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Air stable and efficient rare earth Eu(i)
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Luminescent rare earth Eu(il) complexes with a characteristic 5d—4f transition have shown potential in
various applications. However, the exploration and further application of typical Eu(i) complexes are
strongly impeded by their instability arising from the easily oxidation of Eu?* jons. In this work, three new
Eu() complexes bis(hydro-tris(3-phenyl-5-methylpyrazolyl)borate)europium(i) (Eu(Tp™™™€),), bis(hydro-
tris(3-phenylpyrazolyl)borate)europium(i)  (Eu(Tp™,), and  bis(hydro-tris(3,5-diphenylpyrazolyl)borate)
europium(in) (Eu(Tpth)z) were designed and synthesized. Their crystal structures, photophysical properties
and air stabilities were characterized and discussed. It is found that the introduction of the bulky phenyl
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group not only increases the air stability by sterically hindering the central Eu®" ions, but also tunes the
maximum emission wavelength by influencing the ligand field. This work provides rules for regulating the
luminescence properties of Eu(i) complexes as well as design basis for achieving stable and efficient Eu(i)
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Introduction

Rare earth elements are widely used in many luminescent
materials due to their abundant orbital energy levels and excel-
lent luminescence characteristics."”> From the perspective of
the luminescence mechanism, rare earth elements can be
mainly divided into f-f transition and d-f transition ones. For
traditional f-f transition rare earth compounds, the f orbitals
are in the inner shell and shielded by the filled 5s*5p° electron
orbitals. This gives rise to special photophysical properties:
relatively fixed absorption and emission wavelengths, narrow-
line emission, long excited state lifetime and not easily
quenched luminescence by concentration or temperature.'
Based on these characteristics, f-f transition rare earth com-
pounds are widely used in organic electroluminescence,** bio-
logical imaging®™” and silicon multicrystalline solar cells.®
Different from the f-f transition, the parity-allowed d-f tran-
sition gives rare earth compounds a relatively short excited life-
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time and broadband emission. Since the 5d electron is not
protected by the shielding effect, its energy levels can easily be
varied with the external environment. Thus, the emission
color of d-f transition rare earth compounds can be tuned in a
very broad range.” These unique properties make d-f tran-
sition compounds a good prospect in many fields such as
near-infrared-emitting  phosphors,'®  visible-light-promoted
photoredox catalysis,'’ phosphor-converted white light-emit-
ting diodes (pc-WLEDs)'? and organic electroluminescence."®
Despite the great progress, d-f transition rare earth complexes,
most of them are divalent rare earth complexes, still have a
long way to go. The high instability of these complexes to
oxygen is a great challenge for the application of such
materials."* Among them, the Eu(n) ion has an accessible d-f
transition state because of its half-filled 4f” electronic con-
figuration and a considerably higher stabilization from
exchange energy with a standard electrode potential of —0.35
V." Currently, the research on Eu(u) complexes mainly focuses
on macrocyclic complexes,'®"” cyclopentadienyl complexes,"®
etc. However, the complexes can remain stable in air for a long
time are very rare. Solving the stability problem of Eu(u) com-
plexes is the first step to solve the stability problem of divalent
rare earth complexes.

Large steric hindrance is an effective way to solve the
instability of Eu(u) complexes by protecting the Eu(u) core to
minimize its interaction with the environment."” Among the
reported Eu(u) complexes, Eu(u)-hydro-tris(pyrazolyl)borates
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have demonstrated the highest photoluminescence quantum
yield (PLQY)."*?%*' Hence, we chose hydro-tris(pyrazolyl)
borates as the skeleton ligand, and introduced the big phenyl
group at the 3-position and systematically adjusted the substi-
tuent at the 5-position of pyrazole. By investigating the struc-
ture, photoluminescence properties, and air stability of the
resulting three complexes, it is found that they all showed
good stability in air with typical and tunable d-f transitions.

Results and discussion

Synthesis and structures

The three Eu(n) complexes Eu(Tp”™¢),, Eu(Tp™), and

Eu(Tp"™?), were synthesized according to the routes shown in
Scheme 1. Single crystals of Eu(Tp"™¢),, Eu(Tp*"),, and
Eu(Tp"™"?), were obtained by the slow evaporation of dichloro-
methane/hexane solution, toluene solution, and sublimation,
and characterized by X-ray diffraction analysis (SC-XRD,
Table S17), respectively. The crystal structures of these three
complexes are shown in Fig. 1. As shown in the figure, the
complexes are all hexa-coordinated, with six nitrogen atoms
belonging to pyrazole. Eu(Tp*"), is similar in structure to the
reported complexes of Sm(Tp*™), and Yb(Tp™"),, which have
the same ligands.”*> From Eu(Tp"™™¢),, Eu(Tp"™), to Eu
(Tp*™?),, the average Eu-N bonds increase gradually from
2.652 A, 2.662 A to 2.714 A, respectively (Table 1, the small
difference between Eu(Tp*™™*), and Eu(Tp"™"), is the result of
averaging the difference in bond lengths, as the maximum
difference is ~0.03 A). Besides, there are six phenyl groups
around the Eu*" core protecting it from the environment. With
the change of substituents, the molecular structure symmetry
of the three complexes increases from Eu(Tp*™™°), to
Eu(Tp*™), and Eu(Tp"™?),. Compared with Eu(Tp*™),, Eu(Tp*"?),
has a higher symmetry of C;, while the “bent sandwich-like”
structure of Eu(Tp™™¢), decreases its symmetry. Moreover,
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Scheme 1 Synthetic routes of Eu(Tp"™M¢),, Eu(Tp®"), and Eu(Tp""?),.
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the interligand C-H---N bonds (2.696 A and 2.671 A, shown in
Fig. 1) between the H on the phenyl and the N on the pyrazolyl
become another driving force for forming the bent
structure.”®>** The “bent sandwich-like” structure is not
usual,?»?>2% but the same as the divalent Eu, Yb, Sm, and Tm
complexes of Ln(Tp*?),.**?” The B-Eu-B angle of
Eu(Tp™M¢), is 164.28°, greater than 151.07° and 153.88° of
Eu(Tp™™), in the two independent molecules.”” A probable
reason is that methyl is less sterically hindered than isopropyl.
Without the steric effect of the 5-methyl group, Eu(Tp™™),
adopts a trigonal antiprismatic molecular structure compris-
ing a linear B-Eu-B arrangement. The phenyl groups around
the Eu*" core have C, symmetry. For Eu(Tp""?),, the three
5-phenyl groups at each vertex form a C; symmetry axis in an
outward-sloping configuration (the face angles between each
of the two phenyl groups are all 62.92°), which greatly reduces
the repulsion. So Eu(Tp*?), does not adopt a “bent sandwich-
like” configuration like Eu(Tp"™¢),, but uses a linear con-
figuration. The 3-phenyl groups around the Eu(u) core adopt a
Ce symmetry.

Photophysical properties

It is found that Eu(Tp*™?), is almost insoluble in common sol-
vents such as dimethyl sulfoxide, dichloromethane, and
toluene, while Eu(Tp*™"*), and Eu(Tp""), showed very weak
emissions when dissolved in these solvents; hence the photo-
luminescence properties of the three complexes were only
studied in crystalline powder. The maximum emission peaks
(Zem) of Eu(Tp*™™e),, Eu(Tp*™), and Eu(Tp*"?), are located at
617 nm, 578 nm and 538 nm (Table 2 and Fig. 2a), demon-
strating emission colors as orange-red, orange, and green
(Fig. 2b), respectively. As the emission energy distribution of
an Eu(u) complex is generally related to the average bond
lengths,*® this blue shift can be explained in the view of com-
paring the Eu-N bond lengths in these complexes. Among the
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Fig. 1 Molecular structures of Eu(Tp"™Me), (a, left), Eu(Tp"™"), (c) and Eu(Tp""3), (d). The illustration of interligand C—H---N bonds (a, right) and the
description of the “bent sandwich-like" structure of Eu(Tp™™™®), (b). The atoms are drawn with 30% probability ellipsoids. H atoms are omitted for
clarity. The blue-green sphere represents Eu, the pink one represents B, the purple blue one represents N and the gray one represents C.

Table 1 The Eu-N bond distances (A) in Eu(Tp™™™®),, Eu(Tp""), and
EU(Tpth)z

Eu(TpPh,Me)Z Eu(TpPh)2 Eu(TpPhZ)2
Eu-N1 2.632 2.634 2.712
Eu-N2 2.632 2.634 2.712
Eu-N3 2.655 2.657 2.713
Eu-N4 2.655 2.657 2.714
Eu-N5 2.666 2.695 2.715
Eu-N6 2.666 2.695 2.715
Eu-N (average) 2.652 2.662 2.714

three complexes, the average Eu-N bond lengths for
Eu(Tp*™¢),, Eu(Tp"™), and Eu(Tp*"?), increased gradually. Since
a shorter bond length makes a stronger ligand field splitting
of the d orbitals, the energy levels of the lowest energy 5d
orbital increase in the order of Eu(Tp*™¢),, Eu(Tp""), and
Eu(Tp*™?), (Fig. 2¢). So, the transition energy from the lowest
energy d orbitals to f orbitals increases, assuming that the
energy of f orbitals is unchanged in these complexes, which

results in the observed blue shift in emission spectra. In
addition, all the three complexes showed broadband emis-
sions, with the full widths at half maximum (FWHMSs) gradu-
ally decreasing from Eu(Tp*™¢), (125 nm) to Eu(Tp""),
(101 nm) and Eu(Tp""?), (70 nm). Such a broad emission band
is typical of the 5d-4f transition of the Eu(u) core, and the ten-
dency from Eu(Tp"™™¢), to Eu(Tp""?), might be caused by the
increasing rigidity in turn. By comparing the excitation spectra
of the three Eu(u) complexes and their corresponding ligands
(Fig. S1t), an obvious broadening of the spectra was observed,
indicating that both excitation from the ligand and the central
Eu®" ion are accessible to achieve an efficient 5d-4f transition
in the three Eu(un) complexes.

The excited state lifetimes (z) of these three complexes were
also measured (Fig. 2d and Table 2). Coincidentally, an
increased lifetime from Eu(Tp"™™¢), (34 ns) to Eu(Tp™"), (118
ns) and Eu(Tp™"?), (471 ns) was observed. These lifetimes are
comparable to those of the reported Eu(i1) complexes,'® but the
huge differences in these three complexes are worthy of
further study. Therefore, PLQYs were measured to deduce the

Table 2 Photophysical data of Eu(Tp"™Me),, Eu(Tp™"), and Eu(Tp®"2), in crystalline powder

Complex dex (nm) Jem (nM) 7 (ns) PLQY (%) FWHMs (nm) ke (10°s7h) ke (10° 571
Eu(Tp"™Me), 465 617 34 3 125 0.88 28.5
Eu(Tp™™), 440 578 118 20 101 1.69 6.78
Eu(Tp™?), 414 538 471 70 70 1.49 0.63
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Fig. 2 (a) Solid steady-state PL spectra (photoexcitation wavelength: 365 nm) of Eu(Tp"™),, Eu(Tp™"), and Eu(Tp"™"2),. (b) The CIE 1931 chroma-
ticity diagram of Eu(Tp""Me),, Eu(Tp™"), and Eu(Tp®"2),. (c) Orbital-energy diagram for the ligand field splitting of the d orbitals (double arrow) and
the energy transition (single arrow) of Eu(Tp""™e),, Eu(Tp™"), and Eu(Tp""?),. (d) Transient PL spectra of Eu(Tp""™e),, Eu(Tp™), and Eu(Tp""?),.

radiative rate constant (k;) and non-radiative rate constant
(kny). Among these complexes, Eu(Tp*?), showed a high PLQY
of 70%, which is the highest value for an green emission Eu(i)
complex up to now, while Eu(Tp*™™*), and Eu(Tp""), showed
a relatively lower PLQY of 3% and 20%, respectively. So far, the
maximum PLQY of Eu(u) complexes is 96%,>" but the PLQYs
of most Eu(u) complexes are relatively low, below 50%
(Table S271). The radiative rate constants, calculated from the
aforementioned data, are shown in Table 2. In order to better
understand the regularities, we also introduced a published
complex bis(hydro-tris(3,5-dimethylpyrazolyl)borate)europium(i)
(Eu(Tp™*®),) with good photoluminescence properties for
comparson'® (z = 987 ns, PLQY = 85%, k. = 0.86 x 10° s, ky, =
0.15 x 10° s7"). It can be concluded that their radiative rate
constants are similar, while the non-radiative rate constants
vary in an order of magnitude. We propose that increased
rigidity decreases the non-radiative transition rate. 5-Phenyl in
Eu(Tp"™?), and 5-methyl in Eu(Tp"™™¢), would increase the
molecular rigidity. But the forming “bent sandwich-like” struc-
ture can be more randomly arranged in space, which allows us
to ignore the rigidity of the methyl group. So the rigidity
increases from Eu(Tp™™¢),, Eu(Tp™), to Eu(Tp*?),. As for
Eu(Tp™*?),, the decreased non-radiative transition rate may be
due to a stronger combination between Eu(u) and the coordi-
nation N atoms in the ligands (the average length of Eu-N

4596 | /norg. Chem. Front., 2020, 7, 4593-4599

bonds is 2.585 A, much shorter than those for Eu(Tp"™M°),,
Eu(Tp™™), and Eu(Tp""?),).°

Air stability and its rationalization

It is well known that the air stability of typical Eu(u) complexes
is poor because the standard electrode potential of Eu®” is as
low as —0.35 V. So we introduced phenyl as a large steric hin-
drance group around Eu(u) to improve its air stability. In view
of this, the complex Eu(Tp“*?), was adopted as a reference.
The luminescence stability of the complexes was described by
the change of the PLQY in air and which is further used to
understand the stability of the complexes. As shown in Fig. 3a,
the PLQY of Eu(Tp™°?), decreased to 7% of its original value
after one day and to only 3% after 4 days. In contrast, the
PLQY of Eu(Tp""?), decreased to 94% after one day and to 87%
even after 10 days. After the tenth day of measurement,
Eu(Tp"™?), was placed in a glove box and taken out the next day
to measure its PLQY. To our delight, the PLQY returned to the
original value. This indicates that the decrease of the PLQY of
Eu(Tp""?), is not caused by the oxidation of Eu(n) but probably
due to the quenching effect of oxygen or water in air. To inves-
tigate further, two atmospheres, one with pure oxygen and
another with water-containing nitrogen, were created. Then
Eu(Tp"™"?), was loaded into the two atmospheres for 3 hours. It
was found that the PLQYs of the samples in a pure oxygen

This journal is © the Partner Organisations 2020
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Fig. 3 (a) The normalized PLQY changes of crystalline Eu(TpM®?),, Eu(Tp"™Me),, Eu(Tp™), and Eu(Tp""?), in air. Topographic steric maps of
Eu(Tp™e2), (b), Eu(Tp"™Me), (c), Eu(Tp™), (d) and Eu(Tp™"?), (e). Red and blue indicate the more- and less-hindered zones, respectively.?®

atmosphere and water-containing nitrogen atmosphere were
reduced to 52% and 85% of the initial value, respectively. After
the test, the samples were transferred into a glove box (under a
nitrogen atmosphere and at room temperature, with the
oxygen concentration below 1.0 ppm and the water concen-
tration below 0.1 ppm), and their PLQYs were measured again
a day later. The PLQYs of both the samples returned to the
initial values. Based on this phenomenon, we propose that the
complex can absorb oxygen and water and both oxygen and
water can quench the luminescence of the complex to a
certain extent, in which oxygen is the main quencher. When
the sample is returned to the glove box, oxygen and water are
desorbed from the surface of the complex, allowing the PLQY
of Eu(Tp™?), to recover. The PLQYs of Eu(Tp"™™¢), and
Eu(Tp™), were kept almost the same to the original data (the
accurate PLQY values of the four complexes are shown in
Table S37). To further understand the air stability of these
complexes, time dependent XRD spectra were obtained as
shown in Fig. S2.1 During the four-day test, the XRD peak posi-
tion did not change, and no new peak was observed. In
addition, mass change monitoring upon isothermal exposition
of the complexes under an air flow has also been conducted
(Fig. S371). The maximum weight change is 0.0060 mg, which is
within the allowable range of measurement error of the instru-
ment. These findings further demonstrate the good air stabi-
lity of the three complexes.

In order to understand the excellent air stability of the
three complexes, we investigated the extent to which the
central metal is coated in the three complexes and Eu(Tp™'?)
The spacefill views along the largest exposed area of the four
complexes are shown in Fig. S4.1 At a glance, the exposed area
of Eu(Tp™®?), is much larger than those of the other three
complexes. To further understand the protection of the
ligands to the central Eu>" ions, buried volume descriptor (%
Vsur) Was introduced to quantify the steric hindrance.*® With
the help of SambVca 2.1,*' the topographic steric maps of the
four complexes are drawn in Fig. 3b-e, and the calculated %
Vpar values of Eu(Tp™®?),, Eu(Tp"™™*),, Eu(Tp"™"), and
Eu(Tp"™?), are 84.1%, 91.0%, 91.7% and 92.9%, respectively.*

2.

This journal is © the Partner Organisations 2020

Based on these results, it can be seen that the contribution of
the methyl and phenyl groups to steric hindrance is very
different. By substituting the methyl group with the phenyl
group at the 3-position of pyrazole, Eu(Tp*™™*), showed an
obviously increased %Vgs,, as compared with Eu(Tp™?),.
However, the further substitution of the methyl group
with the phenyl group at the 5-position shows only a little
difference in %Vgy,. Thus, the steric hindrance is mainly
caused by introducing the phenyl group at the 3-position of
pyrazole.*

Conclusions

In summary, three new Eu(n) complexes Eu(Tp"™™e),

Eu(Tp™™),, and Eu(Tp*"?), were designed and successfully syn-
thesized. Due to different steric hindrances of the ligand,
these complexes adopt a “bent sandwich-like” structure for Eu
(Tp*™M¢),, and a linear configuration for Eu(Tp"™"), and Eu
(Tp”™2),. All the complexes exhibited broad peak emission with
the excited state lifetime in dozens to hundreds of nano-
seconds, which is a typical 5d-4f transition characteristic.
From Eu(Tp"™™¢),, Eu(Tp™),, to Eu(Tp*"?),, the average Eu-N
length increases gradually, leading to decreased splitting
energy of the d orbital, hence a blue shifted emission spec-
trum. However, the rigidity increases gradually in the order of
Eu(Tp"™™¢),, Eu(Tp™),, and Eu(Tp™?),, resulting in a signifi-
cant increase in the excited state lifetime and PLQY.
Consequently, Eu(Tp""?), showed the highest PLQY up to 70%.
To our delight, all the three complexes showed excellent stabi-
lity in air, as demonstrated by measuring their time dependent
PLQYs, XRD spectra and mass change in the presence of air.
By comparing the spacefill views and buried volume descrip-
tors of the three complexes with a reference Eu(u) complex
Eu(Tp™?),, it is found that the introduction of a phenyl group
at the 3-position of pyrazole accounts for the improved stabi-
lity. This work systematically reports the relationships between
the photoluminescence/air stability and the structure of mole-
cular Eu(u) complexes, which gives the feasibility to discover

)
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highly efficient and air stable luminescent Eu(u) complexes
with specific emission colors.
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