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Time-Resolved X-Ray Spectroscopy to Study Luminophores

with Relevance for OLEDs

Matthias Vogt™ and Grigory Smolentsev*®

Organic light-emitting diodes (OLEDs) are employed in innova-
tive display technologies and have the potential to be used
widely in large area lighting. Luminophores containing 4d or 5d
metals are efficient in electro-luminescent devices due to their
phosphorescent properties but are scarce and expensive.
Alternatives take advantage of temperature-activated delayed
fluorescence (TADF), e.g. in Cu(l) complexes. We show modern
X-ray spectroscopy methods exemplified on Ru, Ir and Cu-based
luminophores offering insight into the capabilities of such
techniques to researchers from various fields. Knowledge of

1. Introduction

Organic light-emitting diodes (OLEDs) are electroluminescent
(EL) units, which can be used not only in display applications
but also in area lighting devices." Currently, the OLED
technology finds its way into a growing number of consumer
products, such as smartphones, tablets, and TV screens due to
its extraordinary properties exceeding the quality of concurrent
established technologies e.g. liquid crystal displays (LCD). For
instance, OLED displays offer superb image quality and
contrast, a wide viewing angle, low weight, and energy
efficiency as they do not require back-illumination.”’ Consider-
ing that lighting still consumes a significant amount of
electrical power, OLEDs may hold promise for an energy-saving
technology on a global scale.” Further, the unnecessary back-
illumination can allow for the fabrication of extraordinary thin
displays, with unprecedented flexibility in display and lighting
designs." As OLEDs can offer superior performance and
enhanced energy efficiency at the same time it is not surprising
that their development became a very active field of research
in both academia™®® and industry.”’ For recent commercialized
innovative products such as bendable panels and foldable
devices see reference.”’
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structural rearrangements in the excited state is crucial to
understand non-radiative energy losses and to develop efficient
luminophores. Pump-probe X-ray absorption spectroscopy
(XAS) gives information about the molecular structure in the
excited state and the electronic structure. We show how this
information can be complemented with X-ray emission spectro-
scopy at X-ray free-electron lasers (XFEL) and discuss the
potential of time-resolved X-ray excited optical luminescence
(TR-XEOL) to provide additional selectivity of XAS to lumines-
cent sites.

A key material within an OLED is the luminescent dye
within the emissive layer, where the efficiency of the exciton
harvesting has great significance for the performance of the
device. The electroluminescence is a consequence of electron-
hole recombination in the emissive layer, forming singlet or
triplet exciton. The simplest picture is that, for example, the
hole is trapped first at the emitter complex and then the
electron is attracted forming an excited charge-transfer state of
the complex. Spins of the hole and the electron during such
process can be combined into the singlet configuration (with
total spin 0 and spin projection 0) or three triplet configu-
rations (with total spin 1 and spin projection 1, 0 or —1). In a
more complex picture, excitation can be formed in the emitter
host material (organic semiconductor) and then transferred to
the luminophore. In any case, either singlet or triplet excitons
with a statistical distribution of 1:3 are formed."” Therefore,
purely fluorescent organic dyes have a theoretical limit of 25%
for the internal quantum efficiency (IQEmax) as only the singlet
state is emissive. A prominent example of such emitters of the
1st generation OLEDs is aluminium tris(8-hydroxyquinoline) (1
(Alg3), Figure 1A). In OLEDs of the second generation, the use
of coordination compounds of rare precious metals, for
instance, Ir, Pt, or Ru allows to overcome this limit and gave rise
to highly efficient OLEDs. The ground state of such materials is
typically singlet. Taking advantage of the “heavy atom effect”,
the metal center provides a large spin-orbit coupling enabling
the efficient transition between singlet and triplet excited
states (intersystem crossing, isc) as a prerequisite for photon
emission via phosphorescence, which is probable in the case of
strong spin-orbit coupling. Therefore, corresponding devices
are regarded as PhOLEDs."" Such luminophores allow for a
theoretical IQEmax of 100% as all generated excitons can be
harvested (triplet harvesting). Large spin-orbit coupling con-
stants of heavy metals may not be the exclusive parameter to
govern the isc rate,"? there are examples of heavy-atom-free
organic compounds showing efficient isc"® Figure 1B shows

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH


http://orcid.org/0000-0002-2636-2531
http://orcid.org/0000-0001-7348-7276
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcptc.202100180&domain=pdf&date_stamp=2022-01-12

Chemistry

Minireviews Europe
ChemPhotoChem doi.org/10.1002/cptc.202100180 Socienes puiehing
4 N [
A c )
Ph, Ehz
P.
N
Ag
N
P S
Ph,
S
l N (6] y}j Vi 2
/N\L/
o \N\o 2 3 4
= —]2+ By
/ = FsC PPh,Me Z N N 4 PB 2
1 <\ /> =N \ I BUP\ /_\ Spe, Phaf PPh,
56 N—N\ co N N/,,'(_O RN~ N el P Cu /\Cu/
S, By
OC\R\e//Br>Ré/CO AN e 7 INV'L\N| N azP Pphz
/g “co - N= N7 ¥
€0 _ PPh,Me CFy g |
5
6 7 10
\_ AN AN W,

Figure 1. Examples of coordination compounds reported as luminescent dyes in OLEDs.?® (A) fluorescent dye: Algs (1) was one of the first compounds used
for an OLED device.”” (B) phosphorescent dyes (2-7): examples of well-known precious metal-based (Ir?** and Pt®%) emitters allowed for performant PhOLED

devices, the example of the prominent [Ru(bpy);]®

* dye (7),%" (6) an example of an Os-based phosphorescent dye utilized in efficient OLEDs with orange

emission,® (5) a rare example of a rhenium-based PhOLED emitter with high external quantum efficiency (EQE)."*¥ (C) TADF emitters (8-10): examples of Cu-

d [34-36]

base and an Ag-based®™ complexes showing TADF-type emission.

exemplary phosphorescent emitter complexes with heavy pre-
cious metal centers (compounds 2-7). However, beyond the
more obvious challenges regarding OLED device design, such
as the requirement of high stability or the control of the
emission wavelength, there is an intrinsic problem of PhOLEDs
potentially hampering the growth of the OLED market sector.
That is, the usage of rare precious metals, especially iridium,
may impose a supply bottleneck™ Therefore, especially
concerning the mass-manufacturing of large-area lighting
panels,™'® it appears crucial to develop efficient emitting
materials, which do not contain rare transition metal ions."
To increase the efficiency of OLEDs while avoiding rare-earth
metals, a few alternative ideas were proposed including triplet-
triplet annihilation,"” hybridized local and charge transfer™®
and by side-stepping Kasha's rule.!"”

During the last decades, the 3rd generation of OLED
emitters based on coordination entities with earth-abundant
metal centers, mainly Cu, but also Ag”?¥ or entirely metal
free®®? has appeared, taking advantage of the temperature-
activated delayed fluorescence (TADF) effect™***?'%) |n this
regard, we want to specifically outline the compound class
furnishing copper(l) metal centers as they will be the subject of
further discussions within this review. Spin-orbit coupling is not
strong in coordination entities with a lighter metal center, in
particular, Cu; therefore, the emission is probable from the
singlet state (fluorescence) and may be negligible from the
triplet (phosphorescence). This behavior contrasts to Ir, Pt and
other precious-metal-based emitters. The principle of TADF at
photoluminescence and electroluminescence conditions is
illustrated in Figure 2. For TADF materials the triplet state is
long-lived and has a lifetime in the microsecond range. The
energy difference between the singlet and the triplet states is
so small that thermally activated reverse intersystem crossing
(risc, T, to S, transition) is probable. This leads to emission from
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the singlet state (singlet harvesting) with a lifetime in the
microsecond range and with a high quantum efficiency.®®

The molecular designs for Cu-based dyes commonly aim for
avoiding large structural rearrangements upon photo-excita-
tion. A ‘nested state’ situation in which the ground and excited
states have very similar geometry®® may be favored because
strong distortions often result in non-radiative decays"” (Fig-
ure 2¢) and can make the coordination sphere accessible for
additional coordination inflicting direct quenching.”” The
majority of the reported investigations on Cu-based TADF
materials are focused on three main compound classes:
mononuclear Cu(l) complexes with tetrahedral coordination
sphere®*  trigonally-coordinated ~ mononuclear  Cu(l)
complexes™*® and multinuclear Cu(l) complexes with
phosphine or nitrogen-containing ligands.*”*¥ Dicoordinated
linear Cu(l) complexes are also under investigation and are
reported to possess extraordinary photoluminescence
properties.***”

The excited state usually has a metal-to-ligand charge
transfer (MLCT) character. After such one-electron oxidation of
Cu, mononuclear systems with tetrahedral coordination tend to
adopt a flattened structure in the excited state due to Jahn-
Teller distortions.”"*? Therefore, the common strategy is to
provide a rigid ligand framework of bulky ligands that make
flattening and corresponding non-radiative losses less prob-
able. Rigid structures can also be achieved for multinuclear
complexes by profiting from the covalence of the copper
core.*” For trigonally-coordinated mononuclear complexes flat-
tening distortions are impossible, which is an alternative
strategy to minimize structural reorganization in the excited
state and corresponding non-radiative energy losses.*>>3>%

Synthetic efforts to produce novel luminophore-complexes
are typically coupled with the characterization of materials by
optical emission and absorption spectroscopy and time-
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Figure 2. (a) Scheme of temperature-activated delayed fluorescence (TADF) as a result of photoexcitation; (b) the same scheme, but under electro-
luminescence conditions. The spin of electrons (holes) is shown as arrows with the full (empty) circles. S, is the ground state, S,-S, excited singlet states, T;-
excited triplet state. (c) Potential energy curves for the ground state (black line), the excited state which has the same structure as the ground state (blue line)
and excited state with significantly different structure (red line). Non-radiative energy losses are probable if potential energy curves cross or if they are close

to each other.

resolved emission decay measurements at ambient — and low
(~77 K) temperatures.” Optical emission measurements pro-
vide direct information about energies and the quantum yield
of radiative transitions. At low temperatures, the phosphor-
escence can become visible for materials showing TADF at
room temperature. This allows to estimate the energy of both
singlet and triplet states from the temperature-dependent
emission spectra. A more precise estimation of energy separa-
tion between these states can be obtained by measuring the
emission lifetime as a function of temperature assuming
Boltzmann distribution for probabilities of the states. Never-
theless, the determination of the singlet-triplet energy splitting
based on the measurements of emission decay at different
temperatures is not always possible, because not only the
probability of the transition from triplet to singlet excited state
is temperature-dependent, but also non-radiative excited-state
deactivation paths are strongly temperature-dependent.”"*”
Density functional theory (DFT) or time-dependent density
functional theory (TDDFT) calculations are used to predict
excited state energies and to interpret the spectra. Never-
theless, the computationally driven development of more
efficient materials requires experimental verification of excited-
state structural models that are used to predict both the
energies of states and the probabilities of non-radiative
deactivation processes.

The goal of this mini-review is to show how time-resolved
X-ray spectroscopy can be used to investigate excited states of
luminophores based on metal complexes that have relevance
to OLED devices. Among different time-resolved techniques
that cover the time range from sub-picoseconds to minutes, we
will focus on methods using synchrotron radiation that cover
the time range from 100 ps to microseconds, and highlight the
first results and perspectives of experiments using X-ray free
electron lasers.

ChemPhotoChem 2022, 6, €202100180 (3 of 12)

2. Time-Resolved X-Ray Excited Optical
Luminescence

In general, X-ray Excited Optical Luminescence (XEOL) is the
effect where optical photons are emitted by a material after
absorption of X-rays. Within the Time-Resolved X-ray Excited
Optical Luminescence (TR-XEOL) method, the system is excited
by monochromatic X-ray photons with energy scanned around
the deep X-ray absorption edges (K, L,; or M; corresponding to
excitation of 1s, 2p or 3p atomic levels) of the participating
elements, while for detection the optical luminescence is used.
This luminescence is analyzed both spectrally (wavelength
dependence) and kinetically (time dependence). In this way,
the technique combines time-resolved optical photolumines-
cence measurements with X-ray absorption spectroscopy. In
addition to that, for anisotropic systems (for example nano-
structures or molecules arranged at the surface with preferred
orientation) the linear polarization of synchrotron beams can
be used to measure the polarization-dependent XEOL.***”

The main elements of the setup are shown in Figure 3a. The
luminescence wavelength dispersing element is typically a
diffraction grating. Either a position-sensitive detector or a
point detector, coupled with the data acquisition system,
allows for the measurement of the relative time between X-ray
pulses (bunches of the storage ring) and the detected optical
photons (Figure 3b). XEOL detection can also be performed in
total emission mode corresponding to the broad range of
wavelengths, either using a separate detector or using zero-
order reflection from the grating. A laser is not needed for TR-
XEOL. The sample can be in the solid state or in solution,”® but
for OLED-related materials, such experiments were performed
mainly in the solid state. In contrast to pump-probe spectro-
scopy, which we will discuss in the next section, the photo-
excitation is not performed before the X-ray pulse; therefore
the molecule, which is at the beginning in the initial ground
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Figure 3. (a) Scheme showing the main elements of setups for time-resolved
spectroscopic X-ray experiments. For pump-probe XAS the sample is excited
by the laser and total X-ray emission/fluorescence is measured as a function
of the energy of incident X-ray photons and delay between laser and X-ray
pulses. For pump-probe X-ray emission, the incident energy is fixed, but the
X-ray fluorescence is dispersed by a cylindrically curved crystal and
measured as a function of the energy of emitted photons. For high-energy
resolved fluorescence detection experiments (HERFD-XAS), the X-ray
fluorescence is also dispersed and the signal at fixed emitted energy is
measured as a function of incident energy. For TR-XEOL the optical
luminescence is dispersed with a diffraction grating and a laser is not
needed. (b) Scheme of the sequence of absorption and emission events for
pump-probe XAS, XES and TR-XEOL experiments. For pump-probe experi-
ments, the spectra are measured as a function of the delay between laser
and X-ray pulses. The delay between absorption and emission of X-ray
photons is negligible (~ 1 fs). For TR-XEOL the laser pulse is not needed and
spectra are measured as a function of the delay between the incident X-ray
pulse and the optical emission.

state, absorbs X-ray photon. The X-ray excitation decays
through a cascade of processes, which include the inelastic
scattering of photoelectrons and Auger electrons. Such scatter-
ing produces electrons of lower energy and shallower holes
until the final radiative transition leads to electron-hole
recombination and light emission. The relaxation pathways
during XEOL, electroluminescence and photoluminescence
processes are different. Nevertheless, in all these cases, as net
result, one or only a few low-lying excited states are formed,
for instance, a triplet MLCT state often is the most probable
and relevant. For complexes with strong luminescence encom-
passing 4d or 5d transition metals, this state typically decays
radiatively via the emission of optical photons. If the spectro-
scopic profile (position of the emission maximum, emission
bandwidth, etc.) and the time-dependencies for the emission
are similar for different excitation regimes (optical, X-ray or
electrical), one can safely assume that the same excited states
are formed. This gives the possibility to use TR-XEOL as a
technique, which is exclusively selective for luminescent sites.
Such selectivity can be applied for the separation of contribu-
tions into XAS spectra of “working/active” and “degraded”
centers of luminescence, to understand the degradation
mechanism. For example, the material can contain two sites
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In this case, the ‘classical’ XAS measurements in the
fluorescence mode give an averaged spectrum of these two
sites, while TR-XEOL can specifically give information about the
luminescent center. Keeping this motivation in mind we will
summarize what has been demonstrated for luminescent
materials with relevance to the emissive layer in OLEDs utilizing
the XEOL detection.

The TR-XEOL method was applied to luminescent materials
with 4d and 5d transition metals including octahedral Ru(ll)
complexes with chelating homoleptic nitrogen-based (bipyr-
idine and phenanthroline) donors,*" Ru(ll) compounds with
slightly more complex mixed-N,P ligand spheres,® and fac-
tris(2-phenylpyridine)iridium (fac-[Ir(ppy);])®” in the soft, tender,
and hard X-ray ranges!™ For instance, when tris-(2,2-
phenanthroline)ruthenium [Ru(phen);]*™ was excited at the Ru
K-edge the luminescent emission spectrum has two clearly
separated features: the component associated to a maximum
at 324 nm corresponds to the ligand-localized transitions, while
the emission maximum at 613 nm originates from the MLCT
state (Figure 4a). The component at 324 nm is rather short-
lived, while a long-lived visible emission decays with a lifetime
of 149 ns, which is expected for the MLCT phosphorescence
(Figure 4b). The absorption spectrum at the Ru K-edge
measured in photoluminescence mode (Figure 4c) is similar to
spectra of related Ru complexes with an octahedral coordina-
tion sphere built by N-donor moieties.®

The situation gains more complexity at the Ru L,; edges
(Figure 4d). The L; absorption edge of Ru is close to the Cl K-
edge and chloride ions are present in the material as counter-
anions. Therefore, both edges are well seen when X-ray
fluorescence detection (not the XEOL) is used. Counterions can
influence the luminescence properties of electroluminescence
devices based on Ru,”* nevertheless, a strong emission from
counterion is not expected for such Ru luminophores. There-
fore, in the simplest picture, the Cl K-edge should be sup-
pressed in the luminescence yield mode. In the experimental
data one can see that Cl contributions are weaker, but still
present (Figure 4 d, red trace). The decay of the excited state
initially localized at Cl, leads to an energy transfer to the Ru
center through various possible channels (X-ray fluorescence of
Cl excites electrons of Ru, Auger electrons from Cl interact with
the Ru center and participate in secondary processes, etc.). For
the sample in the solid phase, the distance between Cl and Ru
atoms is rather small and indirect luminescence induced by the
excitation at Cl is not negligible. Such moderate selectivity of
XEOL to the center excited by X-rays was observed via the
detection of the optical luminescence in the broad wavelength-
and in the full time range.

Ir(ppy); (2) has been investigated using TR-XEOL in the soft
(C and N K-edges)® and tender (Ir M; edge)® X-ray ranges.
For soft X-rays, the absorption spectra measured using XEOL
have inverted shapes (luminescence decreases when the
incident X-ray energy is above the absorption edge) and the
fine structure of the spectra, measured using the total electron
and photoluminescence vyields, are different. Sham and co-
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Figure 4. Results of TR-XEOL measurements from [Ru(phen),]**. (a) Time-gated optical luminescence spectra corresponding to fast (0-10 ns), slow (10-150 ns)
and total time ranges. (b) Time-dependence of luminescence acquired at 613 (blue line) and 324 nm (red line) wavelengths. (c) Ru K-edge X-ray absorption
spectrum measured in optical photoluminescence yield mode.*” (d) Ru L,;-edge X-ray absorption spectra measured in the optical photoluminescence (red
line) and X-ray fluorescence yield (blue line) modes. Adapted from Ref. [60] with the permission of AIP Publishing.

authors explain this observation by the difference of penetra-
tion depth of X-rays below and above the absorption edge that
changes so significantly, that photoelectrons and Auger
electrons do not completely thermalize for the excitation above
the C K-edge, which leads to a lower photoluminescence
quantum yield. A similar inversion effect, but with a smaller
difference with respect to the shape of the spectra, was
observed for the N K-edge of [Ru(phen);]**.*” The Ir M; edge
looks as expected, without inversion, but the background
luminescence induced by the excitation of other atoms is
strong.

Luminophores with lighter elements were also studied with
XEOL. For instance, the spectra measured for Alg; (1) using
optical luminescence detection at K-edges of Al, C, N and O are
in reasonable agreement (no inversion was observed) with the
data obtained using X-ray fluorescence and total electron yield
detection.®*® The difference between Ir(ppy); (2) and Alg, is
the involvement of the metal in the photoluminescence
process (after thermalization, the hole should be localized at Ir
for Ir(ppy); and mainly at C atoms for Alg;). Such different
behavior reflected within the spectra in the case of soft X-ray
excitation, demonstrates the complexity of relaxation pathways
leading to optical luminescence and that further fundamental

ChemPhotoChem 2022, 6, €202100180 (5 of 12)

investigations combining theory and experiment are required,
to use this method as the site-selective probe. Phenomeno-
logical models that explain, in particular, the inversion of XEOL
spectra were proposed in the early days of the development of
this technique.’*® Later the approach was further developed
and applied for the interpretation of XEOL-detected spectra
using X-ray absorption spectra measured in transmission mode
as the input and a set of varied parameters.” The approach
can be also combined with well-developed methods for
calculations of X-ray absorption spectra based on full multiple
scattering theory,”® DFT”""? or finite difference method.”*”"
Taking into account that light atoms (C, N, O) are often present
in OLED materials in many different non-equivalent sites, the
interpretation of spectra of these elements can be very
complicated. For the hard X-ray range, the number of
experimental TR-XEOL data published is very limited, but it
seems that the initial creation of an electron vacancy at the
same atom where the hole is located in the triplet MLCT state
simplifies the situation. Therefore, TR-XEOL in the hard X-rays
regime looks promising as a method to probe selectively
luminescent MLCT sites of metal complexes.

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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3. Pump-Probe XAS Study of Mononuclear Cu
Complexes

The TR-XEOL method described in the previous section allows
to use the time-dependence of the optical luminescence as
one of the criteria to get selectivity to atomic sites of interest.
Nevertheless, it does not allow the investigation of the photo-
excited sites because X-ray photons interact with complexes in
the ground state simultaneously exciting them. Within the
pump-probe X-ray method, the system is first excited with an
optical pump and then probed with an X-ray pulse for different
delays between these two pulses (Figure 3). Spectra are
measured as a function of energy of incident X-ray photons.
Due to the sensitivity of the X-ray absorption spectrum to the
local atomic structure, one can get detailed information about
structural changes in the excited state. The method does not
require any long-range order of the system and in combination
with the large penetration depth of hard X-rays (~1 mm), this
makes pump-probe XAS a unique method to investigate the
atomic structure of the excited states of metal complexes in
solution.”® XAS is also sensitive to some details of the
electronic structure, in particular, the oxidation state of metals
can be determined,””’® which can be complemented by X-ray
emission experiments that are sensitive to both spin and
oxidation states.”**®" Depending on the required time
resolution, pump-probe XAS data acquisition can be performed
at synchrotron sources by gating the detector to one X-ray
pulse (which allows getting ~100 ps resolution)®*®! or by
measuring the arrival time of many X-ray pulses (pump-
sequential-probes method with ~20 ns resolution).®” At X-ray
free electron lasers experiments can be performed in the time
range which starts from tens of femtoseconds, which is possible
due to shorter X-ray pulses.®™ There are also other techniques
to produce such ultrafast X-ray pulses, including slicing® low-
o and coherent harmonic generation at synchrotrons,®® high
harmonic generation,®™ plasma sources®™ and betatron
sources®™ at lasers. In comparison to X-ray FELs these
techniques provide lower X-ray flux at the sample. While some
of these techniques had pioneering roles when X-ray FELs were
not available, now these techniques are redefining their niche
in the landscape of ultrafast X-ray techniques. For materials
with potential use in OLEDs involving the TADF effect, a few ps
delays between optical and X-ray pulses are required to probe
the singlet excited state, while the time range 10 ns - 1 ps is of
particular importance since the triplet excited state is typically
observed in this time interval.

The homoleptic Cu complex [Cu(dmp),]™ (dmp=2,9-
dimethyl-1,10-phenanthroline) is one of the first materials in
which the TADF effect was discovered,” but according to the
current standards, this complex is not so efficient (the emission
quantum yield is ~2¥10~* in CH,Cl, at room temperature).?**"
The structure of this complex in the triplet excited state was
investigated in pioneering XAS experiments,”*°" later [Cu-
(dmp),]* and its derivatives were further investigated utilizing
pump-probe X-ray spectroscopy.’*?**? A previous review™”
summarizes early progress in this field and we will focus on the
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findings reported in recent articles.”>***®*** For homoleptic

diimine Cu(l) complexes, the photoexcitation induces Jahn-
Teller distortions around the metal center and the initially
tetrahedral configuration flattens. This can open the metal
atom environment to accommodate an additional ligand in
five-fold coordination. The degree of flattening distortions and
how easily the fifth ligand can reach the metal depends on the
substituents at the 2,9 positions of the phenanthroline. The
recent analysis of the fine details of the Cu K-edge transient X-
ray absorption spectrum has identified the features of the
spectrum that allow for distinguishing between four- and five-
coordinated Cu(ll) centers.®™® In particular, the pre-edge peak
associated with the transition to the d-vacancy of Cu(ll) can be
observed only for the four-coordinated geometry and it has a
very weak intensity if the interatomic distance between Cu and
the fifth ligand is less than 2.2 A. For [Cu(dmp),]* the five-
coordinated geometry is realized for electrochemically oxidized
Cu(ll) while after photoexcitation only a four-coordinated
geometry is observed experimentally.”*® The exciplex, which
is formed as a result of the interaction between the solvent and
the photoexcited complex in the triplet state, can be involved
in the relaxation processes only as a short-lived state, which
decays faster than it forms. In this way, solvents influence the
excited state lifetime. For derivative complexes with sec-butyl
and n-butyl groups in the 2,9-positions of phenanthroline, it
has been found that Cu atoms remain four-coordinated after
photoexcitation”®® This can be concluded from the compar-
ison of the experimental transient pump-probe spectra and the
theoretical differences between the spectra of excited triplet -
and singlet ground state (Figure5). Calculations were per-
formed for DFT-optimized four-coordinated and five-coordi-
nated models with additional solvent (acetonitrile) coordina-
tion. Theoretical spectra agree with the experiment only for
four-coordinated model.

J, L

)

XANES difference (norm. un.

Relative energy (eV)

Figure 5. Theoretical difference spectra (red, solid) between Cu K-edge
XANES of triplet excited and singlet ground states of [Cu(dbp),]*, compared
to the experimental difference spectra between photo-excited and unexcited
state of [Cu(dbtmp),] ™ (black, dashed). Corresponding models of the excited
state are also shown. Reproduced under terms of the CC-BY license from

Ref. [75], copyright 2013, the Authors, published by the American Chemical
Society.
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The copper site can be additionally coordinated in the
excited state not only by the solvent molecule but also
intramolecularly by suitable coordinating moieties present in
the ligand scaffold. For example, for related derivatives of
[Cu(dmp),]* with —CH,0CH; or —CH,SCH; in the 2 and 9
position of the phenanthroline ligand, five-coordinated excited
states were observed (Figure 6a).*¥ Naturally, a —~OMe or —SMe
donor, respectively, of one of the substituents is pre-aligned
closely to the Cu center already in the ground state and after
photoexcitation the corresponding distances became shorter:
Cu—0 2.29 A and Cu-S 2.47 A. Notably, related heteroleptic Cu
complexes with diphosphino and 2,9-disubstituated phenan-
throline ligand set, that is [(xant)Cu(Me,phenPh,)]PF; (xant=
xantphos, Me,phenPh,=bathocuproine) and [(xant)Cu-
(R,phen)IPF,, where R=2,9-CH,OCH; or CH,SCH,, were also
investigated with pump-probe XAS."*** However, these related
complexes with the same phenanthroline substituents in 2 and
9 positions (i.e. -CH,0CH; or —CH,SCH;) do not form the five-
coordinated excited state (Figure 6b). Moreover, the Cu—P
interatomic distance increases significantly after photoexcita-
tion, which can lead to dissociation of the ligand after some
excitation cycles leading to material instability and formation of
homoleptic complexes in solution.

4. Multinuclear Cu Complexes:
Complementarity of Pump-Probe X-Ray
Techniques

In this section, we will discuss the complementarity of three
pump-probe X-ray techniques: X-ray absorption, X-ray emission
(XES) and wide-angle X-ray scattering. X-ray emission spectra
are measured as a function of the energy of photons emitted
by the sample, which requires a dispersive element, for
example a cylindrically bent crystal for the spectrometer with
von Hamos type geometry. The energy of the incident X-ray
beam is fixed for such experiments. X-ray emission spectra
correspond to the electron transitions between core levels but
have sensitivity to the charge and spin state of the studied
element due to the screening of core levels by the electron

(b)

JiCu N o LC P

Figure 6. The structure of triplet excited state of [Cu(R,phen),]* (a) and
[(xant)Cu(R,phen)] (b) where R=CH,OCH;. Adapted from Ref. [94] with the
permission of John Wiley and Sons, copyright 2020.
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density of valence electrons, the exchange interaction between
valence and core electrons and multiplet effects."*™ Measure-
ments of X-ray scattering require a 2D detector placed after the
sample to register photons scattered in the wide angular range.
The scattering pattern is defined by the distribution of electron
density and therefore in the pump-probe configuration this
method allows to monitor photoinduced movements of parts
of the molecule with large electron density, for example,
displacements of heavy atoms.

Multinuclear Cu complexes provide a versatile platform for
the development of luminophores in OLEDs due to the
possibility to minimize structure rearrangement in the excited
state and thus also minimize associated non-radiative energy
losses as the rigid structure may be established benefiting from
strong Cu—Cu interactions in the multinuclear core. At the
same time, photophysical processes in such materials can be
much more complex in comparison to mononuclear com-
pounds and therefore theoretical predictions should be verified
by the experiment. By discussing the example of the cationic
small  organometallic  cluster  [Cu,(PCP);]*  (PCP=2,6-
(PPh,),C¢Hs)), we will demonstrate how different pump-probe
X-ray techniques can uniquely provide complementary infor-
mation about the electronic and local atomic structure in the
triplet excited state. The chemical structure of the tetra-nuclear
cluster [Cu,(PCP);]" is shown in Figure 7a. This complex
demonstrates strong green emission in solution (with a
maximum at 525 nm and FWHM of 60 nm in tetrahydrofuran)
and in the solid state. Detailed temperature-dependent meas-
urements of the photoluminescence, its lifetime as well as the
DFT predictions of orbitals involved in the luminescence are
reported in.*"! The ground-state structure is known from a
single crystal X-ray diffraction study.”” Four Cu atoms form a
slightly non-planar diamond-like structure with diagonal Cu—Cu
distances of 232 A and 4.72 A. There are two types of Cu
atoms, those coordinated by three P donors (P domain) and
those with linear coordination by two carbanions (C domain),
whereby one phenylate ring serves as a bridge between the
two Cu (Cul and Cu4) atoms of the C domain.

Naturally, various questions arise concerning the excitation
and the associated charge transfer process of this multi-core
compound with different donor set (P, C) domains. For
instance: 1) Which Cu atoms, C- or P-coordinated, are involved
in the charge transfer? 2) What is the role of the phosphine
ligands, more precisely, do they solely keep the structural
integrity/rigidity of the cluster or do they actively participate in
the charge transfer? 3) How pronounced are the structural
changes in the excited states? Detailed knowledge about the
structural changes is of importance because they strongly
influence the probability of non-radiative losses and therefore
photoinduced distortions are directly linked with the quantum
efficiency of the luminescence. Furthermore, the experimental
data about charge redistribution can be used to verify or
calibrate computation methods for the rational design of even
more complex luminescent materials.

Three pump-probe X-ray techniques, namely X-ray absorp-
tion spectroscopy near Cu K-edge, X-ray emission spectroscopy
at the P Ka line and solution-state X-ray scattering were used

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 7. (a) Multinuclear luminophore [Cu,(PCP),]* (PCP =2,6-(PPh,),C¢H,). Cu atoms are orange, P atoms are violet and C atoms are grey. H atoms are
omitted for clarity. (b) P K, X-ray emission spectrum of [Cu,(PCP);]" in the ground state (red line), pump-probe X-ray emission spectrum corresponding to the
transition to triplet excited state (black line) and the signal calculated from the expected shift of emission lines (blue line). (c) Cu K-edge X-ray absorption
spectrum for the ground state (red line) and pump-probe X-ray absorption spectrum (black line) corresponding to 1 ps time window after photoexcitation.
Adapted under terms of the CC-BY license from Ref. [101]. Copyright 2020, The Authors, published by Springer Nature.

to investigate the [Cu,(PCP);]* cluster upon photo-excitation in
solution." The experimental data allowed to address the
above-mentioned questions for the triplet excited state. The
results of the pump-probe X-ray absorption measurements are
presented in Figure 7c. Spectra have been acquired using the
pump-sequential-probes method at the SuperXAS beamline of
the SLS synchrotron. Similar to the case of the mononuclear Cu
complexes the negative maximum of the transient signal A (at
ca. 898keV) is an indication of Cu oxidation. Moreover,
calculations of XANES demonstrated that the absorption
maxima for C- and P-coordinated sites are shifted in energy
and therefore, changes of the local charge at different types of
Cu atoms induce features in the transient spectra that are also
energy-shifted. The oxidation of C-coordinated Cu atoms
produces feature C, the oxidation of P-coordinated Cu atoms
induces feature B (Figure 7c). The fact that both features are
observed experimentally indicates that both types of Cu atoms
participate in the charge transfer induced by the transition to
the triplet excited state.

To clarify the role of the phosphorus atoms a pump-probe
XES experiment has been performed at the X-ray Free Electron
Laser SwissFEL. Changes of the charge on the phosphorus
atoms lead to an energy shift of both XES maxima. The shift of
each peak is seen as one negative peak followed by one
positive peak for higher oxidation state (formal charge) in the
triplet state. Therefore, in this case, the transient spectrum is
represented by two negative and two positive peaks (Fig-
ure 7b). From the amplitude of the transient signal, it has been
estimated that the average formal charge of P atoms changes
by more than 0.097 electrons.

Pump-probe X-ray scattering in solution is a technique
sensitive to the relative movements of parts of the molecule
with large electron density induced by photoexcitation. There-
fore, this technique has been used to verify structural differ-
ences between singlet and triplet states. This sensitivity is
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especially pronounced in the region of high values of
momentum transfer Q 2.0-6.5 A" while the pump-probe
scattering signal in the region of low momentum transfer Q
(below 2.0 A~") has significant contributions from other effects
such as laser-induced heating and density changes of the
solvent. The comparison of the experimental scattering signals
with theoretically calculated ones derived from DFT-based
optimized structures of the singlet and triplet states of
[Cu,(PCP);]* allowed us to verify the suggested structural
model, in particular, the small (0.05 A) elongation of the Cu—Cu
bond for C-coordinated sites and shortening by 0.12 A of the
distance between P-coordinated Cu atoms. Moreover, the
information about the changes of charge of the P atoms from
the XES experiments and about the involvement of both types
of Cu atoms into the charge transfer from XAS, allowed us to
compare different basis sets and exchange-correlation poten-
tials used at different levels of DFT theory. In this way, pump-
probe X-ray techniques provide valuable experimental input for
the validation and verification of theoretical methods, that can
be used in the future for the computational prediction of
potent emitter materials.

5. Pump-Probe XAS Study of Ir-Based
Luminescent Materials

For phosphorescence OLEDs (PhOLEDs) the quantum efficiency
of the light emission is typically very high because of the strong
spin-orbit coupling provided by the presence of heavy atoms.
Therefore, the development of luminophores is centered on
two main aspects: 1) Tuning the energy of states involved in
the light emission to obtain the required color of emission and
to match the energies of the host material. In particular, stable
PhOLEDs with clear blue color are still a challenge."® 2) The

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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reduction of the lifetime of the triplet excited state. This is
important because at electroluminescence conditions, corre-
sponding to high brightness, the concentration of complexes
in the triplet state can be high and triplet-triplet annihilation
can reduce the efficiency of light emission."®™ The probability
of this process reduces if the triplet lifetime is shorter, but of
course, such decay should be radiative.

Using pump-probe X-ray spectroscopy one can obtain
information about the energies of molecular orbitals in both
ground-state singlet and excited-state triplet. Due to the
localization and symmetry of the excited core level, the
projection that is seen using XAS is specific and has a higher
selectivity, in comparison to optical absorption. For example,
for the L; edge of Ir, the projection to the d-states of the metal
is dominant, so unoccupied 5d-states of Ir are directly probed
and additional information about the metal environment
comes from more delocalized d-states of the continuum. In this
way, X-ray and optical spectroscopy provide complementary
information looking at different projections of the electronic
density of states.

If the structural rearrangements within the luminescent
material are small, which is the case for many Ir-based
materials, the L,; pump-probe X-ray absorption spectra are
mainly induced by the changes of the electronic structure
which accompany the photoexcitation. The core-hole lifetime
of Ir 2p levels is relatively large (4.94 eV), which influences the
broadening of X-ray absorption spectra. By measuring X-ray
absorption spectra in the fluorescence mode, but with high
energy resolution for fluorescent photons, it is possible to
enhance the energy resolution by eliminating the contribution
of the 2p level.”?'° This became possible due to the resonance
nature of the process, which leads to the broadening of the

spectrum to 3d level width (which corresponds to the final
core-hole) instead of an intermediate 2p hole. The technique is
called high energy-resolved fluorescence detection (HERFD)
and it requires an additional X-ray emission spectrometer.
While this method is used in the steady-state regime for three
decades,"™ first pump-probe HERFD measurements have been
demonstrated only recently.'® Pump-probe spectra of [Ir"-
(ppy)(bpy)1*  (where ppy=2-phenylpyridine and bpy=2,2"-
bipyridine) after photoexcitation were measured for this
complex in pure CH;CN solution and as a part of a multi-
component system for hydrogen evolution. A picosecond XAS
experiment was also performed for Ir(ppy);, but with total
fluorescence yield detection."™ Pump-probe spectra of [Ir-
(Chpy),(dtbbpy)IPFs containing two chromenopyridinone and
one bipyridine-based ligand were also reported"® and shown
in Figure 8.

The shape of the ground state XANES and pump-probe
spectra of pseudo-octahedral Ir complexes with light atoms (N,
Q) in the first coordination shell are similar and can be
qualitatively interpreted in the same way. Such description can
be confirmed by theoretical DFT-based calculations (dashed
lines at Figures 8a and b), which were performed using the
previously developed method.”? Such interpretation is qual-
itatively summarized in Figure 8c. In the ground state, the
oxidation state of Ir is 3+. In the pseudo-octahedral environ-
ment, t,; levels are fully occupied while e, orbitals are
completely empty. The main maximum of the absorption
spectrum around 11220 eV corresponds to the transition of 2p
electron to these e, states. Photoexcitation of the Ir center
leads to the transition of an electron from t,, level to a
molecular orbital which mainly has ligand character and
therefore is not visible in XAS. The vacancy at e, states can be
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Figure 8. (a) Ir Ly XANES spectra of [Ir(Chpy),(dtbbpy)]* in the ground state obtained experimentally (solid line) and using DFT-based theoretical calculations
(dashed line). (b) Transient XANES spectra obtained experimentally (solid line) for a 1 ps time window and using DFT-based calculations (dashed line). (c)
Energy level diagram and some important molecular orbitals which are relevant to explain transient Ir L; XANES spectra. Adapted from Ref. [104] with

permission from the Royal Society of Chemistry.
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well observed in XAS and therefore, the photoexcitation leads
to the appearance of positive peak A, of the transient XAS
spectrum (Figure 8b). At the same time, the screening of levels
localized at the Ir center, including both 2p- and 5d-, also
changes. The 2p-levels move down in energy a bit more than
the 5d-levels for the 5d° configuration. Therefore, the position
of e, relative to the 2p states changes towards higher energies
after photoexcitation, which is seen as the negative peak B,
and positive peak B, in the transient XAS spectrum.

The results of the investigations of Ir-based materials,
summarized above, demonstrate the sensitivity of pump-probe
XAS spectra to the electronic structure changes even in the
case of very small structural rearrangements (<0.02 A for the
Ir-ligand distances). The width of Ir 2p;, state is 4.94 eV,
therefore enhancing the energy resolution using pump-probe
HERFD technique is promising to resolve fine details of 5d level
splitting. For the example described above, which was meas-
ured using total fluorescence mode, and for [Ir"(ppy),(bpy)]*
previously studied with HERFD"* the energy splitting of 5d
levels is large, it can be well described with octahedral field
model and therefore both detection modes provide similar
information. The pump-probe HERFD can have advantages for
ligand environments producing more complex splitting of Ir
energy levels. Nevertheless, the requirement of an additional X-
ray emission spectrometer for HERFD experiments reduces the
detection efficiency by a few orders of magnitude and there-
fore the accumulation of sufficient statistics of pump-probe
transient spectra is often a challenging task. In addition to the
energy resolution and statistics of photons, that benefit from
instruments with high X-ray flux, the X-ray induced damage has
to be taken into consideration, especially for samples available
in small quantities. Looking from another perspective, materials
with the large splitting of d-states are very relevant: blue
phosphorescent emitters show increased emitting-state energy,
the corresponding MLCT states may arise close to the metal-
centered (MC) d-d excited state resulting in emission quench-
ing or even structural changes of the complex, e.g. ligand
dissociation."®' Sych ligand release from the MC state has
been investigated with pump-probe X-ray techniques for cis-
[Ru(bpy),(py),]* """ Moreover, pump-probe XAS has been used
to investigate the interplay of MLCT and MC states during
excited state decay using XFELs"""""? While these investigations
of Fe complexes have mainly fundamental character and such
materials do not find direct applications in OLEDs, they
demonstrate the possibility of this technique. Therefore pump-
probe X-ray spectroscopy can be a very valuable tool that may
find value for the development of blue PhOLEDs and their
future investigations with respect to both, their electronic
structure and their excited state structural rearrangements.

6. Outlook

Coupled with the increased number of X-ray free electron lasers
available worldwide and the growing diversity of specialized
instruments at such facilities, pump-probe X-ray absorption and
X-ray emission experiments are currently more accessible than
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in the previous decade. The pump-probe X-ray emission
experiment described above for the small cluster [Cu,(PCP),]"
benefited mainly from a high number of photons per pulse at
the XFEL in comparison to synchrotron facilities, as well as from
the setup optimized for the tender X-ray range. Another feature
of the XFEL that is widely used for pump-probe experiments is
the short pulse duration. In the context of the investigation of
OLED luminophores, it allows to catch the singlet excited state.
Indeed, for TADF materials this state is relevant because light
emission occurs from this state. Non-radiative decays from this
state can also reduce the quantum efficiency of the material
and therefore the control of structural rearrangements in the
singlet excited state is crucial. The singlet state is short-lived
with a typical lifetime of a few ps, which is shorter than the
duration of a single X-ray pulse at the synchrotron (~100 ps)
and therefore, typically, it cannot be probed at synchrotron
radiation facilities. At electroluminescence conditions, the
singlet state will be extremely difficult to observe because the
reverse intersystem crossing is much slower than the radiative
decay of the singlet state (Figure 2b). Therefore, pump-probe
experiments at XFELs provide a unique and straightforward
way to probe the singlet excited state of OLED materials and
we expect growth in this direction of research.

Another strategic direction for X-ray spectroscopic experi-
ments on OLEDs is the transition from the investigation of
luminophores as complexes in solution towards the study of
these materials directly in the electroluminescent devices or
their prototypes. Operando investigations of electrochemical
materials"'®¥ or rechargeable batteries!'*'"* are very common
at synchrotron facilities and related experiments on OLEDs can
be technically quite similar. In particular, such measurements
may shed light on degradation processes occurring in OLEDs
devices with time by comparing the structure of fresh and
damaged luminophores using X-ray absorption spectroscopy. A
combination of traditional fluorescence detection and TR-XEOL
could be used for such experiments. In particular, the device
with [Cu,(PCP);]* luminophore can be interesting for such
applications. Additional selectivity to luminescent sites pro-
vided by TR-XEOL will be very beneficial to separate XAS
changes that do not lead to noticeable emission change from
effects that lead to the degradation of the luminophore. Pump-
probe experiments at synchrotrons on photoluminescent
devices are challenging. The reason is the high repetition rate
of the laser pulses (and therefore average laser power) which in
combination with a limited area of the device (~cm? can lead
to quick laser-induced damage (or at least perturbation and
overheating of the device). It is more likely that such experi-
ments can be performed at a low repetition rate (~100 Hz)
XFELs because the laser power for such experiments is ~3
orders of magnitude lower than at synchrotrons due to the
difference in repetition rates. However, even if the powerful X-
ray pulses damage the material at XFELs, it is possible to
establish a scan over a large enough area of the device to have
fresh spots for a sufficiently long period of statistic accumu-
lation.
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