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Abstract: Two series of trivalent lanthanide and group 3 metal
coordination polymers with 4’-phenyl-2,2":6",2"-terpyridine
(ptpy) of the composition ' [MCls(ptpy)] (1, M = La, Ce, Pr, Nd)
and the complexes [MCls(ptpy)(py)] (2, M = Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu, Y) have been synthesized and charac-
terized. For europium, the complex [Eu,Cls(ptpy).] (3) was ob-
tained as single crystals, its dimeric structure providing poten-
tial insight into the coordination polymer formation from
monomeric entities. Product series 1 and 2 were photophysi-
\cally investigated in the solid state at room temperature and

77 K. Alongside with standard ion-specific 4f-4f trivalent
lanthanide luminescence in the visible and NIR (of emitters such
as europium, terbium, dysprosium, neodymium, etc.), visible
range emission of praseodymium, holmium, erbium, and thu-
lium was observed, which is rarely reported for coordination
compounds. It occurs in addition to their characteristic NIR
emission. For complexes of series 1, an exciplex based lumines-
cence was observed originating from ligand m-stacking in the
crystal packing.

%

Introduction

Trivalent lanthanides are known for their luminescent proper-
ties with characteristic emission for each metal ion."3I They
emit throughout the visible and NIR, and some of the typical
NIR emitters also have possible transitions in the visible
range,™* but these are usually too weak to be readily observed.
Terpyridine and its derivatives are known to enhance trivalent
lanthanide luminescence, but mostly photophysical properties
of these compounds are well studied for the standard visible
emitters, such as Eu3*6-14 and Tb3*,8-14 whereas other rare
earth metal ions such as Er**'3-161 or Tm3+1'7) have been inves-
tigated to a lesser extent. For the ligand 4’-phenyl-2,2":6",2"-
terpyridine (ptpy), complexes especially with transition metals
were studied.!'8-24 Several examples of ptpy coordination com-
pounds with rare earth metal ions are known, typically for
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La3+’[25,26] Nd3+,[27] Eu3+’[28—30] Gd3+'[25,26,28,30] Tb3+,[28’30] Dy3+,[30]
Lu3+_[28]

We present that lanthanide and group 3 metal coordination
compounds with 4-phenyl-2,2":6",2"-terpyridine (ptpy) can be
obtained at elevated temperatures as coordination polymers
and as complexes at lower synthesis temperatures, covering the
complete lanthanide series (Figure 1) and describe ion specific
4f-based luminescence for complexes and coordination poly-
mers as well as well as possible exciplex formation.

IMCly(ptpy)] (1) [MCly(ptpy)(py)] (2)

Figure 1. Accessibility of coordination polymers and complexes obtained in
reactions of trivalent lanthanide chlorides and ptpy in pyridine.

Results and Discussion

Synthesis and Structural Analysis

The series of coordination polymers ' .[MCls(ptpy)] (1) and com-
plexes [MCls(ptpy)(py)] (2) form in reactions of anhydrous
lanthanide and group 3 metal chlorides with ptpy in pyridine
with excellent yield (Scheme 1). For the first elements of the
lanthanide series (La till Nd), a polymeric structure is accessible,
whereas for the smaller lanthanide and group 3 metal ions
(Y, Pr till Lu, excluding Pm) isotypic complexes are formed. A
change of the degree of aggregation of the structures is ob-
served for Pr3* and Nd3*, as for both, coordination polymers
and complexes can be obtained.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthesis of ' ,[MCl3(ptpy)(py)] (1), IMCl5(ptpy)(py)] (2), and single
crystal of [Eu,Cls(ptpy),] (3).

In 1. [IMCl5(ptpy)] (1, M = La, Ce, Pr, Nd), crystallizing in ortho-
rhombic space group Pbca, the metal centre has a CN of eight,
being coordinated by five chlorides and ptpy, forming a dis-
torted triangular dodecahedron. Metal ions are connected with
each other through two chlorides, forming an infinite one-
dimensional chain, where each following ptpy points in the op-
posite direction (Figure 2).

All complexes [MCls(ptpy)(py)] (2, M = Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Y) are isotypic, also crystallizing in the
orthorhombic space group Pbca, and the metal centre has a CN
of seven, being coordinated by three chlorides, one pyridine
and a slightly twisted ptpy ligand, forming a distorted pentago-
nal bipyramid (Figure 3a). For all complexes of constitution 2,
except for 2-Pr, it was possible to obtain single crystals and
analyse them. With reduction of the ionic radius of the metal
centreB (and therefore increase of the charge density), inter-
atomic distances to coordinated atoms decrease (Figure 3c). In-
teratomic distances between metal and chloride ions and metal
and ptpy nitrogen atoms remain in the same relative order,
while the distance between metal and the pyridine nitrogen
atom (Figure 3b, black line) is the longest among M-N bonds
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for the beginning of the lanthanide row and in the end it is
shorter than the ones of ptpy side rings. This can be explained
by the rigid main ligand structure, whereas the pyridine could
move more freely in the coordination sphere.

LuBf
112 110 108 106 104 102 100
lonic radius of trivalent lanthanides and yttrium / pm
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Figure 3. (a) and (b): X-ray crystal structure of a complex unit and a unit cell
view of [MClz(ptpy)(py)] (2). Thermal ellipsoids describe a 50 % probability
level of the atoms; hydrogen atoms are omitted (M orange, Cl green, C grey,
N blue). (c): dependence of the interatomic distances in the crystal structure
of 2 (M = Nd, Sm - Lu, Y) on metal ion radii.
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Figure 2. Selected view of the X-ray crystal structure of '..[MCls(ptpy)] (1). Thermal ellipsoids describe 50 % probability level of the atoms; hydrogen atoms

are omitted (M orange, Cl green, C grey, N blue).
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It was possible to also obtain single crystals of the dimeric
complex [Eu,Clg(ptpy),] (3) in a solvent-free reaction between
EuCl; and ptpy (Scheme 1). Unfortunately, upscaling of this syn-
thesis has proved to be unsuccessful, so a characterisation of
this compound fully by other analytics was unattainable. None-
theless, an insight in the structure of the dimeric complex 3
provides valuable information on the formation of the poly-
meric structure 1 via dimeric and possibly also oligomeric units.
The dimer 3 crystallizes in the monoclinic space group P2,/c,
with Eu3* having a CN of seven and being coordinated by ptpy
and four chloride ions, of which two are bridging; with each of
europium having a distorted pentagonal bipyramid coordina-
tion polyhedron (Figure 4a). Such a dimeric complex is the next
logic step in connecting monomeric complexes, such as 2, and
coordination polymers, such as 1, as upon composition of the
latter at first dimers and oligomers should be formed, which
subsequently form a polymer. Naturally, those dimers could
have a structure different from 3, but nevertheless its existence
shows a transition path from monomeric complexes to coordi-
nation polymers.

Figure 4. A X-ray crystal structure of a complex unit and a unit cell view of
[Eu,Clg(ptpy),] (3). Thermal ellipsoids describe a 50 % probability level of the
atoms; hydrogen atoms are omitted (Eu red, Cl green, C grey, N blue).

Details on coordination spheres bond lengths and angles for
each compound could be found in the SI.

Photophysical Properties

The coordination polymers 1, namely 1-La, 1-Nd, and 1-Pr, ex-
hibit ligand based excitation and emission and show 4f-metal
ion based emission for 1-Pr only in the visible, and for 1-Nd in
the NIR (Figure 5). For 1-Ce, a broad metal-based emission band
additional to the ligand emission band could be observed as a
shoulder in the spectrum at higher energy (Figure 5 — Ce). This
band originates from 5d-4f transitions of the Ce3*. Both ligand
and Ce3* emission have excitation below 300 nm, which corre-
sponds to 4f-5d excitation of the metal ion,'3233! meaning that
energy can also be transferred from Ce3* to the ligand. How-
ever, the emission intensity of 1-Ce is low and cannot be ob-
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served by a naked eye; it can be detected only by the photolu-
minescence spectrometer — which is a result of Ce3* and ligand
energy levels close position and, therefore, quenching of the
luminescence by forth and back energy transfer.

~IMCl,(ptpy)] (1)

Energy / 10° cm™?
3I0 ..ZIO. i M 1|0 6]33
I\ La
s }\ Ce
’ \ Nd
300 500 700 900 1100 1300 1500

Wavelength / nm

Figure 5. Room temperature solid state normalized excitation (grey) and
emission spectra (coloured, A, = 280, 310, 335, or 355 nm) of '_.[MCls(ptpy)]
(1). Visible and NIR emission spectra for 1-Nd were normalized separately.

Excitation, ligand and metal ion based emission spectra of
complexes 2 in the visible and NIR range are presented in Fig-
ure 6. The complexes with Ln3* 4f-4f emitters have excitation
spectra similar to the 2-Y, 2-Lu, and 2-Gd products with a maxi-
mum around 365 nm for all complexes (Figure 6), indicating
that the ligand is responsible for the light uptake. Both excita-
tion and emission of the ligand in 2 are bathochromically
shifted by ca. 10 nm in comparison with 1. For 2-Gd, an emis-
sion from the ligand triplet state is already visible at room tem-
perature (Figure 6 — Gd) and at 77 K it becomes more intense
and better resolved, allowing to determine its energy level from
the shortest wavelength phosphorescence band at approxi-
mately 21100 cm™' (Figure S39). Metal ion emission of 2-Eu is
so intense that not only the transitions from the lowest excited
state (°Dy — ’F;) are observed, but also from a higher level
(°D; — ’F; Figure 6 - Eu, inset). Furthermore, Eu** emission
was observed also in the emission spectra of 2-Gd, 2-Dy, 2-Er.
However, its content was estimated to be below 1 ppm, which
is described in detail in the Sl (see section on doping experi-
ments), and it originates from starting lanthanide source - simi-
lar issue was reported before for Gd3* complex with a compara-
ble ligand.®™ Other typical visible region emitters, such as
Sm3*, Tb3*, and Dy3* also show their characteristic emission. In
addition, 2-Sm and 2-Dy show NIR emission bands, alongside
with NIR emission of 2-Pr, 2-Nd, 2-Ho, 2-Er, 2-Tm, and 2-Yb
(Figure 6). It is remarkable that 1-Pr, 2-Pr, 2-Ho, 2-Er, and 2-Tm
show their characteristic ion-specific 4f-4f emission in the visi-
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ble range at room temperature, which has been well studied
for doped inorganic materials,3>-*2 whereas for coordination
compounds these transitions in the solid state are rarely re-

[MCl5(ptpy)(py)] (2)
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Figure 6. Room temperature solid state normalized excitation (grey) and
emission spectra (coloured, Ao, = 310 or 365 nm) of [MClz(ptpy)(py)] (2). Emis-
sion spectra in the visible and NIR for 2-Pr, 2-Nd, 2-Er, and 2-Yb were normal-
ized separately.
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ported, possibly due to low intensities. Emission of Pr3*, Ho3",
and Tm3* at room temperature in the visible range is promoted
through ligand sensitization in complexes with pyrazole and
hexafluoroacetylacetonate,*3 3-hydroxypyridin-2-one, 4 N,N’-
bis(1-phenylethyl)-2,6-pyridine-dicarboxamide,*”! or bis-tetra-
zolate-pyridine.*®! However, only the latter sensitizes all three
mentioned metal ions. For Er** coordination compounds, metal
ion based emission in the visible range through the ligand
excitation was noticed upon cooling below 200 K#”! or at
3 K,['54849 and only as exceptions, this phenomenon was ob-
served at room temperature.l'>'6°% For each compound, en-
larged detailed spectra measured at room temperature and
77 K with Designation of observed emission bands with Ln3*
4f-4f transitions are reported in the SI.

Quantitative luminescence data — emission lifetimes by over-
all process decay times and quantum yields - of the coordina-
tion compounds presented were collected for all cases with
suitable emission intensity (Table 1). The photophysical proper-
ties of the obtained Th3* and Eu3* compounds are comparable
to other terpyridine derivative complexes, e.g. for Eu* showing
lifetimes > 1 ms and significant quantum yields in the solid
state > 50 %!5"1:281 (2-Eu: 1410(1) ps, 55.2(7) %), while for Tb3*,
lifetimes and quantum yields in combination with sensitizers of
equal energy range as ptpy are typically lower than for
Eu3*11011.281 (2 Th: 349(3) us, 12.8(3) %). For 2-Sm, the lumines-
cence lifetime is shorter (33.82(3) us, QY <1 %) and well in the
range of other complexes of Sm3*.5'->8] Quantum yields of the
Dy3*, Pr3*, Ho*, and Tm3* products obtained could not be de-
termined reliably due to low intensity of emission in the visible,
and of Nd** and Yb3* products due to emission in the NIR.
However, the respective metal ion based emission lifetimes
were also successfully determined for the Dy3*, Pr3*, Ho3*,
Tm3*, and Yb3* products (Table 1), which are also close to the
values presented in the literature.!'3>8-69

Table 1. Photophysical data of ptpy, '..MCls(ptpy)] (1), and [MCls(ptpy)(py)]
(2) in the solid state at room temperature.

Compound 1 hexlAem [NMIPT @ [%]F Ao /Aem [NM]

ptpy 2.728(6) nst®!  316/374 182(2)  330/340-500

2-Y 1.22(4) ns'® 316/385 9.8(5) 330/340-550

1-La 1.19(6) ns'® 316/373 13.1(3) 330/345-500

1-Pr 1.31(2) pst? 377/622 n/a n/a

2-Pr 1.03(7) pst?! 377/614 n/a n/a

1-Nd <2 psffd! 350/1060 n/a n/a

2-Nd <2 pstfd! 360/1066 n/a n/a

2-Sm 33.82(3) ps[ﬂ 360/600 0.69(1) 365/545-735

2-Eu 1410(1) ps™  365/614 552(7)  365/570-715

2-Gd <1 nsled! 316/386 0.39(1) 330/355-475
628(17) ps[h] 364/550 3.5(2) 330/475-775

2-Tb 349(43) ps[” 360/543 12.8(3) 365/480-660

2-Dy 2.67(9) pstf! 365/576 n/a n/a

2-Ho 1.3(3) st 377/657 n/a n/a

2-Tm 1.26(2) pstf! 377/651 n/a n/a

2-Yb 10.69(4) pst!  360/983 n/a n/a

[a] Emission lifetime. [b] Excitation and emission wavelengths of emission
lifetime measurement. [c] Quantum yield. [d] Excitation wavelength and emis-
sion range of QY measurement. [e] Singlet state emission of the ligand. [f]
4f-4f emission of the metal ion. [g] Lifetime is below the instrumental meas-
urement limit. [h] Triplet state emission of the ligand.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Emission lifetimes were determined at low temperature as
well; detailed data can be found in the SI. The most significant
changes in emission lifetimes between r.t. and 77 K can be ob-
served for complexes of 2-Tb and 2-Dy, for which an increase
by more than 5 times compared to r.t. decay times was ob-
served at 77 K (2-Tb: 2249(2) ps, 2-Dy: 14.0(3) ps). This occurs
not only because of the temperature quenching reduction, but
also due to decrease of back energy transfer from the excited
state of a metal ion to energy levels of the ligand upon cooling.
For 2-Th, emission decay times were determined temperature
dependent in a range of 77 to 298 K: the emission lifetime
significantly increases upon cooling down to 150 K and remains
almost unchanged upon further cooling (Figure 7).

[TbCly(ptpy)(py)] (2-Tb) emission lifetime
250

.:,,L 2000
1500
= 1000
500

T T T T 1

100 150 200 250 300

Temperature / K

Figure 7. Temperature dependency of 2-Tb solid state emission lifetime (Ao, =
360 nm, Aem, = 543 nm).

Ligand Exciplex

Additional emission bands were observed in the spectra of the
2-Pr, 2-Ho, 2-Er, and 2-Tm at 77 K (Figure 9). Though their
actual origin and nature cannot be determined unambiguously,
we assume that this may be an exciplex ligand emission as
result of the complex crystal packing. As shown in Figure 8,
intramolecular distances between aromatic rings from different
ligands are rather short, and this can be considered as mt-stack-
ing, which may lead to an exciplex formation. In all spectra
mentioned, this band shows excitation in the region of ligand
singlet state emission, and reabsorption of the light by the re-
spective Ln3* could be observed by indentions in the emission
spectra, most noticeably in the case of 2-Ho and 2-Er (Figure 9).
Emission lifetime of this additional ligand emission was deter-
mined exemplarily for 2-Ho to be on the nanosecond scale
(3.00(1) ns at 77 K). This emission could even be noticed at
room temperature in the spectra of 2-Pr (SI Figure S30) and
weakly for 2-Ho (S| Figure S46).

(@) (b)

6°
333-347 pm

10°
327-349 pm b

Figure 8. Selected views of the X-ray crystal structure of 2-Er indicating the
possibility of an excimer formation. Thermal ellipsoids describe 50 % proba-
bility level of the atoms (Er orange, Cl green, grey/red/turquoise/magenta,
N blue). Hydrogen atoms are omitted.
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Figure 9. Low temperature (77 K) solid state normalized excitation (grey,
Aem = 550 nm) and emission spectra (black, Aoy = 370 nm) of 2-Pr, 2-Ho, 2-
Er, 2-Tm additional ligand-based luminescence.

Conclusions

In summary, thirteen trivalent lanthanide and group 3 metal
chloride complexes and four coordination polymers with 4’-
phenyl-2,2":6,2"-terpyridine were synthesized and character-
ized. They exhibit luminescence, with the ligand absorbing light
in the UV region, the energy being transferred to the metal ion
centre, leading to Ln3*-based 4f-4f emission in the visible and
NIR region. This further includes luminescence rarely reported
for coordination compounds of typical NIR emitters in the visi-
ble range, such as Pr3*, Ho3*, Er3*, and Tm3*. In addition, exci-
plex based emission has been observed. Furthermore, isolation
of a dimeric Eu3* complex with ptpy provides an insight into
the first step of coordination polymers formation from the re-
spective monomeric entities.

Experimental Section
Analytical Methods

CHN Analysis: For carbon, hydrogen, and nitrogen elemental analy-
sis the compounds were placed in a tin crucible with at least one
mass equivalent of V,0s5; samples were stored under inert condi-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tions prior to the measurements. Analyses were performed using a
Vario Micro Cube (Elementar Analysensysteme GmbH).

Single Crystal X-ray Diffraction: Single crystals of the correspond-
ing products were mounted on a goniometer head using a perfluor-
inated ether (viscosity 1800 cSt, 99.9 %, ABCR). Data collection was
performed using Mo-K,,; X-ray radiation with a BRUKER AXS Apex
Il diffractometer at 100 K with a Helios-mirror or Graphite mono-
chromator using the BRUKER AXS.7% Data processing was accom-
plished with XPREP.”" All structure solutions were carried out with
direct methods using SHELXT”? and the obtained crystal structures
were refined with least square techniques using SHELXLY3! on the
graphical platform shelXle.”4

CCDC 1895773 (for 1-La), 1895774 (for 1-Ce), 1895775 (for 1-Pr),
1895776 (for 1-Nd), 1895777 (for 3), 1822581 (for 2-Nd), 1822582
(for 2-Sm), 1822583 (for 2-Eu), 1822584 (for 2-Gd), 1822585 (for 2-
Tb), 1822586 (for 2-Dy), 1822587 (for 2-Ho), 1822588 (for 2-Er),
1822589 (for 2-Tm), 1822590 (for 2-Yb), 1822591 (for 2-Lu) and
1822592 (for 2-Y) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

Powder X-ray Diffraction: Samples for powder diffraction were
grinded in a mortar and filled in mark tubes made of soda lime
glass with @ 0.3 mm (Hilgenberg GmbH), which were cut and sealed
with picein wax. Diffraction data was collected with a powder X-ray
diffractometer BRUKER AXS D8 Discover equipped with a LYNXEYE
detector in a transmission geometry. X-ray radiation (Cu-K,;) was
focused with a Goebel mirror (Cu-K,, was eliminated by Ni ab-
sorber). Collection and analysis of the data was performed using
the BRUKER AXS Diffrac.Suite™ software.

Vibrational Spectroscopy: MIR spectra were recorded under non-
inert conditions from several milligrams of the compounds with a
Nicolet 380 FT-IR spectrometer (ATR module) using OMNIC™ soft-
ware.

Photoluminescence Spectroscopy: Solid samples were filled in
spectroscopically pure quartz glass cuvettes under inert gas atmos-
phere and examined at room temperature or at 77 K using special
liquid nitrogen filled Dewar assembly (FL-1013, HORIBA).

Excitation and emission spectra in UV and visible range (250-
850 nm) were recorded with a HORIBA Jobin Yvon Spex Fluorolog
3 spectrometer equipped with a 450 W Xe short-arc lamp (OSRAM),
double-grated excitation and emission monochromators, and a
photomultiplier tube (R928P) using a FluoroEssence™ software.
Both excitation and emission spectra were corrected for the spectral
response of the monochromators and the detector using spectra
corrections provided by the manufacturer. Additionally, excitation
spectra were corrected for the spectral distribution of the lamp in-
tensity by use of a photodiode reference detector. When required,
an edge filter (Newport) was used during collection of the data. An
Er3* NIR emission spectrum was recorded with a Photon Technology
International QuantaMaster™ Model QM-2000-4 spectrometer
equipped with a photomultiplier (R928P), an InGaAs-NIR detector,
and a 75 W short arc lamp (UXL-75XE, Ushio). Additionally, a filter
for excitation (300 nm bandpass, A = 20 nm, OD = 5, Edmund
Optics) and an edge filter for emission (RG780, Edmund Optics)
were applied.

Photoluminescence quantum yields were determined with the
above-mentioned HORIBA Jobin Yvon Spex Fluorolog 3 spectrome-
ter equipped with a HORIBA Quanta-¢p F-3029 Integrating Sphere
using a FluoroEssence™ software. For the measurements, solid sam-
ples were filled into Starna Micro Cell cuvettes 18-F/ST/C/Q/10 (fluo-
rescence with ST/C closed-cap, material UV quartz glass Spectrosil
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Q, pathlength 10 mm, matched). Dry barium sulfate was used as a
reference material. Each sample was measured at least three times
and the quantum yield values with standard deviation were evalu-
ated afterwards. Quanta-¢ Integrating Sphere was checked by
measuring a standard (sodium salicylate as a powder, Ao, = 340 nm,
Aem = 365-600 nm, measured QY = 51.7(1.7) %, in the literature:
53 %).[75]

Photoluminescence lifetimes were determined using an Edinburgh
Instruments FLS920 spectrometer by overall process decay time de-
termination. The decay times were recorded by time-correlated sin-
gle-photon counting (TCSPC) using a microsecond flash lamp, pico-
second pulsed laser diode, or pulsed LEDs for sample excitation.
The luminescence emission was collected at right angles to the
excitation source, and the emission wavelength was selected with a
monochromator and detected by a single-photon avalanche diode
(SPAD). Exponential reconvolution or tail fitting were used for calcu-
lation of resulting intensity decays calculation using Edinburgh
F900 analysis software. The quality of the fit was confirmed by %2
values. A nitrogen cryostat OptistatDN (Oxford Instruments) was
used for photoluminescence lifetime determinations at 77 K. Addi-
tionally, NIR spectra at room temperature and 77 K were recorded
also using an Edinburgh Instruments FLS920 spectrometer
equipped with NIR PMT detector.

Synthesis and Analytical Data

General Information: All syntheses with participation of lanthan-
ides were performed under inert conditions (argon or nitrogen at-
mosphere) using vacuum line, gloveboxes (MBraun Labmaster SP,
Innovative Technology Purelab), Duran® culture tubes with screw
caps, Schlenk tubes, and Duran® glass ampoules (outer g 10 mm,
wall thickness 1 mm). Solvents were dried using standard tech-
niques and stored in flasks with J. Young valve with molecular
sieves. Details on the crystallographic data, comparison of simu-
lated and recorded powder XRD patterns, detailed IR bands from
ATR-MIR investigations, page size photoluminescence spectra with
designated 4f-4f transitions, detailed photoluminescence lifetime
and quantum yield data, and doping experiments can be found
could be found in the SI (69 pages).

Starting Materials: 4-phenyl-2,2":6",2”-terpyridine was synthesized
as described in the literature.’® LaCl; (99.9 % Heraeus), CeCl,
(99.9 %, ABCR), PrCl3, GdCls, DyCls, YCl3 (99.9 %, Strem) were pur-
chased and used as received. LnCl; synthesized from oxides Eu,0s,
Er,03, Tm,05, Yb,03 (99.9 %, RC-Nukor), Nd,Os;, Sm,0s;, Th,0O,
(99.9 %, Auer-Remy), Ho,05 (99.9 %, Strem), Lu,Os; (99.9 %,
Chempur), HCl solution (10 mol L™, reagent grade), and NH,CI
(99.9 %, Fluka) through ammonium halide route according to the
literature,””) and then purified by sublimation under vacuum (ex-
cept for EuCl; due to possible decomposition).

Synthesis of _[LaCl;(ptpy)] (1-La) and ' [NdCl;(ptpy)] (1-Nd):
Anhydrous LaCl; or NdCl; (0.1 mmol) and 4’-phenyl-2,2":6",2"-ter-
pyridine (0.105 mmol, 32.5 mg) were mortared together and placed
together with pyridine (0.5 mL) in the ampoule made from Duran®
glass, which was sealed afterwards. The ampoule was placed in
the resistance heating oven with thermal control (Eurotherm 2416),
heated to 250 °C within 2 hours, then the temperature was hold for
32 hours. Afterwards, the oven was cooled down to room tempera-
ture. Resulting solid product was washed twice with pyridine (1 mL)
and dried under vacuum.

1-La '_[LaCl;(ptpy)]: White solid with violet luminescence. Yield:
52.5 mg (95 %). Elemental analysis calcd. (%) for LaCl3Cy1H;5N5:
C 45.48, H 2.73, N 7.58; found C 44.95, H 2.83, N 7.37.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1-Nd '_[NdCl;(ptpy)]: Slightly violet solid. Yield: 52.5 mg (94 %).
Elemental analysis calcd. (%) for NdClsCy,H,sN3: C 45.04, H 2.70,
N 7.50; found C 44.78, H 2.69, N 7.64.

Synthesis of . [CeCl;(ptpy)] (1-Ce), ' [PrCls(ptpy)] (1-Pr), and
[MCl;(ptpy)(py)] (2) (M = Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,
Yb, Lu, Y): A corresponding anhydrous rare earth metal(lll) chloride
(0.1 mmol) and 4’-phenyl-2,2":6",2"-terpyridine (0.105 mmol,
32.5 mg) were placed in the Duran® culture tube with a screwcap
with hole (and septum). Pyridine (0.5 mL) and a stir bar were added
to the mixture of solids. Reaction mixture was heated at 150 °C for
10 minutes upon stirring. Following additions and removals of sol-
vent were performed through the septum. After the reaction, the
tube was centrifuged, and the solvent was removed. Next step was
repeated twice: toluene (1 mL) was added with following stirring,
tube was centrifuged again, and the solvent was removed. The
complexes are insoluble in pyridine and could be synthesized with
quantitative yield. The synthesis could be easily upscaled to
0.3 mmol of MCl; with usage of 0.305 mmol of ligand and 1 mL of
pyridine.

1-Ce '_.[CeCl;(ptpy)]: Yellow solid. Yield: 54.9 mg (99 %). Elemental
analysis calcd. (%) for CeCl3Cy1H5Ns: C 45.38, H 2.72, N 7.56; found
C 45.55, H 292, N 7.47.

1-Pr ' [PrCl3(ptpy)l: Slightly green solid. Yield: 55.1 mg (99 %). Ele-
mental analysis calcd. (%) for PrCl;Cy;HisNs: C 4531, H 2.72,
N 7.55 %; found C 45.54, H 2.87, N 7.57.

2-Nd [NdCl;(ptpy)(py)]l: White solid. Yield: 63.1 mg (99 %). Elemen-
tal analysis calcd. (%) for NdClsCy6H,0N4: C 48.87, H 3.15, N 8.77 %;
found C 48.76, H 3.25, N 8.62.

2-Sm [SmCl;(ptpy)(py)]: White solid with weak red luminescence.
Yield: 63.7 mg (99 %). Elemental analysis calcd. (%) for
SMCl3CheH20N4: C 484, H 3.12, N 8.68 %; found C 48.55, H 3.22, N
8.57.

2-Eu [EuCl3(ptpy)(py)]: White solid with intense red luminescence.
Yield: 640 mg (99 %). Elemental analysis calcd. (%) for
EuCl3Cy6H50N,: € 48.28, H 3.12, N 8.66 %; found C 48.50, H 3.35, N
8.52.

2-Gd [GdCl3(ptpy)(py)l: White solid with orange luminescence.
Yield: 64.5 mg (99 %). Elemental analysis calcd. (%) for
GdCl3CyeHyoN4: C 47.89, H 3.09, N 8.59 %; found C 48.11, H 3.22, N
8.65.

2-Tb [TbhCl3(ptpy)(py)]: White solid with green luminescence. Yield:
65.2 mg (99 %). Elemental analysis calcd. (%) for TbCl3Co6H,oN,4: C
47.77, H 3.08, N 8.57 %; found C 47.86, H 3.15, N 8.48.

2-Dy [DyCls(ptpy)(py)]l: White solid. Yield: 65.5 mg (99 %). Elemen-
tal analysis calcd. (%) for DyCl;Co6H50N4: C 47.51, H 3.07, N 8.52 %;
found C 47.69, H 3.14, N 8.54.

2-Ho [HoCls(ptpy)(py)l: White or pink solid, colour depends on the
light source (compound shows alexandrite effect). Yield: 65.4 mg
(99 %). Elemental analysis calcd. (%) for HoClsCo6H50N,: € 47.33, H
3.06, N 8.49 %; found C 47.49, H 3.29, N 8.46.

2-Er [ExCl;(ptpy)(py)]: Slightly pink solid. Yield: 65.7 mg (99 %). Ele-
mental analysis calcd. (%) for ErCl3Cy6H N4 C 47.17, H 3.04, N
8.46 %; found C 47.28, H 3.15, N 8.30.

2-Tm [TmClz(ptpy)(py)]: White solid. Yield: 65.6 mg (99 %). Elemen-
tal analysis calcd. (%) for TmCl3Cy6H0N,4: C 47.05, H 3.04, N 8.44 %;
found C 46.99, H 3.18, N 8.26.

2-Yb [YbClz(ptpy)(py)]l: White solid. Yield: mg 66.0 (99 %). Elemen-
tal analysis calcd. (%) for YbCl3Cy6HoN4: C 46.76, H 3.02, N 8.39 %;
found C 46.75, H 3.04, N 8.33.

Eur. J. Inorg. Chem. 2019, 4564-4571 www.eurjic.org

4570

Eur|IC

European Journal
of Inorgariic Chemistry

Full Paper

2-Lu [LuCl3(ptpy)(py)]: White solid with blue luminescence. Yield:
66.7 mg (99 %). Elemental analysis calcd. (%) for LuClsCogH5oNy4: C
46.62, H 3.01, N 8.36 %; found C 46.45, H 3.16, N 8.16.

2-Y [YCIs(ptpy)(py)l: White solid with blue luminescence. Yield:
57.9 mg (99 %). Elemental analysis calcd. (%) for YCl3CyeH,oN4: C
53.5, H 3.45, N 9.6 %; found C 53.55, H 3.71, N 9.53.

Synthesis of [PrCl;(ptpy)(py)] (2-Pr): PrCls (0.15 mmol, 37 mg) and
4’-phenyl-2,2":6",2”-terpyridine (0.155 mmol, 48 mg) were placed in
the Duran® culture tube with a screwcap with hole (and septum).
Pyridine (0.3 mL) and a stir bar were added to the mixture. The
reaction mixture was heated at 80 °C for 8 hours upon stirring.
Afterwards, the tube was centrifuged, and the solvent was removed.
Then the product was dried under vacuum.

2-Pr [PrCls(ptpy)(py)l: Slightly green solid. Yield: 93.8 mg (98 %).
Elemental analysis calcd. (%) for PrCl3Co6H50N4: C 49.12, H 3.17, N
8.81 %; found C 48.85, H 3.29, N 8.76.

Obtaining Single Crystals of 1 and 2: Several milligrams of
T IMCl3(ptpy)] (1) or [MCls(ptpy)(py)] (2) and 0.5 mL of pyridine
were sealed in an ampoule made from Duran® glass. The ampoule
was placed in the resistance heating oven with thermal control (Eu-
rotherm 2416), heated to 200 °C within 0.5 hours, then the tempera-
ture was hold for 8 hours. Afterwards, the oven was cooled down
to room temperature. Resulting crystals were washed two times
with toluene, dried under vacuum, and then used for single crystal
XRD measurement. Single crystals could be obtained for all prod-
ucts except for 2-Pr. Suitable single crystals of 1-La and 1-Nd were
already obtained at the synthesis conditions described before.

Synthesis of [Eu,Clg(ptpy),] (3): EuCl; (0.005 mmol, 1.3 mg) and
4’-phenyl-2,2":6’,2”-terpyridine (0.05 mmol, 15.5 mg) were sealed in
an ampoule made from Duran® glass. The ampoule was placed in
the resistance heating oven with thermal control (Eurotherm 2416),
heated to 300 °C within 1 hours, then the temperature was hold for
18 hours. Afterwards, the oven was cooled down to room tempera-
ture. Resulting crystals were washed two times with toluene, dried
under vacuum, and then used for single crystal XRD measurement.
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