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__ Pyridylpyrazolates
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llya V. Taydakov," Huanrong R. Li, and Klaus Miiller-Buschbaum*® ¢

Abstract: Homoleptic, 3D coordination polymers of the
formula *_[Ln(3-PyPz);] and 3, [Ln(4-PyPz);], (3-PyP2)~ =3-(3-
pyridyl)pyrazolate anion, (4-PyPz)” =3-(4-pyridyl)pyrazolate
anion, both CgH¢N; ™, Ln=Sm, Eu, Gd, Tb, Dy, were obtained as
highly luminescent frameworks by reaction of the lanthanide
metals (Ln) with the aromatic heterocyclic amine ligands 3-
PyPzH and 4-PyPzH. The compounds form two isotypic series
of 3D coordination polymers and exhibit fair thermal stability
up to 360°C. The luminescence properties of all ten
compounds were determined in the solid state, with an

antenna effect through ligand-metal energy transfer leading
to high efficiency of the luminescence displayed by good
quantum yields of up to 74%. The emission is mainly based
on ion-specific lanthanide-dependent intra 4f-4f transitions
for Tb**: green, Dy**: yellow, Sm>*: orange-red, Eu**: red. For
the Gd**'-containing compounds, the yellow emission of
ligand triplet-based phosphorescence is observed at room
temperature and 77 K. Co doping of the Gd-containing
frameworks with Eu** and Tb®* allow further shifting of the
chromaticity towards white light emission. )

Introduction

During the past two decades, the hybrid nature of coordination
polymers (CPs) and the related metal-organic frameworks
(MOFs), composed of metal ions or clusters connected with
organic linkers, has been the focus of many research efforts."
They give rise to properties derived from either one of the two
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components or the combination of both. The hybrid material
can thereby generate cooperative properties, such as porosity,”
magnetism,”’ photoluminescence (PL)” or nonlinear optical
properties.”’

Lanthanide-based hybrid compounds are important chro-
mophores for lighting, displays, and lasers, giving characteristic
narrow line emissions, whereas they have intrinsically low
absorption coefficients as a result of the parity-forbidden 4f-4f
transitions.” Consequently, an antenna such as an organic
molecule promotes light harvesting by absorption of photon
energy, usually in a broad UV range, and transfer it intra-
molecularly to the Ln** ion thereby enhance the efficiency of
emission.” The direct coordination of a conjugated m-electron
system to the metal ions could act as a good sensitizer.
However, the ion has to be shielded from vibronic quenchers,
for instance, deactivating solvents such as water, as these allow
quenching of the elevated state of the Ln**-ions due to
vibronic deactivation. Numerous efforts have been made to
enlarge the absorption coefficients and thus obtain significantly
more intense lanthanide ion emissions.” In addition, the
generation of white light by mixing different monochromatic
light sources is an attractive feature of light-emitting materials
recently.!"”

The ligand 3-(3-pyridyl)pyrazole (3-PyPzH) was used mainly
as a reactant in ligand synthesis, and some of those new
derivative ligands were used later in coordination chemistry.""
The ligand 3-(4-pyridyl)pyrazole (4-PyPzH) has been mainly
applied in the synthesis of transition metal-based complexes
and CPs. For instance, two Hofmann-like 2D coordination
polymers with the general formula of {Fe?*(Hppy),[M**
(CN),]-H,0, (M=Pd, Pt), are known. Both compounds show two-
step spin-crossover behavior with hysteresis loops around 14-
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23 K" This ligand was also used in the synthesis of a series of
inorganic-organic hybrid materials based on polyoxometalates
(POMs),  [M(HL),(H,0),]IMocO,] [M=Co, Ni, Cu, Zn],
[MnL,(H,0),1[M0o40,,] and (HL);PMo,,0,, with antiferromagnetic
behavior."® 4-PyPzH was also used to prepare a Cu*" contain-
ing discrete metal complex gelator able to gel dimeth-
ylformamide (DMF) at 0.51 wt%.™ Both ligands were used to
produce highly efficient phosphorescent Cu* and Ag*
complexes.™ To the best of our knowledge, no lanthanide-
containing compounds with these ligands have been known.

Based on these results, we were prompted to construct
novel lanthanide coordination polymers and succeeded in the
synthesis of frameworks featuring either 3-(3-pyridyl)pyrazole or
3-(4-pyridyl)pyrazole (3-PyPzH or 4-PyPzH). Herein, we report
the synthesis, characterization, luminescence, and thermal
properties of the homoleptic and co-doped frameworks *_[Ln-
(3-PyP2z),] and 3, [Ln(4-PyP2);].

Results and Discussion
Synthesis and structural analysis

The two series of ten coordination polymers *_[Ln(3-PyPz),] and
® [Ln(4-PyPz);] are formed in reactions of the elemental
lanthanides with 3-(3-pyridyl)pyrazole (3-PyPzH) or 3-(4-pyridyl)
pyrazole (4-PyPzH) (Scheme 1) in either pyridine or 1,2,4,5-
tetramethyl-benzene (durene) with high yield (82-96 %).

The homoleptic frameworks of the formula 3 [Ln(3-PyPz),]
(Ln=Sm, Eu, Gd, Tb, and Dy) (1-5, respectively) are isotypic and
crystallize in the cubic space group Pa3. The second isotypic
coordination polymer series 3 [Ln(4-PyPz);] (Ln=Sm, Eu, Gd,
Tb, and Dy; 6-10, respectively) is also formed of isotypic
compounds that crystallize in the monoclinic crystal system in
the space group P2,/n. The ®_[Ln(3-PyPz);] and 3 [Ln(4-PyPz),]
series constitute of three perspective pyridyl-pyrazolate anions
per formula unit, resulting in the identical general chemical
formula of C,,H,sNgLn. Each ligand acts as a tridentate ligand
and forms a bridge between two neighboring trivalent
lanthanide ions (Figures 1 and 2)."¥ In sum, each Ln’" ion
coordinates to nine N atoms in a pseudo-octahedral fashion, in
which the two nitrogen atoms of the pyrazolate anion are
regarded as a single connection and therefore as one corner of
the octahedron. The topology was determined for 4 and 9 as a
representative example for the two isotypic series to ensure a
better understanding of the crystal structure. It was determined

Ealita® &
+Ln? y, y Y N In Pyridine
In Pyridine HN“N \ N HN\N \ / {Durene

2200°C 3-PyPAH 4-PyPZH 2200°C
3[Ln(3-PyPz),]

L

[Ln(4-PyP2),]

Scheme 1. Synthetic scheme for two novel series of 3D coordination
polymers with 3-PyPzH (left) and 4-PyPzH (right) ligands.
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Figure 1. a) Extended coordination sphere of Ln** in 3_[Tb(3-PyPzH)] (4)
representing the series of isotypic framework compounds (1-5). b) Crystal
structure of 4 with a view along [010]. Hydrogen atoms are omitted for
clarity. Tb** ions are shown in brown, nitrogen atoms in green, carbon
atoms in blue, and the coordination polyhedra around Th®* are indicated in
green with thermal ellipsoids depicted at the 50% probability level. c)
Topological representation of 4 as a uninodal 6-c net with pcu topology.
Symmetry operations: | = —z+1,x+1/2,—y+3/2,l1=y—1/2,—z+3/2,—x+1,
W=x-1/2)y,—z+3/2, N=y—1/2,z,—x+3/2V=2z-1/2,x,—y +3/2.

in conformity with the Reticular Chemistry Structure Resource
(RCSR) and the Wells terminology."” Both structures of 4 and 9
indicate that there is a 6-connected uninodal net with a Schléfli
symbol of 426 (pcu; 6/4/c1; sqcl) when assuming that the
terbium centers act as nodes with threefold connectivity.
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Figure 2. a) Extended coordination sphere of Ln** in 3_[Tb(4-PyPzH),] (9)
representing the series of isotypic framework compounds (6-10). b) Crystal
structure of 9 with a view along [100]. Hydrogen atoms are omitted for
clarity. Tb** ions are shown in brown, nitrogen atoms in green, carbon
atoms in blue, and the coordination polyhedra around Tb®* are indicated in
green with thermal ellipsoids depicted at the 50% probability level. c)
Topological representation of 9 as a uninodal 6-c net with pcu topology.
Symmetry operations: | =x+1/2,—y+1/2,z+1/2, l=—x+3/2,y—1/2,—z+3/
2, ll=x+1y,z

Although the packing of nets in 4 and 9 differs, the connectivity
of all nodes is the same, which leads to the same underlying
network topology. This results in 3D framework structures, in
which six ligands act as bridges between the adjacent
lanthanide ions.

The average distances between the metal ions and the
pyridine nitrogen atoms (Tables S3 and S4 in the Supporting
Information; 258(2) pm) in 1-10 are longer than the Ln—N

Chem. Eur. J. 2021, 27, 16634 - 16641 www.chemeurj.org

distances to the pyrazolate ring atoms (242(2) pm). This can be
explained by the ionic character of the pyrazolate N sites
compared to the neutral pyridyl donor.

For the frameworks 1-5, comparison and analysis of the
lattice parameters indicates that the volume of the unit cell and
the Ln—N1 distances as well as an average value of the Ln—N2
and Ln—N3 distances have a decreasing trend for an increase of
charge density from samarium to dysprosium. The same
behavior is observed for the second series of frameworks 6-10,
the average of Ln—N1, Ln—N4, and Ln—N7 (pyridine ring) as well
as the average value of Ln—N2, Ln—N3, Ln—N5, Ln—N6, Ln—N8,
and Ln—-N9 (pyrazolate rings) decreasing from Sm** to Dy**.
Compound 4 cannot contribute to this, because the single-
crystal X-ray measurement had to be performed at a different
temperature of 200 K. At lower temperatures, the crystals
cracked continuously.

Besides, the described phenomena are a direct conse-
quence of lanthanide contraction.'® For polymers, 6-10 parti-
ally occupied and heavily disordered pyridine solvent was found
in voids in the crystal structure. For additional details on the
crystal structure determinations of > [Ln(3-PyPz);] and ® [Ln(4-
PyPz),], see Tables S1 and S2; for selected interatomic distances
and angles, see Tables S3, and S4, respectively.

All bulk products of the polymers (1-10) were proven to be
phase pure bulk products by PXRD. The experimental diffraction
patterns match well in terms of reflection positions and
intensities with the diffraction patterns simulated from single-
crystal data of compounds (1-5). No additional reflections of
crystalline byproducts are observed, as shown in Figure 3 for 1
as a representative (for 2-5, see also Figures S1-S4). To take the
different measurement conditions of PXRD (298 K) and SCXRD
(100 K) into account, additional Pawley-refinements for 6-10,
were carried out, confirming the phase purity of the respective
series of coordination polymers. The resulting difference plots
show no significant deviations as depicted in Figure 4 for 6 (see

——— 3[Sm(3-PzPy)3] observed

—— 3[Sm(3-PzPy)3] simulated at 100K

Normalized Intensity / a.u.

-

5 10 15 20 25 30 35 40 45 50 55 60
20/°

Figure 3. Comparison of the experimental X-ray powder diffraction pattern
at 298 K (top) with a simulated pattern from single-crystal X-ray data of
3 [Sm(3-PyPz),] (1) at 100 K (bottom).
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Figure 4. Pawley refinement results for PXRD of 3x[Sm(4-Psz)3] (6), showing
the experimental data (black) together with the Pawley fit (red), the
corresponding difference plot (blue) as well as hkl position markers (green).

also Figures S5-S8). The details of the Pawley-refinements are
listed in the Supporting Information, Table S5.

Photophysical properties

The compounds of both series of homoleptic frameworks show
photoluminescence properties for the range of investigated
lanthanides. Excitation and emission spectra were recorded in
the solid state at room temperature (RT=298 K) and 77 K for
the free ligands 3-PyPzH and 4-PyPzH,"*" as well as for the ten
3D coordination polymers *_[Ln(3-PyPz);] and °_[Ln(4-PyPz),],
Ln=Sm, Eu, Tb, and Dy, and co-doped 3 [Gd(3-PyPz),l:
Eu®",Tb®" and ®_[Gd(4-PyPz),]:Eu*", Tb*".

The investigated compounds (Figures5 and 6) show a
broad excitation band dominant in the UV with maxima at 312-
320nm for 1-10 at 77K, which refers to ligand-based
excitation, 330 nm for 3-PyPzH, and 370 nm for 4-PyPzH.

At RT (Figures S9-S20), the excitation maxima appear for 4
at 312 nm, for 1, 3, 5, 6, 8,9, and 10 at 319-326 nm, and for the
free ligands at about 333 nm. Excluding compounds containing
Gd®* (3 and 8) and Eu®" (2 and 7), at RT, direct and weak
excitation of the spin forbidden (Laporte selection rule),"” 4f-
4f transitions are also observed at both temperatures for the
highlighted frameworks.

For the Eu*" containing compounds 2 and 7, at RT, the
spin-forbidden 4f-4f transitions are dominant in the excitation
spectra, where the direct f-f excitation °D,—’F, has the
maximum intensity.

The synthesized compounds exhibit emission colors visible
to the naked eye under the UV lamp which covers the primary
RGB regions from blue (3-PyPzH, 4-PyPzH), green (Tb** in 4, 9),
to yellow-white (co-dopped Gd** in 3, 8), through orange
(Sm** in 1, 6) to red (Eu** in 2, 7). For 3-PyPzH and 4-PyPzH,

Chem. Eur. J. 2021, 27, 16634 - 16641 www.chemeurj.org
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Figure 5. Normalized solid-state excitation (black) and emission (colored)
spectra of > [Ln(3-PyPz);], Ln=Sm, Eu, Gd, Tb, Dy (1-5) at 77 K. Wavelengths
for which the spectra were recorded are reported in the legends.

the emission maxima appear in the range of 400 to 410 nm.!™

The emission profiles of Sm®* 1 and 6 display the characteristic
transitions *Gs,—°H,, J=>5/2-13/2 for Sm** with the *G,,—°H,,,

16637 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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transition at 605 nm dominating the spectrum for 1, while the
hypersensitive *Gs,—°H,,, transition at 652 nm dominating the
spectrum for 6 at 77 K. At RT, the transition to °H, is
dominating for 1 and 6. At both temperatures, the red
luminescence of Eu®* (2 and 7) is a result of transitions from its
L =416 Lexc=396 °D, state to the 'F, J=0-6, levels related to the typical red
em emission of Eu*". In the emission spectra of both compounds,
4-PyPzH the hypersensitive *D,—’F, transition has the maximum inten-
sity at 619 nm. In addition, transitions from a higher-level
°D,—’F, at 537 (2), 538 nm (7), and °D,—’F, at 555 nm are
observed. The transition *D,—’F, is an indication that the Eu®"
ion occupies a site belonging to the C,, C, or C class of
% g =598 symmetry?” (in this particular case C,), to evade the selection
rules described by the Judd-Ofelt theory.

The terbium containing coordination polymers 4 and 9
show the typical emission transitions between the excited °D,
state and the 'F, (J=6-0) levels of Tb*". The characteristic

— °D,—’F, J=3-6, transitions result in bright green photo-
luminescence color. The highest intensity is found for the
transition °D,—’Fs at 543 and 544 nm for 4 and 9, respectively,
as expected for a Tb**.l'd

@ For 3 [Dy(3-PyPz);] (5) and 3 _[Dy(4-PyPz);,] (10), four
emission lines are observed corresponding to the transition
from the first excited *F,, state to the states °His,, ®Hiz ®Hypps,

A and ®H,),. The highest intensity band at 575 nm is attributed to
the *Fy,—°H, 3, transition.

The heavy paramagnetic Gd" ion in 3 and 8 enhances the
inter-system crossing from the singlet to the triplet state of the
pyrazolate anion.?"” Thus, it is feasible to obtain an evaluation
of the T, energy level of both ligands by analyzing the emission
spectra of *_[Gd(3-PyPz);] and 3 _[Gd(4-PyPz),], which is already
visible at room temperature and more intense and better
resolved at 77 K. The phosphorescent emission was also
detected with a gating (cutting off the emission of the singlet
state) to ensure a precise determination of the energetic

Wavenumber / 103 cm-
35 30 25 20 15

A =619
m

A =497
m

Normalized Intensity / a.u.

T

)\ =544 Lexc=316 positions of the T, level for the anions 3-PyPz™ (A, =430 nm,
AL ~23250cm™'; FigureS13) and 4-PyPz"  (Agnee=423 nm,
® ~23640 cm™'; Figure S18) at 77 K2 The emission spectra of

the Gd*™ samples also show characteristic Eu*™ and Th*" 4f-4f

A A transitions indicating a small Eu and Tb-impurity relevant for
photoluminescence. The low concentration of Eu*™ and Tb**
ions in the structure lowers the probability of cross-relaxation,
thus enhancing its metal center-based luminescence. Besides,
the ligands are themselves good sensitizers for Eu*™ and Tb*".
The emission bands of > _[Gd(3-PyPz),].Eu**,Tb>* (3) are observ-
able at 544, 620 and 695 nm at 77 K and assighed to °D,—Fs
transition of Tb®", °Dy—’F, and °D,—’F, transitions of Eu®T,

A =575
m

T

o~ respectively. Characteristic for Eu**, the band at 615nm
300 400 500 600 700 800 correlates with the transition *D,—’F;. It is also observable at
Wavelength / nm RT, where the *Dy—’F, transition is dominating the spectrum

for A, =323 nm. At 77 K, the emission spectrum of *_[Gd(4-
Figure 6. Normalized solid-state excitation (black) and emission (colored) Psz)3]:Eu3+,Tb3+ (8) shows emission bands at 544 and 619 nm
spectra of 2*_[Ln(4-PyPz);], Ln=Sm, Eu, Gd, Tb, Dy (6-10) at 77 K. Wave- corresponding again to the °D,—’Fs transition of Tb®" and
lengths for which the spectra were recorded are reported in the legends. 5D0—>7F2 transition of Eul*. At RT, the characteristic band for
Tb®* at 491 nm corresponding to the °D,—’F¢ transition
appears, where the °D,—’F; transition is dominating the
spectrum at A,,=321 nm. Besides, the transitions *Dy—F,, of
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Eu®" at 654, and 699 nm are observable. For both cases, 3 and
8, a deliberate co-doping of the Gd-containing frameworks with
Tb®* and Eu®* can be established and used for chromaticity
tuning. Mixing of the three emission colors results in a shift
towards yellow, orange,”” and even towards the white point
with color coordinates of x=0.30 and y=0.37 for 0.5% Eu (3 b)
at 77 K. The possibility of tuning the luminescence chromaticity
by co-doping of other homoleptic frameworks was also
investigated and verified (Figures S24 and S25) for the co-
doping of the Th- and Eu-containing frameworks (2 and 4) with
the respective counterions. The experiments were carried out
for 5%Tb to 95% Eu and vice versa to produce *_[EugosThgos(3-
PyPz);] (2a), and 3 [TbyesEuges(3-PyP2);] (4a), respectively. In
both cases, the emission spectra of 2a and 4a are dominated
by the main metal ion. In addition, a slight downshift metal-to-
metal energy transfer (MMET) from excited 4f states of Tb®>* to
Eu’* is observed. The emission colors of > [Gd,,,EuTb,(3-
PyPz),lEu**Tb*"  (3a-3f), ° [Gd,,Eu,Tb,(4-PyPz),J:Eu*",Tb**
(8a-81), * [EUgesThoos(3-PyP2);] (2a) and >, [TbygsEUg os(3-PyP2)5]
(4a) are illustrated in CIE 1931 chromaticity diagrams (Figures 7
and S26), and the color coordinates are listed in Table S7.
Excitation and emission spectra for the deliberate doping
experiments are depicted in Figures S21-S25.

¢ o Tobs
calc 7

Neither a significant ligand-based fluorescence nor phos-
phorescence is being observed for the described coordination
polymers except for Gd**. Thus 3-PyPz~ and 4-PyPz™ act as a
suitable antenna for the sensitization of the lanthanide-based
emission through absorption of light by the ligand by an S,<S,
transition, ISC (intersystem crossing) from singlet (S) to triplet
(T,) levels of the ligands, followed by an energy transfer to the
lanthanide ions, which then emit from their excited 4f states.

Lifetime measurements by determination of the overall
process decay time were performed for all the compounds at
room temperature and 77 K. In addition, quantum yields (QY)
were determined if possible to further quantify the lumines-
cence properties in the visible region supporting the discussion
of transitions. The lifetimes were determined for Sm*" (about
0.016 ms for 1 and 6) and Dy** (0.016 for 6, and 0.012 ms for
10) as well as for Tb®* (1.0874 ms for 4, and 0.6273 ms for 9;
Table 1).

The PL of the coordination polymers decays monoexponen-
tially on the timescale of a few milliseconds, thus indicating the
presence of a single emissive species except for the co-doped
Gd** frameworks. The lifetime for ® [Gd(3-PyPz);:Eu*",Tb** (3)
and ®_[Gd(4-PyPz);]:Eu**,Tb** (8) at 77 K were fitted biexponen-
tially, 7,=1.55ms, 7,=5.03ms for 3 and 7,=0.35ms, 7,=
1.43 ms for 8, corroborating the observation of more than one
PL process. The lifetime of the co-doped frameworks 3a-3f,
8a-8f, 2a, and 4a are varying from 0.516-0.750 ms at RT
(Table S8). For most of the samples, the lifetime at 77 K rises
slightly, as the thermal quenching of luminescence decreases.

The observed quantum yield (QY) for the Ln** emission
through an antenna effect excitation (Table 1) is found to be

Chem. Eur. J. 2021, 27, 16634 - 16641 www.chemeurj.org

undoped Gd (3)

99% Gd + 1% Eu (3a)

99.5% Gd + 0.5% Eu (3b)
96% Gd + 1% Tb + 3% Eu (3c)
97% Gd + 1% Tb + 2% Eu (3d),
98% Gd + 1% Tb + 1% Eu (3e)
99% Gd + 1% Tb (3f)

Normalized Intensity / a.u.

T T T T T T T T T 1
350 400 450 500 550 600 650 700 750 800 850
Wavelength / nm
CIE 1931

0,8

0,2

0,0

0,0 0,1 0,2 03 0,4 0,5 0,6 0,7 08

Figure 7. Normalized emission spectra of * [Gd,_, ,Eu,Tb,(3-PyPz)]:
Eu**,Tb®* (3a-3f) at 77 K (top), L,= 323 nm. Chromaticity coordinate
diagram (CIE 1931) of the emission colors of the series * [Gd, , ,Eu,Th,(3-
PyPz),J:Eu**,Tb** (3, 3a-3f) and *,[Gd, , ,Eu,Tb,(4-PyPz),.Eu**,Tb** (8, 8a)
at 77 K.

highest for the Tb*™ compounds (4 and 9) with QY=74(1) and
23(1) %, respectively. This is a result of energy gaps in the
optimal range (2500-3000 cm™') for 4 (AE= ~2756 cm™) and
slightly above the optimal value for 9 (AE=~3141cm™),
indicating an excellent antenna effect especially for 4. The
measured QY for Sm®" is less than 1% and less than the
calculated one (®..=6.15%) which was determined using
Equation (1), where 7, (0.016 ms) is the measured radiative
lifetime and 7, (3.25ms) is the calculated average natural
lifetime of Sm*>".?¥ Altogether, it is in the range of other known
compounds containing Sm3*22%<? The quantum efficiencies
for the Dy-containing frameworks 5 and 10 were determined as
1%, which is also in the range of other Dy*" compounds.”®

The internal quantum yields (IQY) of the Eu®* centered
emission were calculated using the following Wert's formula,
see Equation (2).%" Aype=14.65S"" for Eu**, which represents
the constant spontaneous emission probability, /. represents
the total area of the emission spectrum (°D,—’F, J=0-6), and
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Table 1. Photophysical data of 3-PyPzH, 4-PyPzH, and 1-10 in the solid-state at room temperature and 77 K.
D 7 [ms] Dol A [NM]®! 79 [ms] Dexl Ao [NM] D [%]"® Dexl Ao N1
3-PyPzH 3.4(1) ns 287/420 4.4(2) ns 287/420 n/a n/a
4-PyPzH 6.07(9) ns 287/420 6.80(7) ns 287/420 n/a n/a
1 0.01589(3) 324/605 0.02043(1) 318/605 0.46(1) 321/550-770
2 0.576(1) 466/619 0.754(2) 318/619 0.33(3) 363/570-715
3 0.5735(3) 323/545 3.29(6) 323/545 n/a n/a
4 1.0874(8) 313/545 1.060(2) 314/545 74.3(2.2) 322/475-685
5 0.01573(5) 324/575 0.01587(7) 319/484 1.13(4) 321/460-675
6 0.01583(6) 327/646 0.01739(7) 318/598 0.40(1) 324/545-735
7 0.323(1) 466/619 0.498(1) 317/619 0.11(1) 330/570-715
8 0.56(1) 321/545 0.885(2) 314/545 n/a n/a
9 0.6273(8) 323/544 0.6089(8) 316/544 23.2(3) 320/475-690
10 0.01207(2) 322/575 0.01270(3) 317/575 1.15(3) 321/460-675
[a] Emission lifetimes determined at 298 K. [b] Excitation and emission wavelengths for emission lifetime at 298 K. [c] Emission lifetime determined at 77 K.
[d] Excitation and emission wavelengths for emission lifetime at 77 K. [e] Quantum yield. [f] Excitation wavelength and emission range of QY measurements.

Iupe is the area of the °D,—’F, transition. According to the
literature,”® the refractive index equals 1.5, 7,,4=1.187 and
0.988 ms, and 7,,,=0.576(1) and 0.016(6) for compounds 2 and
7, respectively. The equation gives a moderate-high Internal QY
(Eu*") of 48 and 33 % for 2 and 7, respectively.

TO S l Of
QY = > — TobsAMD,o”3 (lt_t> (2)
MD

Trad

Thermal analysis

Simultaneous DTA and TG investigations for 3__[Tb(3-PyPz);] (4),
as well as DTA/TG, combined with mass spectrometry for
3 [Tb(4-PyPz)] (9), were carried out to investigate the thermal
behavior of the two series of isotypic compounds. The DTA/TG
investigations (Figures 8 and S27) reveal good temperature
stability for both CPs. Except for the loss of pyridine incorpo-
rated in the pore system (signal 1) for 9 at 200°C (CsHsN* m/z

—DTA

—TG

— em/z=76 -1 - 2
0,050 o 0 2,4E-11

0,025

Lo 421611

= = m/iz=104
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Figure 8. Simultaneous DTA/TG analysis together with mass spectrometry of
3 _[Tb(4-PyPz);] (9) representing the series of isotypic frameworks 5-10. Two
consecutive thermal decomposition steps are numbered in the heat-flow
plot. The investigation was performed under a constant flow of argon

(50 mL-min~") with a heating from RT to 1000°C at 5 K-min~".
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79, and C,H,NT m/z 78), both compounds show rather similar
behavior in the heat flow.” Decomposition occurs through two
consecutive endothermic processes (signal 2 and 3) with onset
temperatures of 360°C and 385°C for 4 and 370°C and 405°C
for 9 resulting in overall mass loss of about 42% for both. The
loss of pyridine at 200°C with a corresponding mass loss of
10% in the TG-curve further confirms SCXRD data, where
electron density was assigned to pyridine dispersed in the
cavities of the porous 3D structure. Further confirmation for the
decomposition process was the detection of a set of mass
signals that can be assigned to fragments of the ligand (C;HN ™
m/z 104, C;H;N™ m/z 79, CGH,N* m/z 78).

Conclusion

Ten homoleptic and luminescent trivalent lanthanide-based 3D
coordination polymers with 3-(3-pyridyl)pyrazolate and 4-(4-
pyridyl)pyrazolate ligands were synthesized by anhydrous
solvothermal reactions and characterized by SC and PXRD,
elemental analysis, IR and photoluminescence spectroscopy,
and thermal analysis. The investigated compounds form two
series of 3D coordination frameworks that share the overall
topology of a 6-connected uninodal net with a Schléfli symbol
of 4'2.6® with pcu topology. Both series of frameworks show
photoluminescence with intra-4f emission of the Ln*" ions
being activated by antenna effects of the ligands leading to
Ln* sensitization with quantum yields of up to QY=74% for
Tb®*. Thereby, the specific trivalent Ln-ion-based emission
ranges from green via yellow to red (from Tb via Dy and Sm to
Eu). Tuning of the luminescence chromaticity is further possible
by co-doping of the Gd-containing frameworks of both series
with Eu®* and Tb**, and allows for a chromaticity from green
via yellow to red and tuning towards white-light emission.

Experimental Section

Synthesis and analytical data: The reactions of the different
lanthanide metals with the aromatic N-heterocyclic 3-(3-pyridyl)
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pyrazole (3-PyPzH) and 3-(4-pyridyl)pyrazole (4-PyPzH) is a redox
reaction vyielding hydrogen. For the two series of lanthanides
ranging from Sm to Dy, the formation of trivalent compounds of
the formula 3_[Ln(3-PyPz);] and ®_[Ln(4-PyPz);] (1-10) is observed.
Detailed description of the synthesis methods for all products 1-10
and the reagents can be found in the Supporting Information.

Ln + CgH,N;— 2 [Ln(CgHgN,)31 +3/4 H,

Deposition Numbers 2075974 (for 1), 2075975 (for 2), 2075976 (for
3), 2075977 (for 4), 2075978 (for 5), 2075979 (for 6), 2075980 (for 7),
2075981 (for 8), 2075982 (for 9), and 2075983 (for 10) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service. Details on crystallographic data, comparison of
simulated and recorded powder XRD patterns, detailed IR bands
from ATR-MIR investigations, page size photoluminescence spectra
with designated 4f-4f transitions for compounds 1-10 can be
found in the Supporting Information.
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