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Air-Stable Solid-State Photoluminescence Standards for
Quantitative Measurements Based on 4'-Phenyl-2,2':6',2"-
Terpyridine Complexes with Trivalent Lanthanides

Alexander E. Sedykh,” Mariia Becker,” Marcel T. Seuffert,”» Dominik Heuler,”
Moritz Maxeiner,”? Dirk G. Kurth,'? Catherine E. Housecroft,™ Edwin C. Constable,® and

Klaus Mller-Buschbaum*™

Correct photoluminescence quantum yield (PLQY) determina-
tion in the solid state is vital for numerous application fields,
such as photovoltaics, solid lighting or the development of
phosphors. In order to increase the limited number of suitable
standards for such determinations, two new Ln*"-based com-
plexes with 4-phenyl-2,2":6’,2"-terpyridine y-[Ln,(OAc),,(ptpy),]
(1-Eu with europium and 1-Tb with terbium) are presented. The
corresponding complexes show solid-state QYs of 58(4) % and
46(3) %, respectively, exhibiting broadband absorption in the

Introduction

Quantum yield is a crucial experimental value for numerous
photoactive materials. Alongside luminescence lifetime, it
characterises the overall performance of such materials. By
definition, the photoluminescence quantum yield (PLQY or ®)
is the direct ratio of photons emitted to photons absorbed by a
substance." It can take values between 0 and 1, which can
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UV range from 380-200 nm. As Ln*" ions in general exhibit
narrow f-f transitions, spectral regions with a broadness of 20—
35 nm can be checked. Both complexes have suitable thermal
stability, up to 270°C, and are stable with respect to air and
humidity, for 1-Eu up to 75% and for 1-Tb up to 53 % relative
humidity. These complexes are altogether suitable as standards
to increase the reliability of PLQY determination and proposed
to be used for a relative PLQY determination in the solid state.

also be presented in percent, between 0 and 100%. PLQY is an
important value to be determined for various materials, such as
perovskites,*® carbon-based nanomaterials,®*'” quantum
dots,”"""? and rare-earth element compounds."*'® Application
areas that require determination of PLQY are numerous, such
as photovoltaics,®'? LEDs,”” OLEDs,""?" biocimaging,®'"'**!
and phosphors.'*#?% Also for mechanoluminescent materials,
PLQY is an important parameter.”™ The number of publications
concerning quantum yield rises exponentially.”?

One of the approaches to determine PLQY is an absolute
method that includes direct measurement of the amount of
light absorbed and light emitted by the sample, requiring an
integration sphere. First, an integrated intensity of the
excitation source is determined. Either, an empty integration
sphere is measured or a blank sample, for example, a pure
solvent without a fluorophore. Second, the integrated intensity
of the excitation source is measured when the photolumines-
cent compound is present in the sphere. From these two
measurements, the amount of light absorbed by the material
under investigation is determined. Thirdly, the integrated
emission intensity of the sample is measured. Finally, a ratio
between emitted and absorbed photons is calculated, provid-
ing the PLQY. Nevertheless, obtaining a correct quantum yield
value is not as straightforward as it might seem. The exact
result depends on several factors, including sample preparation
and instrumental setup calibration. This includes not only
monochromator and detector corrections,**” which are typi-
cally provided by the manufacturer, but also a correction of the
integration sphere.”?” This is especially required in the case of
an external integration sphere connected to the instrument via
optical cables.

© 2022 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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In order to check the instrumental setup for PLQY measure-
ments, it is necessary to measure several photoluminescence
standards. Most of the standards proposed in the literature are
solutions of fluorophores, such as quinine hydrogen
sulfate,®>% fluorescein,”>? and sulforhodamine 1015933
There are fewer solid-state photoluminescence standards
available, with sodium salicylate being most reported regarding
its quantitative photoluminescence properties.***** This pro-
vides a certain problem for solid-state spectroscopy: despite
photoactive compounds typically being used in the solid-state
in most applications, a larger number of PLQY standards are
investigated in solutions at concentrations 107° to 107* M.
Furthermore, there is a tendency in publications, to neither
describe the instrumental setup in detail for PLQY determina-
tion nor specify if the setup was checked with photolumines-
cence standards.

In addition, samples exhibiting fluorescence can have
photon reabsorption, affecting the observed PLQY. This is
especially the case for samples in solution, for which the
observed quantum yield depends on the fluorophore
concentration.”®*? Furthermore, sample concentration can also
influence emission and excitation profiles and their maxima.”
For solid-state samples, particle size can affect reflectance and
transmission of photons, which also potentially influence the
observed PLQY. Simple blue range fluorophores, for example,
pyrene or anthracene, despite being available and very stable,
are not suitable to be used as common photoluminescence
standards. Their photoluminescence properties, especially
PLQY, are dependent on chemical impurities, structural defects,
and crystallite size.®>*® The difference in the absolute quantum
yield for the same compound can be as high as three times for
a nominally identical purity grade.®” For solid-state phosphors
with dopants, such as BaMgAl,,0,,:Eu®*, PLQY depends on the
excitation wavelength, particle size and its distribution, temper-
ature, and dopant concentration.”®

Trivalent lanthanide coordination compounds typically
have a ligand-based excitation in the UV followed by 4f-4f
emission in the visible/NIR range."**” This eliminates possible
photon reabsorption since the shift between excitation and
emission is several hundred nanometres. Typically, the most
intense Ln>* emitters in the visible range are Tb®* with green
emission colour and Eu’* with red emission colour. However,
for trivalent lanthanide compounds reported by various
researchers, there are differences in the data presented. One
such example is the trivalent europium complex [Eu-
(tta)s(phen)] (tta=4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione,
phen=phenanthroline), its quantitative photoluminescence
properties being reported in several publications.*** The
difference in the reported absolute quantum yields for this
complex in the solid-state ranges from 30 to 85%.%%* |t is not
possible to determine unambiguously what influences the
photoluminescence properties of this complex. Possibly, they
depend on sample preparation and/or synthesis, even when
the latter was performed according to the same literature
method.P#4°4) Moreover, also the observed lifetimes reported
for [Eu(tta);(phen)] differ from 0.67 to 0.98 ms.“**! The overall
emission intensity decay time is another important quantitative
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photoluminescence value. In comparison to PLQY measure-
ments, overall emission decay analysis is more reliable in terms
of the trustworthiness of the results. As the emission decay is
fitted, the goodness-of-fit and amount of exponential decay
components indicate data quality. Thus, the difference in the
reported PL lifetime for [Eu(tta);(phen)] indicates its limited
suitability as a PL standard.

Having a well-reported PLQY value for photoluminescence
compounds is of importance for calculating quantum yields
relative to a reference material. For this reason, excitation and
emission regions of both compounds, newly reported and the
reference one, at best, should be as close to one another as
possible.” This can be well implemented for trivalent
lanthanide phosphors since Ln®* energy levels and therefore
4f-4f emission transition positions are almost independent of
the chemical surroundings.”*®

4'-Phenyl-2,2":6',2"-terpyridine (ptpy) was chosen as a
ligand for Ln*" for achieving new suitable solid-state photo-
luminescence standards. 2,2':6',2"-terpyridine derivatives are
excellent sensitiser ligands for trivalent lanthanides, especially
for Eu®", for which coordination compounds show quantum
yields >50%."*" Because for higher PLQY values, the error
coming from improper measurements is easier to observe, it is
important to have a PL standard with a high quantum yield.
Moreover, trivalent lanthanide metal coordination compounds
with 2,2":6’,2"-terpyridines have a broad excitation range up to
380 nm.*>%  4'-Phenyl-2,2':6',2"-terpyridine is one of the
simplest terpyridine derivatives and can be easily synthesised
“one-pot” on a gram scale within several hours.®® One potential
drawback can be air and moisture sensitivity of trivalent
lanthanide coordination compounds, especially with N-donor
ligands.®~% Also, typically, for coordination compounds of
Tb** with 2,2':6',2"-terpyridines, the quantum yield is several
times lower than for Eu®" analogues®***? due to the position
of the ligand triplet state energy level.®®®V This renders Tb**
complexes with 2,2":6,2"-terpyridines potentially less suitable
for the use as photoluminescence standards. However, both
points can be overcome, if a suitable coordination environment
and crystal system are obtained, as we show in this manuscript.
As a result of screening trivalent lanthanide coordination
compounds with ptpy, two isostructural tetrameric complexes
were found to be very satisfactory for the use as solid-state
trivalent lanthanide-based photoluminescence standards: -
[Euy(OAQ),,(ptpy),] (1-Eu) and y-[Tb,(OAC),,(ptpy),] (1-Tb). Both
compounds show high quantum yields, namely 58(4) % for 1-
Eu and 46(3) % for 1-Tb, and show air and thermal stability.

Results and Discussion

The tetrameric complexes y-[Eu,(OAC),,(ptpy),] (1-Eu) and -
[Tb,(OACQ),,(ptpy),] (1-Tb) show qualitatively typical photophys-
ical properties for trivalent lanthanide compounds with an
efficient sensitiser ligand. Both, 1-Eu and 1-Tb, have a broad
organic ligand-based excitation in the UV region up to 370 nm
(Sp<—So, labelled in light blue in Figure 1). The direct 4f-4f
excitation bands are of low intensity (labelled in violet in
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Figure 1. Normalised solid-state room temperature excitation (blue, A, =
616 nm for 1-Eu and 585 nm for 1-Tb) and emission spectra (red for 1-Eu
and green for 1-Tb, A, = 350 nm) of y-[Eu,(OAC),,(ptpy),] (1-Eu, top) and -
[Tb,(OAC),(ptpy),] (1-Tb, bottom).

Figure 1). Following excitation and an energy transfer from the
ligand system to a metal ion, emission takes place with
characteristic narrow 4f-4f transitions for Eu** (°D,—’F,, J=0-6)
and Tb** (°D,—’F, J=6-0) (Figure 1). However, the transitions
*D,—’Fs and *D,—’F, of trivalent europium in the compounds
obtained are of very low intensity, as can be seen in additional
spectra in the S| (Figures S1-S3). Due to the spectral range
limitations of the setups used and the low intensities of these
transitions, they were not included in the PLQY determination.
Enlarged spectra of trivalent terbium compounds obtained are
also presented in the Sl (Figures S4-56).

For the tetrameric complex 1-Eu, the presence of two Eu®*
emissive centres can be observed for the transition *D,—’F,
(Figure 2), as both states are non-degenerative. Assignment of
both bands to crystallographic sites could be done with the
empirical linear relationship (Equation 1):©%

CN

50—0 __ ~0—0

vcalc - vfree + CCN Z niéi (1)
i
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Figure 2. Normalised solid-state room temperature high-resolution (step

0.1 nm, slit 0.1 nm) emission spectrum (A, = 350 nm) of y-[Eu,(OAC),,(ptpy),]
(1-Eu) °D,y—"F, transition indicating the presence of two emissive Eu**
centres (crystallographic site Eu1 refers to EuN;O,, crystallographic site Eu2
to EuO,).

Thereby, the expected energy (v2.°) of the °D,—'F,
transition can be calculated from the free ion transition energy
v (17374 cm™")® and the sum of experimental nephelaux-
etic parameters:  Og ceae=—155cm™ and Sy pyidine=
—25.3 cm "% The coordination number correction factor Ccy is
equal to 1 in the case of a CN of nine.™” For two Eu®" sites in 1-
Eu, the calculated energies for °Dy—’F, are 17235 cm™"' for EuQ,
(crystallographic site Eu2 coordinated only by acetates, ob-
served 17247 cm™') and 17205 cm™ for EuN;Oq (crystallo-
graphic site Eul coordinated by terpyridine and acetates,
observed 17221 cm™).

The quantitative photophysical properties of y-
[Ln4(OAQ),(ptpy),] (1-Eu and 1-Tb) were investigated thor-
oughly, varying the measurement parameters. For overall
emission decay time determinations, both, the excitation and
emission wavelengths were varied. Photoluminescence life-
times of 1-Ln are independent of the measurement parameters,
being 1.71(5) ms for 1-Eu and 1.05(2) ms for 1-Tb. Despite the
presence of two possible Ln** emission centres, every single
decay could be fitted with a monoexponential function, with a
lifetime value being independent from the emission wave-
length. A summary of the photophysical properties of 1-Ln is
presented in Table 1, together with more details provided in
the SI (Tables S1-S5).

In order to exclude potential instrumental errors, quantum
yields of both, 1-Eu and 1-Tb, were independently investigated
and measured on two setups of different manufacturers. In
summary, Setup I consists of a HORIBA Fluorolog 3 spectropho-
tometer equipped with an external integrating sphere, and
square-based micro cell quartz cuvettes (Figure 3, top). Setup 11
is constituted by a Hamamatsu C11347 Quantaurus-QY, an
instrument dedicated to quantum yield determinations, in
which round quartz dishes with lids are used as cuvettes
(Figure 3, bottom). For both setups, the overall quantum yield
values are consistent within the error ranges, 57.9(3.9)/61.8(1)
% for 1-Eu and 45.8(2.3)/45.5(7) % for 1-Tb (Table 1). Since
trivalent lanthanides have narrow individual f-f transitions, also
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Table 1. Quantitative photoluminescence data for 1-Eu and 1-Tb: Overall
emission decay time, overall quantum vyield, individual 4f-4f transitions
quantum yield.

Compound/4f-4f transition 7., Setup I @, > Setup IT @,

[ms] [%] [%]

v-[Eu,(OAQ),(ptpy),] (1-Eu)  1.71(5)  57.9(3.9)¢ 61.8(1)
*Do—"F, (583-605 nm) 8.5(7) 9.1(1)
Dy—"F, (605-635 nm) 32.8(2.2) 33.4(1)
5Dy—’F, (670715 nm) 14.8(1.1) 17.1(1)
v-[Th,(OAC),,(ptpy),] (1-Tb)  1.05(2)  45.8(2.3)" 45,5(7)
°D,—’F¢ (475-515 nm) 8.3(4) 8.2(2)
5D,—F5 (530-565 nm) 25.5(1.3) 25.3(4)
D,—’F, (570-605 nm) 6.4(4) 6.3(1)
5D,—"F; (610-635 nm) 3.9(3) 3.8(1)

[a] Summary of multiple determinations with different measurement
parameters, including A, variation, see the Supporting Information for
detailed data. [b] MgO was used as reference material for QY determi-
nations. [c] ke, =350 nm. [d] A, =575-720 nm. [€] A, =475-690 nm.

Daylight uv
Y-[Eu,(OAC),,(ptpy),] (1-Eu)

Setup I cuvette

Setup II cuvette

Figure 3. Difference between the cuvettes used for both QY measurement
setups. Top: square-based micro cell quartz cuvette (Setup I) with 1-Eu (as a
powder smeared on the cuvette walls) under daylight and a UV lamp.
Bottom: Round quartz dish cuvette (Setup II) with 1-Tb (as a powder filled in
the cuvette) under daylight and a UV lamp.

quantum yield values for the spectral regions (broadness 20-
35 nm) of the most intense transitions were evaluated (Table 1).
They are identical for both setups, except for the *Dy—F,
transition in the far-red region 670-715 nm. This indicates a
minor difference in the instrumental setup correction for this
region. Analysis of QY values for narrow spectral regions can
help with troubleshooting by instrumental setup calibration
and checking.

As mentioned before, absolute PLQY measurements are not
a trivial matter, e.g., for solid-state samples. For example, for
setup I, generation of a proper correction is required since an
external integration sphere is used. Before the QY measure-
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ments, both setups were checked by several typical photo-
luminescence standards (see S| Table S6). For the typical solid-
state photoluminescence standard sodium salicylate (Ao,
340 nm, A,,, 365-600 nm), the observed PLQY for both setups —
53.4(2.0) % and 54.6(2) % - are in the data range presented in
the literature of 53-57%.5* For quinine hydrogen sulfate at
several concentrations (A, 350 nm, A, 380-660 nm, 1073-
107° M), the observed PLQY values determined on both setups
are similar to the literature.”®* For anthracene (Ao, 340 nm, A,
365-500 nm, 107>~10> M), the observed QY measured on both
setups is lower at all concentrations by one-fourth of the
absolute value reported in the literature.”” Since these three
compounds presented in the literature have close excitation
and emission regions, the difference in the data shows that
also for a QY measurement in solution, caution is required. This
again indicates the necessity to have a suitable set of photo-
luminescence standards for QY measurements.

UV-Vis reflectance spectra are necessary for relative quan-
tum yield determination.® Accordingly, for both, 1-Eu and 1-
Tb, reflectance spectra were also recorded. Both compounds
exhibit a broad organic-based absorption in the UV from 360
up to at least 200 nm. Spectra are provided in the Sl in
graphical form (SI Figure S7) as well as a table for the ligand-
based absorption (Sl Table S8).

The thermal stability of the tetrameric complexes 1-Ln was
investigated by simultaneous thermal analysis (STA). Both
compounds have reasonable thermal stability, incongruently
melting at 280°C for 1-Eu and 270°C for 1-Tb (Figure 4). Shortly
after the melting point, the melt formed becomes volatile and
the organic component decomposes oxidatively.

In addition to thermal stability, sensitivity to humidity was
tested for the complexes 1-Ln, since lanthanide compounds
with N-donor ligands are prone to hydration.®’~*? The euro-
pium containing complex 1-Eu was stable at 75% relative
humidity for a week, showing no changes in PXRD nor in the
photoluminescence properties. Its terbium analogue 1-Tb is
slightly less stable, up to 53% relative humidity for a week. At
75% relative humidity, 1-Tb slowly hydrolyses, showing
changes in PXRD and a slight decrease of overall emission
decay time and QY. Both complexes y-[Ln,(OAc),,(ptpy).] (1-Ln)
can be considered stable in air, against humidity, and are
thermally stable.

For suitability as potential photophysical standards, it is of
importance to deliberately investigate and standardise the
synthesis conditions of the potential standards, because the
product purity can strongly influence the quantitative photo-
physical properties. Therefore, for 1-Ln, we deliberately clarified
the synthesis conditions and possible side products including
all formation conditions. In the reaction between europium or
terbium acetate hydrate with ptpy, several possible compounds
can in principle be formed (see Scheme 1). Conversion of the
starting materials and selectivity of the synthesis depends on
the reaction conditions, especially on the water concentration
and reaction temperature. All possible products are linear
tetrameric complexes with a similar core structure, though with
different crystal packing. The tetrameric complex hydrate
[Eu,(OAC)15(ptpy),]-2H,0 (2-Eu) was obtained if water was
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y-[Eu (OAC),,(ptpy),] (1-Eu) terbium, with 1-Tb, 2-Tb, and 3-Tb obtained phase pure. For
100 both, 1-Eu and 1-Tb, several synthetic approaches were
- - 10 investigated, three variants being presented, since these phases
1. Texo | are the most suitable candidates to be used as solid-state
4 incongruent =y . .
< 4 melting - £ photoluminescence standards (see Sl, Bulk material syntheses).
s ] % Altogether, the synthesis conditions have been deliberately
|(‘—° 4 | < clarified including possible side phases. Thereby, potential
- = . -
e errors by other products and impurities were prevented, so
: Y that the problem of synthesis conditions and their influence on
0 — 17— 0 photophysical data, such as QY, can be ruled out for the
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Figure 4. Thermal analysis of y-[Eu,(OACc),,(ptpy),] (1-Eu) and v-
[Tb,4(OAC),,(ptpy),] (1-Thb) by simultaneous TG/DTA/MS. The heat-flow (DTA)
is depicted in red, the mass loss (TG) in blue, MS ion current of m/z 44 (CO,)
in green. Measured in an oxidative atmosphere (synthetic air) with a heating

rate of 5 K-min~".

a-[Eug(OAC)12(ptpy)2)]
3-Eu, 92 %

humidity 60°C, 16 h
vacuum

Mo [Eug( h2(ptpy)2)]
Euy(OAC 2H,0
70°C, 16 h ¢ 12PIPY)2 2
2-Eu, 90 %
MeCN

E XH e P
u(OAC)3-xH0 + 25-110 °C B-[Eus(OAC)12(ptpy)2)]
488 h 4-Eu

impurities (1-Eu, 2-Eu)

L MECN_ o [Eus(OAC) 12(ptpY))]

100 °C, 24 h 1-Eu, 89 or 66 %
or

reflux, 3 days

Scheme 1. Deliberate determination of synthesis conditions of the standard
1-Eu and of potential side products 2-Eu, 3-Eu and 4-Eu.

deliberately added to the reaction (Scheme 1, top). Product 2-
Eu can be dehydrated under the formation of a-
[Euy(OACQ),,(ptpy),] (3-Eu), the reaction being reversible
(Scheme 1, top right). For [-[Eu,(OAc),,(ptpy),] (4-Eu), no
suitable reaction conditions were found to obtain it phase pure
as a bulk material (Scheme 1, middle). y-[Eu,(OAC),,(ptpy),] (1-
Eu) was obtained at high temperatures with longer reaction
times (Scheme 1, bottom). Similar reactivity was observed for
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proposed standards.

Products 1-4 have a similar tetrameric molecular structure
of [Ln,(OAC),(ptpy),] (Ln=Eu, Tb; Figure 5). For all, there is an
inversion point between the two metal ions in the centre of the
complex. The ligand ptpy is coordinated to the outer
lanthanide ions and connected to one of the centre lanthanide
ions through three acetate anions. For two of them, one
oxygen atom is coordinated to both lanthanide ions. Two
central lanthanide ions are connected via two acetate anions,
again, with two oxygen atoms being coordinated to both metal
centres. Despite having a different coordination environment,
each of the lanthanide ions has a distorted capped square
antiprismatic coordination environment (CN 9). Analogous
linear tetrameric structures are known for Ln**.%*7" The closest
examples are complexes, such as [Eu,(diHal-benz),,(terpy).],
with 2,2':6',2"-terpyridine and 3,5-dihalobenzoates.”*® For
these complexes, two types of coordination spheres are
reported: with CN 8 for Eu®*" and a distorted square antiprism
and a bicapped trigonal prismatic coordination polyhedra,®” or
two different CNs of 7 for inner metal centres (capped
octahedral coordination polyhedra) and 8 for outer ones
(bicapped trigonal prismatic coordination polyhedra).®® The
complex [Eu,(OAc),,Cu,L,]-2H,0 with acetate ligands has a
molecular structure similar to compounds 1-4, with CuL (L=
N,N’-bis(3-methoxysalicylidene)butane-1,4-diamine) occupying
capping position analogous to ptpy in 1-4.Y In this comple,
all trivalent europium ions have a CN of 9 and capped square
antiprismatic coordination environment,®® showing the closest
relation to 1-4, reported here. Also, Eu*>" tetrameric complexes
are known with 1,10-phenanthroline and benzoate derivatives,
of a general formula [Eu,(benz),(phen),]-xH,O (m=6 or 10, n=
4 or 6, x=0-12)."" In these complexes, a typical coordination
number for EU*" is 8, exhibiting square antiprismatic coordina-
tion polyhedra,’®”" while in one example inner metal ions
have CN of 9 with a capped square antiprismatic coordination
environment.”"

Interatomic distances between trivalent europium centres
for 1-Eu, 3-Eu, and 4-Eu are well comparable and vary between
405.26(7) and 415.19(4) pm. These are analogous to interatomic
distances in similar tetrameric structures of trivalent europium,
which are in the range of 398.45-452.05 pmc%7" The
interatomic distances Eu—N for 1-Eu, 3-Eu, and 4-Eu lie in the
range of 255.7(2)-260.0(4) pm (literature 253.1-263.9 pm).l°*7"
Eu—O interatomic distances for these compounds are in the
range of 231.6(4)-267.2(3) pm (literature 220.4-280.0 pm).l°57"
Details on the crystallographic data, including coordination
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. [EU4(OAC)12(ptpy)2]'2H2O (Z'Eu)
@ B-[Eu,(OAc),(ptpy),] (4-Eu)

Figure 5. Top: X-ray crystal structure of a complex unit of y-[Eu,(OAC),,(ptpy),] (1-Eu). Thermal ellipsoids depict a 50% probability level of the atoms (Eu red, C
grey, N blue, O light blue, hydrogen atoms are omitted). Bottom: A structural overlay as wireframe model of y-[Eu,(OAc),,(ptpy).] (1-Eu, red),
[Eu,(OAQ),,(ptpy),]- 2H,0 (2-Eu, blue), and B-[Eu,(OAC),(ptpy),] (4-Eu, orange); all structures presented were measured at 100 K.

sphere interatomic distances and angles, for 1-4 obtained can
be found in the Sl (Tables S9-S11).

Photophysical and thermal properties of the complexes 2-
Ln and 3-Ln were also investigated. They show qualitatively
typical photophysical properties for trivalent lanthanide coordi-
nation compounds (spectra are presented in the S, Figures S2,
S3, S5, and S6). PLQY’s and overall emission intensity decay
times of these Eu?" tetrameric complexes are 58.6(7)
%/1.720(2) ms for 2-Eu and 61.9(1.2) %/1.804(2) ms for 3-Eu.
For their Tb®>" analogues, they are 28.9(5) %/0.7077(6) ms for 2-
Tb and 23.0(4) %/0.4122(5) ms for 3-Tb, noticeably lower than
for 1-Tb. The observed lifetimes and quantum yields of the
complexes obtained are well comparable to trivalent europium
and terbium coordination compounds with efficient sensitiser
ligands,®”7%7¢ especially with 2,2':6',2"-terpyridine
derivatives.®®*>*>%” Simultaneous thermal analyses of 2-Ln and
3-Ln are presented in the SI (Figures $17-S20). To summarise,
complexes 2-Ln release incorporated water above 100°C. The
resulting complexes 3-Eu and 3-Tb incongruently melt at 215
and 200°C, respectively, which is 70°C lower than for 1-Ln.
Therefore, it is possible to check the purity of compounds
obtained e.g., by a melting point determination. After incon-
gruent melting, 1-Ln and 3-Ln have similar thermal properties:
at 335-350°C the organic part becomes volatile and decom-
poses, resulting in the formation of corresponding lanthanide
oxycarbonate, which decomposes upon further heating to the
oxide (Eu,0; or Tb,0,).

ChemPhotoChem 2023, 7, €202200244 (6 of 9)

Conclusion

Two new complexes v-[Eu,(OAc),(ptpy),] (1-Eu) and -
[Tb,(OAC),5(ptpy),] (1-Tb) were synthesised and considered
suitable to be used as photoluminescence solid-state standards
for the determination of quantum yields. These two complexes
show high quantum vyields of 58(4) % and 46(3) % for 1-Eu and
1-Tb, respectively, with the absolute PLQY being determined
on two independent instrumental setups in different scientific
groups. The two new PLQY standards are thermally stable,
incongruently melting at 280 °C (1-Eu) and 270°C (1-Tb), stable
on air, and show good insensitivity against humidity. The
syntheses conditions of both compounds were deliberately
investigated also regarding the formation of potential side
products. This allows for providing suitable synthesis conditions
in order to prevent unwanted influences of synthesis conditions
on the quantum yield. In summary, the new complexes can be
used as reference materials for a relative determination of
photoluminescence quantum yields in the solid-state, especially
for coordination compounds containing trivalent europium or
terbium. Importantly, both, calibration and checking of the
instrumental setup for measuring absolute PLQY’s (spectropho-
tometer with an integration sphere) using both complexes vy-
[Ln,(OAQ),(ptpy),] (1-Ln) can increase the quality of the
reported data not only for trivalent lanthanide oriented
scientists, but also chemists of other fields working with
photoactive solid-state compounds.
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Experimental Section

Deliberate synthesis and detailed analytical data of all products can
be found in the SI. Eu(OAc);.xH,0, Tb(OAc);.xH,0, and solvents (>
99%) were used as received. 4'-phenyl-2,2":6',2"-terpyridine was
synthesised from 2-acetylpyridine and benzaldehyde as described
in the literature.”® The vacuum line, Duran® culture tubes (12x
100 mm, test tubes with a screw cap), Duran® glass ampoules
(outer @ 10 mm, wall thickness 1.5 mm), and special quick-fits for
their connection to the vacuum line were used for the synthesis.
Products were stored and prepared for analysis on air unless
otherwise stated. For humidity stability tests, saturated solutions of
Mg(NO;),-6H,0 (53% relative humidity at 25°C) and NaCl (75%
relative humidity at 25°C) in deionised water were prepared;
samples were stored together with a saturated solution in a
desiccator.

Deposition Numbers 2163397 (for 1-Eu at 300 K), 2163398 (for 1-Eu
at 100 K), 2163399 (for 2-Eu), 2164887 (for 3-Eu), 2164888 (for 3-
Tb), 2163400 (for 4-Eu) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.

The Supporting Information (26 pages) contains details on bulk
material and single crystal syntheses, photoluminescence spectra,
tables with quantitative photoluminescence data, tables with
crystallographic data, tables with selected interatomic distances
and angles, powder X-ray diffraction plots, and simultaneous
thermal analysis plots.

Photoluminescence Investigations. Excitation and emission spectra
were recorded in the front-face geometry using the FluoroEssence
software on a Fluorolog 3 spectrometer (HORIBA) equipped with a
dual lamp house, Xe short-arc lamp (USHIO, 450 W), Xe short-arc
flashlamp (Exelitas FX-1102, average power 10 W), double-grated
monochromators, a photomultiplier detector (R928P), and a TCSPC
upgrade. Excitation and emission spectra were corrected for the
spectral response of monochromators and detector using correc-
tion files provided by the manufacturer. Excitation spectra were
additionally corrected for the spectral distribution of the lamp by
the use of the reference photodiode detector. To avoid the second-
order light reflection by monochromators, a long-pass filter (New-
port, cut-off wavelength 495 nm) was used. Overall emission decay
times were measured using the DataStation software. The micro-
second flash-lamp was used for the excitation. Exponential tail
fitting was used for the calculation of lifetimes with the mono-
exponential decay function /(t) = A+ B-e"/” using the Decay
Analysis Software 6. The fit quality was confirmed by %> values.

For the quantum yield determinations performed at the Justus-
Liebig-University Giessen (setup 1), a second Fluorolog 3 (HORIBA)
was used, equipped with a Xe short-arc lamp (USHIO, 450 W),
double-grated monochromators, a photomultiplier detector
(R928P), and a Quanta-Phi Integrating Sphere (HORIBA). For
measurements of solid samples, the latter were filled in a micro cell
quartz cuvette (Starna 18-F/ST/C/Q/10; fluorescence with ST/C
closed-cap, material UV quartz glass Spectrosil Q, pathlength
10 mm, matched); magnesium oxide was used as reference
material. The sample was measured several times and the average
quantum yield with a standard deviation was calculated from these
measurements. Therefore, given standard deviations represent the
measurement error, the actual error of the method can be as high
as 20% of the given quantum yield value.

For the quantum yield determinations performed at the University
of Basel (setup II), an absolute photoluminescence quantum yield
spectrometer C11347 Quantaurus-QY (Hamamatsu) was used.
Typical fluorescence quartz cuvettes with a square base and

ChemPhotoChem 2023, 7, €202200244 (7 of 9)

10 mm pathlength were used for the measurements in solution.
Milli-Q water and HPLC grade ethanol were used for solutions
preparation. The laboratory dishes with caps both made of
synthetic quartz were used as cuvettes for powder measurements,
with the solid sample being put in the middle of the cuvette. For vy-
[Tb,(OAC),,(ptpy).] (1-Tb) complex, the powder was milled with a
help of a mortar and pestle prior to the measurement. PLQY was
recorded (in solution and powder) five times for each compound
with a slight rotation of the sample between the measurements.

Each setup for quantum yield measurements was counter-checked
by measuring several standards (solutions with various concen-
trations of anthracene, quinine hydrogen sulfate, fluorescein, and
sulforhodamine 101 and sodium salicylate as a solid,”*** see SI
Table S6).

UV-Vis Spectroscopy. Reflectance spectroscopy data has been
acquired with a Cary 5000 Series UV-VIS-NIR Spectrophotometer
(Agilent Technologies) equipped with a diffuse reflectance acces-
sory Praying Mantis™ (Harrick Scientific Products) and used in
double-beam mode with full slit height. Powdered polytetrafluoro-
ethylene (Sigma-Aldrich, 1 um particle size) was used as reference
material. The source changeover from a tungsten-halogen VIS-
lamp to a deuterium-arc UV-lamp was done at 270 nm (for 1-Eu) or
370 nm (for 1-Tb) to avoid interferences with the absorption peak
of the ligand. The spectral bandwidth was set to 5 nm to achieve a
higher signal intensity. Both, the reference and the sample were
ground, filled into the sample cups, and levelled to get a flattened
surface. For both, the reference and the sample, the signal was
maximised by focusing the beam onto the powder surface. First, a
background correction spectrum was recorded. Then, a spectrum
with uncorrected reflectance was recorded with the reflectance set
to 100% at 700 nm. The sample spectrum was corrected with the
instrument software (Cary WinUV) by the mathematical operation
%Rsamplecorr — %Rsample/%Rreference'

Single Crystal X-ray Diffraction Analysis. Single crystals of the
products were mounted on a goniometer head using a perfluori-
nated ether for measurements at 100 K or a silicon grease for
measurements at 300 K. Data collection was performed using
Mo—Ka, X-ray radiation with a BRUKER AXS D8 VENTURE (for 1-Eu
at 100 and 300K, for 2-Eu and 4-Eu at 100 K) using the BRUKER
AXS Apex software package.”” Data processing was accomplished
with XPREP."® A structure solution was carried out with direct
methods using SHELXT" and the obtained crystal structure was
refined with least square techniques using SHELXL®” on the
graphical platform shelXle.®"

Powder X-ray Diffraction Analysis. Inside a glovebox, a sample was
filled in a glass mark tube (@ 0.3 mm, Hilgenberg GmbH), which
was cut and sealed with a picein wax. Diffraction data were
collected in a Debye-Scherrer (transmission) geometry with a
powder X-ray diffractometer STOE Stadi P equipped with a
focusing Ge(111) monochromator and a MYTHEN 1 K strip detector
(angular range 12.5° in 260) using Cu—Ka, X-ray radiation. The data
collection was done in a 20 range of 2-60° with a step size of
0.015° and an integration time of 20s. Baseline correction was
performed using the BRUKER AXS Diffrac.Eva software.

For the Rietveld refinement, data collection was done with the
above-mentioned X-ray diffractometer STOE Stadi P in a 20 range
of 3-90°. Three runs with a step size of 0.015° and an offset of
0.005° and an integration time of 60 s were measured and merged
(effective stepsize of 0.005°). Rietveld refinement was done with a
BRUKER AXS Topas-Academic 7 software® For the Rietveld
structure refinement of 3-Ln, the X-ray single crystal structure of 2-
Eu was used as a starting model: water molecule was omitted,
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each acetate group and each ligand ring were treated as a rigid
body.

After the humidity stability tests, the samples were measured in
Bragg-Brentano (reflection) geometry on a powder X-ray diffrac-
tometer PANalytical X'Pert Pro equipped with a X'Celerator
detector using Cu-K, X-ray radiation. Data collection was done in a
20 range of 5-60° with a step size of 0.0167° and an integration
time of 120s.

Thermal Analysis. Simultaneous thermogravimetry and differential
thermal analysis were performed using a NETZSCH STA-409-PC
coupled with a QMS 403 Aéolos Quadro. Argon (20 mL-min~') was
used as protective gas; synthetic air (30 mL-min™") was used as
working gas. Samples (10-20 mg) were heated up to 1000 °C with a
heating rate of 5°C-min~". Melting character (for 1-Eu, 1-Tb, 3-Eu,
and 3-Tb) was determined using melting point meter Kriiss KSP1 N.

CHN Analysis. For CHN analysis, the compounds were placed in a
tin crucible with approximately one mass equivalent of V,0O;
(oxidation catalyst). Analyses were done with a Thermo FlashEA
1112 Series.
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