes the same 1,2-HOPO chromophore and metal center, it is not readily apparent as
to why the ISC efficiency should vary so significantly across the series. In a recent study, the results of TD-DFT
calculations pointed to [Eu3,]” having a triplet state energy that is too low in energy to populate the °D; Eu(lll)



state, and therefore the authors concluded that sensitization must proceed by a different mechanism
involving only the °D, Eu(lll) state.®* However, the triplet state energies of these complexes have been shown
experimentally to be equivalent to each other by recording the phosphorescent emission of the Gd(lll)
complexes at 77 K (Supporting Information).®* Furthermore, all three Eu(lll) complexes have measureable
emission from the °D; state, and there is no difference in the proportion of >D, emission relative to the total
°D, and °D, emission between these three complexes, which rules out any significant decrease in the triplet
state energy or change in sensitization mechanism for [Eu3,]” relative to the other samples (Supporting
Information). Instead, we note that for the [Ln3,]” complexes, the linkage between the 1,2-HOPO
chromophores is shorter and includes conjugation of the aryl group across the ligand backbone that is not
present for either the [Ln1,] or [Ln2,]" complexes. We propose that the presence of this conjugated aryl
linkage significantly alters the structure of the electronically excited singlet states, which is supported by our
TD-DFT calculations and is also consistent with the significant differences in singlet excited state behavior we
observe from the ultrafast OTA measurements. As a result of this difference, the efficiency of intersystem
crossing in the [Ln3,]" complexes is considerably reduced, leading to a less efficient sensitization process
overall. We continue to investigate the remarkable sensitivity of the intersystem crossing rates to small
structural changes of the complexes, as such properties will profoundly affect the rational design of more
effective luminescent lanthanide complexes.

Conclusions

We have utilized a combination of ultrafast optical transient absorption and time-resolved Eu L3 X-ray
absorption spectroscopy to elucidate energy transfer by independently probing both the sensitizer ligand and
lanthanide center. We demonstrate experimentally that the europium(lll) excited 4f states are directly
populated by Dexter electron exchange from the ligand triplet state, with essentially no Forster contribution
from the ligand singlet state. We further demonstrate that the Dexter energy transfer has an extremely high
efficiency (>99%), suggesting that the overall sensitization efficiency is likely dictated by competition between
intersystem crossing and other excited singlet state decay pathways. It is clear that optimization of the
sensitizer efficiency, and thus luminescence brightness, requires improving the intersystem crossing rate
relative to nonradiative singlet state decay.

Supporting Information Available

Mass spectrometry data for [Eul,], [Eu2,], and [Eu3,]. Total emission quantum yield measurements in
methanol and deuterated methanol. Nanosecond transient absorption spectra for [Gd1,], [Gd2,], and [Gd3,] .
XTA/OTA comparisons for [Eul,]” and [Eu3,]. XTA solvent dependence plots and discussion. TD-DFT results
and table of relevant parameters. °D, emission lines for [Eul,], [Eu2,], and [Eu3,]. Low-temperature ligand
phosphorescence spectra. This material is available free of charge via the Internet at http://pubs.acs.org.
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Tables

Table 1: Luminescence Properties of Eu(lll) Complexes in Methanol

Complex [Eul,]) [Eu2,] [Eu3,]
Amax (nm) 338 341 347
Tobs MeOH (us) 788 758 651
Tobs da-MeOH (us) 960 912 765
m (# bound MeOH) 0.48 0.47 0.48
Dot MeOH 0.30 0.30 0.11
@0t d4-MeOH 0.33 0.33 0.14
k.ag MeOH (s™) 662 644 790
kor MeOH (s™) 608 676 747
®g, MeOH 0.52 0.49 0.51
Nsens MeOH 0.57 0.61 0.21

Table 2: Optical Transient Absorption Fitting Results

Complex Metal ) (ps) T, (ps) T, (ns) Ngr
[M1,] Gd 10.6 £ 0.039 - 205.1+£0.76 0.995
Eu 2.9+0.018 - 1.1 £0.0029
[M2,] Gd 13.6 £0.043 - 157.3+4.4 0.991
Eu 2.3+0.012 - 1.4 £ 0.0029
[M3.] Gd 1.9+0.0040 | 8.8+0.042 186.0+ 1.6 0.991
Eu 1.6 £0.0028 | 7.6%0.030 1.7 £ 0.0050
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Figure 1: a) Energies of trivalent lanthanide 4f excited states;’ b) Jablonski diagram of the ligand and
lanthanide center dynamics following photoexcitation; Férster (red) and Dexter (blue) energy transfer
pathways are also shown. Note that at higher temperatures, the °D, becomes available for Dexter charge
exchange from the thermally-populated ’F,
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Figure 2: UV-Vis absorption (blue) and emission (red) spectrum for 1. The most relevant Eu(lll) emission lines
are labeled. Ligand and molecular structures are shown in the middle
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Figure 3: (a) Observed optical transient absorption spectra, (b) decay kinetics and global fits at selected
wavelengths and (c) corresponding Evolution Associated Spectra for the [Gd1,] (left), [Gd2,]" (middle), and
[Gd3,]" (right) complexes. The long time constant for each spectra was determined independently by
nanosecond measurements (Supporting Information) and was fixed in the analysis.
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Figure 4: (a) Observed optical transient absorption spectra, (b) decay kinetics and global fits at selected
wavelengths and (c) corresponding Evolution Associated Spectra for the [Eul,]” (left), [Eu2,]" (middle), and
[Eu3,]" (right) complexes.
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Figure 5: Ground-state (blue dashed) and laser-excited (red, 5 ns delay) Eu L3-edge X-ray absorption spectra of
[Eu2,]". The laser on — laser off difference spectra (yellow) is plotted on the right y-axis
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Figure 6: Left: Temporal dynamics of Eu L3 X-ray absorption spectrum of [Eu2,]’, collected at 6.9815 keV. Right:
Comparison of normalized X-ray trace (blue) with optical transient absorption trace (red) at 400 nm
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