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Homoleptic coordination polymers and complexes
of transition metals with 2-(1,2,4-1H-triazol-3-yl)
pyridine and tuning towards white-light emissionf
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Twelve coordination compounds ranging from polymers to complexes based on divalent ions of the 3d-
transition metals Mn to Zn, and Cd together with the ligand 2-(1,2,4-1H-triazol-3-yl)pyridine (Hpt) were
synthesised and fully characterised. The main products are homoleptic, one-dimensional coordination
polymers L [M(pt),] (M = Mn-Zn, and Cd, pt = 3-(pyridin-2-yl)-1,2,4-triazolate), L, [Cu(pt),]-0.5Py, besides
complexes [MX5(Hpt),] from MnCl,, FeCl,, CoCl,, CoBr,, ZnCly, and Hpt = 2-(1,2,4-1H-triazol-3-yl)pyri-
dine. In addition to these series, single crystalline by-products of the reactions were identified and their
structures determined. The obtained products were investigated with single-crystal (SCXRD) and powder
X-ray diffraction (PXRD), including temperature-dependent PXRD, physisorption experiments, UV-Vis, IR,
and photoluminescence spectroscopy (PL), simultaneous thermal analysis, and elemental analysis. Based
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on L [Zn(pt),l, it was possible to generate a white light-emitting compound by addition of Eu®* and Tb>*.
It follows the RGB concept with blue ligand-based emission of the coordination polymer and red/green
emission of lanthanide ions and shows excitation dependent tuneable character of emission colour from
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Introduction

Coordination compounds and complexes have been under
extensive chemical investigation and have multiple appli-
cations e.g., functioning as catalysts’ as well as for medical
and biochemical purposes.” This includes e.g., various zinc-
based coordination compounds acting as anticancer agents,’
or complexes based on the tridentate Schiff base ligand, 4-(2-
((1E,2E)-1-(2-(p-tolyl)hydrazineylidene)-propan-2-ylidene)-

hydrazineeyl) with anticancer or antimicrobial activities depend-
ing on contained metals." Complexes of Fe(m), and Co(n) with
Isatin-hydrazone derivates were reported showing anti-inflamma-
tory properties.’ Besides, coordination complexes can be utilised
as sensor materials for various analytes by luminescence moni-
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toring. For example, the formation of a complex and thereon
fluorescence quenching of a 2-pyridinecarbonyl substituted
8-aminoquinoline derivative was reported being applicable to
quantify Cu** in water and food.® A complex based on Pd(n) and
a hydrazone derived Schiff base was found to be capable of ratio-
metric detection of F~.” The compound [(ppy),Ir(IPP)]PF, (ppy =
2-phenylpyridine, IPP = 1-(1H-imidazo[4,5-f]1,10]phenatrolin-2-
yl)phenol) was reported being applicable as a “turn-off” fluo-
rescence sensor for Ni**.® This shows the numerous potential
applications, coordination complexes possess.

By usage of multidentate ligands and depending on the
ligand structure, it is possible to obtain polymeric coordination
compounds, namely coordination polymers (CPs) and metal-
organic frameworks (MOFs). These groups of coordination com-
pounds were intensively studied over the recent years.”>'* The
properties of CPs and MOFs depend on their structure and con-
taining building blocks - often metal ions and ligands - leading
to various possible applications, such as electrochemical pro-
perties'® resulting in energy storage implementations,'™"® cata-
Iytic utilisation,'®"” medical purposes,”'*'®'® and environmental
protection applications.*'%*°

One of the most fascinating properties of manifold MOFs is
photoluminescence, leading to applications like sensing,>
bioimaging,'®** optoelectronic devices,>® and aesthetical or
anti-counterfeiting applications.>*** Investigated photolumi-
nescent coordination compounds often contain multiple
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chromophores, leading to the possibility of tuning the emis-
sion colour. This can be achieved e.g., by functionalisation of
MOFs with lanthanide ions.>®*”*73! White light emission is a
frequently desired property of alike compounds, attained by
utilising additive colour mixing according to the RGB
concept.?>?%32 Thereby, white light emitting CPs and MOFs as
solid-state light sources are a more environment-friendly
alternative to e.g. mercury containing fluorescent lights.****
This makes them promising candidates for lighting techno-
logies or anti-counterfeiting applications.”®> As a matrix
material for such luminescent compounds, transition metal
coordination polymers can be exploited, as it was shown for
ZIF-8,°°7" MOF-5,>° or 3 {[Zn;(bdc);(EtOH),]-(EtOH), ¢} (bdc =
benzene dicaboxylate).’® Moreover, by intercalation of Eu®*
and Tb>" to MIL-124, a white light emitter was created, which
potentially can be utilised in luminescent devices like displays,
or for lighting.*® Furthermore, a coordination polymer gel
obtained by reaction of europium acetate and terbium acetate
with 5,5',5"-((benzene-1,3,5-tricarbonyl)tris(azanedi-yl))trii-
sophthalic acid featuring white light emission was published,
which is applicable as invisible anti-counterfeit ink.*® By
coating of UV-LEDs with a composite comprising carbon dots,
and the MOF [Eu, »,Tb, ;5(1,4-phda);(H,0)](H,O) it was poss-
ible to generate a white LED.?”

There are several examples of CPs containing transition
metals and 1,2,4-1H-triazole (TzH), or rather 1,2 4-triazolate
(Tz), as ligand.*® It was shown, that those compounds can
exhibit guest-sensitive luminescence.*® Therefore, also deri-
vates of triazoles are of increasing scientific interest as poten-
tial ligands for CPs with photoluminescent properties. A
ligand, which was recently used for this purpose, is 2-(1,2,4-
1H-triazol-3-yl)pyridine (Hpt)*°™*>*3™%” or derivates of it.*®*%*°
Numerous compounds based on these ligands in combination
with transition metals were reported, such as coordination
polymers, like the isotypic, homoleptic compounds L[Ni
(pt)2]-1.5H,0 *° and L[Cu(pt),]-H,0,*" as well as the heterolep-
tic polymers L[Cu,I(pt),],”° and L[Cu(pt)(OAc)].>" They all
exhibit a one-dimensional polymeric structure with n*,-
coordination mode of the deprotonated pt ligand. Also, com-
pounds containing derivates of Hpt were published, such as
3 [Cu(H-2py-trz-pba),] (H-2py-trz-pba = 4-(3-(Pyridin-2-yl)-4H-
1,2,4-triazol-4-yl)benzoate),”> [Mn,(bpt),(SCN),(H,0),] (con-
taining the Hpt derivate bpt = 3,5-bis(2-pyridyl)-4H-1,2,4-tri-
azole),*® and L [Zn(5-nipa)(L**)(H,0)] (5-nipa = 5-nitroisophtha-
late, L** = 2,2'-(4H-1,2,4-triazole-3,4-diyl )dipyridine).*’

Various reported compounds also feature additional pro-
perties, like [Fe(Hpt);](BF,),-H,O, which shows a temperature-
dependent spin crossover of Fe(u).** Also, the d'° transition metal
ion Cu(1) forms complexes with Hpt derivates, such as [Cu
(bptzH)(PPh;),](ClO,) (bptzH = 2-(3-tert-butyl-1,2,4-1H-triazol-5-yl)
pyridine), [Cu(fptzH)(PPhy),](ClO,) (fptzH = 2-(3-trifluoromethyl-
1,2,4-1H-triazol-5-yl)pyridine), and [Cu(bptzH)(dppe)](ClO,) (dppe
= 1,2-bi(diphenylphosphino)ethane), which all show intense,
luminescence in the solid state with emission colours from blue
to green.” This shows the potential of coordination compounds
based on Hpt and its derivates with regard to optical properties.
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In this work, we extend the number of coordination com-
pounds based on Hpt and present the structures and pro-
perties of new compounds with 3-( pyridin-2-yl)-1,2,4-triazolate
(pt) as ligand, namely the polymers % [M(pt),] (M = Mn (1), Fe
(2), Co (3), Ni (4), Cu (5), Zn (6), Cd (7)), and L[Cu(pt),]-0.5Py
(8), besides the complexes [MX,(Hpt),] (MX, = MnCl, (9), FeCl,
(10), CoCl, (11), CoBr, (12)) containing 2-(1,2,4-1H-triazol-3-yl)
pyridine (Hpt). Depending on the contained transition metal
ion, the synthesised CPs can exhibit photophysical properties
and - in case of a zinc-containing CP - can even be used as
blue component of a RGB-type white light-emitter.

The obtained compounds were investigated with regard to
structure, photophysical properties and thermal properties,
which is described hereafter.

Results and discussion

The compounds L[Zn(pt),] (6), L[Cu(pt),]-0.5Py (8),
[MnCLy(Hpt),] (9), [FeCly(Hpt)] (10), [CoCl(Hpt)] (11),
[CoBr,(Hpt),] (12), and [ZnCl,(Hpt),] (13) were obtained as single
crystals suitable for SCXRD. Therefore, the crystal structures were
determined for these compounds based on SCXRD data, isostruc-
tural or even isotypic character of further elements of the series
of compounds were determined by PXRD.

Syntheses of and crystal structure investigations on % [M(pt),] (1-7)

Based on single crystal X-ray data, the crystal structure of this
series of compounds was determined for the homoleptic, one-
dimensional coordination polymer (CP) L[Zn(pt),] (6). Crystals
of 6 suitable for single crystal X-ray diffraction investigations
were obtained by reaction of water-free ZnCl,, 2-(1,2,4-1H-
triazol-3-yl)pyridine (Hpt), and benzylamine in a mixture of
toluene and pyridine. CP 6 crystallises in the tetragonal crystal
system in the space group I4,/acd. The CP contains distorted,
zinc-based octahedra, in which Zn”>* is coordinated by four
deprotonated, 3-(pyridin-2-y1)-1,2,4-triazolate (pt) ligand mole-
cules. Two n*-pt ligands coordinate via N1 of the pyridine ring
and N2 of the triazole ring. The other two n' ligand molecules
coordinate via N3 of the triazole ring to Zn. Thereby, each pt
ligand coordinates to two zinc ions. This results in octahedra
which are interconnected by two neighbouring nitrogen atoms
of the triazole rings (here N2 and N3). The consequential, one-
dimensional polymeric strands screw about the -crystallo-
graphic ¢ axis and are stacked within the unit cell, forming
square-shaped pore channels.

Detailed crystallographic data is listed in Table S1.f A
depiction of the crystal structure is given in Fig. 1. Considering
weak C-H--N interactions,> each pt ligand establishes two
hydrogen bonds to ligand molecules of a neighbouring poly-
meric strand. This results in a supermolecular three-dimen-
sional polymeric structure (Fig. S17).

The interatomic Zn-N distances in CP 6 were determined to
be within the range of 207(5) pm to 232(4) pm (Table S27).
These distances match with published values for e.g. 3[Zn
(H-2py-trz-ia)]-5.25H,0 (H-2py-trz-ia = 5-(3-pyridyl-1,2,4-triazol-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Depiction of the crystal structure of L [Zn(pt),] (6). Presented are: A three-dimensional depiction of the square-shaped pore channels along
the crystallographic c axis (a), an excerpt of the crystal structure along the crystallographic c axis in parallel projection (b), and the extended coordi-
nation of Zn?* (c, hydrogen atoms are omitted). Polyhedra around Zn are highlighted dark cyan. Displayed thermal ellipsoids correspond to 50%
probability level of the atoms. For clarity, only one of the two disorders of the ligand molecule is depicted. Crystallographic data is summarised in
Table S1. Symmetry operations: | =1/4 +y,1/4 - x, -1/4 + z; l = x, =y, 1/2 = z; 1 = 1/4 -y, 1/4 — x, 1/4 — z.

4-yl)iso-phthalate), which contains fivefold coordinated Zn>*
interconnected three-dimensionally by H-2py-z-ia, and for
which corresponding distances in a range of 212-221 pm are
reported.*”

The distances in 6 are also in good agreement with dis-
tances in L[Zn(5-nipa)(L*?)(H,0)] (5-nipa = 5-nitro-isophtha-
late, L>* = 2,2'-(4H-1,2,4-triazole-3,4-diyl)dipyridine),*® which
contains octahedrally coordinated Zn®*" and for which Zn-N
distances of 214-235 pm are reported.

By comparison of the reported sum formulas, CP 6 is
closely related to reported compounds L[Ni(pt),]-1.5H,0,*
and L[Cu(pt),]-H,0,"" which also feature octahedral coordi-
nation of the metal ions by n>-p,-coordinating pt ligands and
one-dimensional polymeric structures. Within these two CPs,
polymeric zig-zag chains with two different orientations within
the unit cell are formed, rather than screwing strands as
observed for 6. This leads to a denser packing within the unit
cell for the already reported compounds in comparison to 6.
For the single crystal structure of CP 6, a residual electron
density of 215 electrons per unit cell located in the square-
shaped channels were found, indicating solvent molecules
being intercalated there.

PXRD investigations on 1 [M(pt),]

Bulk materials of L, [M(pt),] (1-7) were obtained by solvothermally
reacting stoichiometric amounts of the metal acetate (hydrates)
M(OAc),-xH,0, M = Mn-Zn, Cd, and the ligand Hpt in pyridine
(see Experimental section). Subsequent to washing with fresh
solvent and drying in vacuum, the homoleptic compounds L[M
(pt)z] (M = Mn (1), Fe (2), Co (3), Ni (4), Cu (5), Zn (6), Cd (7)) are
obtained, which are isotypic, and can be synthesised phase-pure,
as proven by powder diffractograms (Fig. 2). The isotypic charac-
ter of the CPs 1-7 was confirmed by Pawley refinements (see
Fig. $4, and Table S15%). By these, the cell constants of 1-7 were
determined to the values listed in Table S27.}

It is noteworthy, that CP 5 (}[Cu(pt),]) differs from the
already reported compound % [Cu(pt),]-H,O"" although having

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 PXRD patterns of L [M(pt),] (M = Mn (1), Fe (2), Co (3), Ni (4), Cu
(5), Zn (6), Cd (7)), in comparison to a pattern of 6 simulated from
SCXRD data.

the same polymer sum formula. Indeed, 5 is isotypic to L[Zn
(pt).] (6) as proven by PXRD and Pawley refinement utilizing
SCXRD data of 6 (see Fig. 2, Fig. S4, and Table S157). Hence, 5
also crystallises in the tetragonal crystal system in a body-
centred Bravais lattice and exhibits polymeric strands screwing
about crystallographic ¢ axis, as described above. Contrary,
L[Cu(pt),]-H,0*" contains polymeric zig-zag chains with two
different orientations within the unit cell crystallizing in a
primitive Bravais lattice.**

Temperature-dependent PXRD investigations on L [M(pt),]

The effect of intercalated solvents is further noticeable.
Differences in reflection intensities between recorded patterns
and the simulated pattern of %[Zn(pt),] (6), which are observa-
ble within Fig. 2, can be explained by solvent molecules being
intercalated within the square-shaped pore channels. An influ-
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ence on reflection intensities is a known effect of guests being
present in pore systems.>® Furthermore, different constituting
metal ions and the tendency of these CPs to crystallise with a
needle-shaped habitus leading to preferred orientation effects
with regard to PXRD influence the reflection intensities, as
well.

To investigate the differences and changes of reflection
intensities more intensively, temperature-dependent PXRD
recordings were performed. When analysing respective pat-
terns of L [Zn(pt),] (6) (Fig. 3), the intensity of the (2 0 0) reflec-
tion at approx. 7.8° in 260 shows the largest detectable variation
in intensity in dependence of temperature T and increases
upon heating (between 30 °C and 405 °C). Since related lattice

o
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Intensity /[10° counts]
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planes intersect the square-shaped pore channels (Fig. 4), the
intensity of this reflection is possibly influenced by guest
molecules intercalated in the pores. With increasing tempera-
ture, the differences in intensities between recorded and simu-
lated patterns of 6 diminish with solvent molecules leaving the
pores. The powder pattern of 6 can be identified up to a temp-
erature of 430 °C, while the intensities of observed reflections
start to decrease above 405 °C, as shown for the four most
intense reflections in Fig. S6.f Additionally, the broad reflec-
tions that are assigned to the formation of ZnCN,, begin to
emerge. At 455 °C, the coordination polymer is decomposed
completely, and the majority phase is identified as ZnCN,

(Fig. 3).

ZnCN,
L (simulated)
A A Jh LA A lﬂl.
g, .
3| |
‘@ | 30
s - 430 °C
=l
O
N 25 30
gy‘l_JL__M_L_ML 405 °C
S
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5 10 15 20 25 30 35 40 45 50 55 60

Diffraction angle 26 [°]

Fig. 3 Temperature-dependent powder X-ray diffractograms of L [Zn(pt),] (6) reaching from 30 °C to 505 °C in steps of 25 °C (left) besides recorded
diffractograms of 6 at 30 °C, 405 °C and 430 °C in comparison to diffractograms CP 6, and ZnCN,,%* both simulated from respective SCXRD data (right).

(200)

(21 1),

S

411) (6 00),

\R R

Fig. 4 3D depiction of the crystal structure of % [Zn(pt),] (6) with square-shaped pore channels marked as yellow cuboids, as well as 3D depictions
of the unit cell without atoms and inserted lattice planes. Lattice planes corresponding to the most intense PXRD reflections observed are inserted

as coloured planes: red = (200), pink = (211), grey = (411), green = (600).
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Analogous temperature-dependent PXRD investigations
were performed for L, [M(pt),] (M = Mn (1), Fe (2), Co (3), Ni (4),
Cu (5), Cd (7)) leading to comparable results.

For L[Mn(pt),] (1), the formation of unknown phase(s) is
observable. L [Fe(pt),] (2) converts to a high pressure phase of
magnetite,>® followed by transition to magnetite®” at 480 °C
and finally to hematite®® at 505 °C. L[Co(pt),] (3) and %[Cu
(pt)2] (5) decompose to amorphous compounds. Temperature-
dependent PXRD investigations on L[Ni(pt),] (4) show the for-
mation of Ni;C >® above 280 °C. In analogy to the high-temp-
erature behaviour of L, [Zn(pt),] (6) described above, CP 7 (4[Cd
(pt)2]) decomposes to CACN, *® above 405 °C, at first, which
subsequently converts to CdO ®° at 505 °C. Temperature-depen-
dent PXRD investigation results are summarised in Table 1.
Corresponding PXRD patterns are given within the ESI
(Fig. S6-S18t), besides Fig. 3. This shows that the solvents can

Table 1 Sum formula and temperature, up to which the compound is
stable (Tg), the compound is identifiable by PXRD (T ,ax), temperature, at
which reflections of the coordination polymer are no longer observable
by PXRD (Tg4ec). as well as the resulting majority phase

Sum Tst “ Tmax  Tdec
Compound formula [°C] [°C] [°C] Majority phase at Tgec
1 ! [Mn(pt),]” 330 430 455 Unknown phase
2 I[Fe(pt),]” 305 430 455 Fe;0, (magnetite?)’®
3 L[co(pt),)” 455 455 480 Amorphous
4 LINi(pt),]” 280 480 505 Ni,C*°
5 Llcu(pt),)’ 305 330 330 Amorphous
6 Llzn(pt),]° 405 430 455 ZnCN,*“
7 1lcd(pt),” 405 430 455 CdCN,°?

“The temperature stability was evaluated by investigation of reflection
intensities in temperature-dependent PXRD. As soon as a drop in
intensity of the reflections is observed, the beginning decomposition
of the crystalline structure is assumed. ?See also Fig. $7-518.1 °See
Fig. 3, and Fig. S6.1 ¢ High-pressure crystal structure of magnetite at
250 kPa. It converts to magnetite®” at 455 °C and finally to hematite>®
at 505 °C. ¢ Transition to CdO *° is observed at 505 °C.
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be removed from square-shaped pore channels by thermal
treatment.

Crystal structure of the one-dimensional, homoleptic
coordination polymer ! [Cu(pt),]-0.5Py (8)

A structure which is closely related to CP 6, was found for the
coordination polymer %[Cu(pt),]-0.5Py (8, Fig. 5). This com-
pound crystallises in the orthorhombic crystal system in the
space group Ibca. The same structural motif of L [Zn(pt),] (6) is
present in CP 8. It contains distorted, copper-ion-based octa-
hedra, in which Cu®" is coordinated by four deprotonated pt
molecules, two >~ and two n'-pt, in analogy to CP 6.

Solvent molecules (pyridine) are intercalated in the rec-
tangular pore channels in a crystallographically ordered
manner, resulting in a change of the crystal system from tetra-
gonal to orthorhombic in comparison to L[Zn(pt),] (6).

Excerpts of the crystal structure of CP 8 are given in Fig. 5
and Fig. S2.1 Detailed crystallographic information is given in
Table S3.1 Interatomic Cu-N distances ranging from 198(3)
pm to 260(2) pm (Table S4t) coincide with distances reported
for the one-dimensional coordination polymer L [Cu(pt),]-H,O,
which consist of pt-linked, Cu(u)-based octahedra. Interatomic
Cu-N distances for this compound are ranging from 197 pm
to 254 pm.**

PXRD investigations on % [Cu(pt),]-0.5Py (8)

As mentioned above, the CPs L[M(pt),] can be obtained as
bulk material by solvothermal reaction of metal acetates and
Hpt in pyridine. However, due to the porosity of these sub-
stances, solvent molecules are intercalated. Accordingly,
drying is essential to achieve L[Cu(pt),] (5). The product
initially obtained by reaction of Cu(OAc),-H,O and Hpt in pyri-
dine (without washing and vacuum drying), contained both,
single crystals of L[Cu(pt),]-0.5Py (8) and reflections of 8 in the
powder diffractogram, only. This means, the as-synthesised,
still damp product of the reaction of Cu(OAc),-H,O and Hpt

Fig. 5 Depiction of the crystal structure of % [Cu(pt),]-0.5Py (8). Presented are: An enlarged 3D illustration of the rectangular channels within the
elemental cell with depiction of both disorders of trapped pyridine molecules (a; for simplification, only Cu atoms and coordinating N atoms of the
CP are depicted and pyridine molecules are shown in wire stick representation), as well as the extended coordination of Cu®* (b; hydrogen atoms
are omitted). Polyhedra around Cu are highlighted in orange. Displayed thermal ellipsoids correspond to 50% probability level of the atoms.
Crystallographic data is summarised in Table S3.1 Symmetry operations: | =1 -x,3/2 -y, z; 1 =3/2 - x,y, 1 - z.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Powder X-ray diffractograms of the reaction product of Cu(OAc),-H,O and Hpt in pyridine after air-drying for given durations as well as a
pattern of the vacuum-dried product in comparison to patterns of  [Cu(pt),]-0.5Py (CP 8) and % [Zn(pt),] (CP 6), both simulated from respective
SCXRD data. Upon air-drying, the reflections of CP 5 appear. After vacuum-drying, the pattern of the product shows reflections of 5, only.

contains 1 [Cu(pt),]-0.5Py (8) as majority phase instead of 5.
However, CP 8 is only stable in the presence of pyridine and
converts completely into L [Cu(pt),] (5) upon drying, which was
proven by comparison of recorded PXRD patterns after several
minutes of air-drying and complete vacuum-drying (Fig. 6,
reflections corresponding to 5 are marked with*). The pattern
of a freshly synthesised, still damp product shows reflections
of CP 8, only. Upon drying, the reflections of CP 5 begin to
appear. The vacuum-dried product exhibits reflections of 5,
only (Fig. 6). This shows the direct effect of crystallographically
ordered solvent molecules within the structure, leading to the
reduction of the symmetry as described above.

Photophysical properties of selected compounds

Photoluminescence properties of impregnated L[Zn(pt),].
Due to constituting metal atoms, the synthesised compounds
feature conspicuous optical properties, like intense colour for
compounds containing ions of iron, cobalt, nickel, or copper.
The coordination polymers L[M(pt),] (M = Mn (1), Zn (6)) are
colourless (determined according to L*a*bh* scatter diagrams,
see Fig. 7, Fig. S20 and Table S167).

Considering potential luminescence application, these two
candidates are therefore appropriate due to their white appear-
ance and, hence, low absorption of visible light. Upon UV exci-
tation, 6 exhibits blue luminescence. Since both, incoming UV
and emitted light, are not absorbed by Zn>* ion due to the d"°
electron configuration, this emission is considered as ligand-
based.

The pure ligand exhibits a broad band emission in the UV/
blue region upon UV excitation (Aem max = 360 NM, Aex. = 324 nim,
Fig. S22, and S247), while the emission band of CP 6 is located at
Aem max = 337 nm for excitation at 306 and 311 nm. At higher exci-
tation wavelengths (Aexe = 324 nm; 346 M) ey max = 360 Nm is
located at 395 nm (Fig. S23 and S25%).

Comparable photoluminescence behaviour was reported for
other d' transition metal compounds, eg for

5080 | Dalton Trans., 2025, 54, 5075-5090

Fig. 7 L*a*b* scatter diagram with inserted L*a*b chromaticity coordi-
nates of the coordination polymers L [M(pt);] (M = Mn (1), Fe (2), Co (3),
Ni (4), Cu (5), Zn (6)). Corresponding reflectance spectra are given in
Fig. S20.1 Calculated chromaticity coordinates are listed in Table S16.1

[Zng(H,0);(dmf)g(ur),(tdc)s]-4H,O (ur = urotropin, tde = 2,5-
thiophenedicarboxylate), which exhibits a broad emission at
470 nm (Aexe = 380 nm) assigned to intra-ligand ©* — =n or
LMCT transitions,* or [Zn;(btc),(tpt)(H,0),]-4H,O (btc = 3,5-
benzenetricarboxylate, tpt = tris(4-pyridyl)triazine) featuring a
broad emission around 380 nm (4. = 280 nm) assigned to the
n* — n transition of the N-donor ligand tpt.** Likewise, [Cu
(bptzH)(PPh;),](ClO,), exhibits blue luminescence (Aey, =
456 nm) upon UV excitation.>® The observed luminescence of
the coordination polymer (see lifetime determination follow-
ing) is therefore considered ligand based and may be
explained with n* — & of higher energy levels (compared to
pure ligand Hpt) of the deprotonated ligand pt~ and/or
LMCT.*>%°

This journal is © The Royal Society of Chemistry 2025
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The photoluminescence properties render L[Zn(pt),] a suit-
able candidate to function as the blue component of an RGB-
type white light emitter. To generate a suchlike luminescent
compound, an impregnation of the square-shaped pore chan-
nels of CP 6 with Eu*" ions as red emitter, and Tb*" ions as
green emitter, was performed. For this purpose, an activated
sample of CP 6 was dispersed and stirred in a solution con-
taining equal amounts of Eu(NOj;);-6H,0 and Tb(NO;);-6H,0
for eight days followed by centrifugation, decantation and
vacuum drying of the solid product.

Three different solvents, namely N,N-dimethylformamide
(DMF), acetonitrile (MeCN), and methanol (MeOH), were eval-
uated (For detailed information, see Experimental section.).
Exemplarily, emission and excitation spectra, besides the
chromaticity diagram of the product of impregnation in DMF
- which is hereafter to be referred to as EuTb@L[Zn(pt),] - are
shown in Fig. 8, and Fig. 9, respectively.

For excitation at Aey. = 306 nm, 311 nm, and 324 nm, the
emission spectra feature broad bands in the UV/blue region at
wavelengths of 337 nm and 424 nm. Besides these, character-
istic 4f-4f-transitions of the two lanthanide ions, Eu®*' and
Tb*", are detected. As shown by the excitation spectra, the
emission at 337 nm is initiated by excitation at 311 nm. The
excitation spectrum for the emission band at e, = 424 nm fea-
tures a maximum at e, = 306 nm with a shoulder at 324 nm.
The excitation spectra of most intense transitions of Tb*"
(544 nm) and Eu’ (617 nm) exhibit a maximum at Ae =
324 nm with a shoulder at 346 nm. A comparison between the
emission spectra of pure Hpt, L [Zn(pt),] (6), and EuTb@L[Zn
(pt)2] (Fig. S261) shows, that the blue luminescence of
EuTb@%[Zn(pt),] corresponds to the luminescence observed
for CP 6.

However, the observed band at 424 nm for Ae. = 306, 311,
and 324 nm is not present within emission spectra of non-
impregnated, pure L[Zn(pt),]. This indicates a different source
of this band. One possible explanation is, that this band arises
due to formation of exciplexes between the lanthanide species
inside the pore system and the coordination polymer.
Interestingly, the emission band at 424 nm vanishes at Aex. =
346 nm and a new emission band is observed at Aepy max =

=] =) hoye = 346 NM
9, /,\\ A I \

~ [~ \ ~ — A \ I\

> AN ) > s /”J e
g AN g | Aoy =324 nm
g\ 8|~ J

= ~ = - 9 A
e} = o

® hex; = 616 nm g by =311 N
2 — Agye = 944 N 2 s

© ) ©
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Fig. 8 Excitation (left) and emission spectra (right) of £ [Zn(pt),] impreg-
nated with Eu®* and Tb** ions for eight days using DMF as solvent.
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Fig. 9 CIE chromaticity diagram of % [Zn(pt),] (CP 6) impregnated with
Eu and Tb in DMF as solvent with inserted chromaticity coordinates xy at
different excitation wavelengths. a: dexc = 306 Nm, b: Aexe = 311 nm, c:
dexc = 324 nm, d: dexc = 346 nm. Accordingly, the lanthanide lumine-
scence results from a sensitisation effect of the direct surrounding of
the respective lanthanide ions, also known as antenna effect.®6~®

395 nm, which coincides with the spectrum for non-impreg-
nated CP 6 at the same excitation wavelength. For short exci-
tation wavelengths, the blue CP-based emission exceeds the
lanthanide-based luminescence, wherefore the resulting
overall emission colour is neon blue.

With rising excitation wavelength, the lanthanide tran-
sitions become more dominant in the emission spectrum
(Fig. 8) resulting in a shift of the chromaticity. Hence, a vari-
ation in intensity ratios of the observed bands in dependence
of the excitation wavelength, was determined for EuTb@%[Zn
(pt)2] synthesised in DMF. This results in variable chromaticity
(Fig. 8 and 9). In fact, the emitted light of EuTb@L[Zn(pt),]
impregnated in DMF, when excited at A, = 346 nm, exhibits
chromaticity coordinates according to CIE of xy = (0.32]0.32).
It therefore reaches practically perfect white chromaticity (xy =
(0.333...]0.333...), Fig. 9). Thus, the concept of an excitation
dependent red-shift of emission was utilised for an emission
tuning towards RGB white light emission.

For the products of impregnations in methanol (Fig. S277)
and acetonitrile (Fig. S2871), qualitatively the same emission
and excitation bands are observed, resulting in an analogous
dependency of emission colour on excitation wavelength
(Fig. S29, and S307) Therefore, involved radiative processes are
considered as independent from the chosen solvent.

As a result, the overall luminescence occurs due to exci-
tation of the ligand followed by light emission of the CP
(blue), as well as energy transfer to the lanthanides and sub-
sequent characteristic Th** (green) and Eu®" (red) emissions.
The respective solvent utilised for impregnation does not par-
ticipate in the radiative luminescence  processes.
Corresponding chromaticities of the products from impreg-
nation in acetonitrile and methanol at A.,. = 346 nm are less
ideal and given in Fig. S29 and S30.}
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A comparison of scanning electron microscopy images
before and after impregnation of 6 with Eu** and Tb*'shows,
that the habitus of CP 6 crystallites does not change upon
impregnation (see Fig. S381). Lanthanide contents between 1.7
and 2.3 wt% were determined by inductively coupled mass
spectrometry (ICP-MS, for details, see Table S287).

In summary, the coordination polymer %[Zn(pt),] (6) being
a blue light emitter, is capable of forming an RGB emitter by
impregnation with Eu and Tb ions. Thereby, due to depen-
dency of band intensities on excitation wavelength, the emis-
sion colour is tuneable from neon blue to white light (Fig. 9).

In addition to the qualitative photoluminescence characteris-
ations, the luminescence lifetimes of the white light emitter
EuTb@L[Zn(pt),] were determined. For the emission band at
dem = 395 nm excited at Aee = 340 nm of pure L[Zn(pt),]
(without lanthanide impregnation), the luminescence intensity
decay can be described by a multi-exponential fit function
leading to determination of the lifetimes 7; = 1.00(2) ns, and 7,
= 3.10(3) ns. An average luminescence lifetime®>”° of z,, = 1.95
(3) ns was calculated. For the pure ligand, the lifetimes ¢; = 1.16
(1) ns, and ¢, = 2.89(3) resulting in z,, = 1.58(2) ns were deter-
mined, which are of the same magnitude as lifetimes of pure
CP 6 (For detailed description of the calculation, see ESL).

For EuTb@L[Zn(pt),], ay Or dem = 395 NM (dexe = 340 nm)
was determined as 2.11(3) ns. Hence, the luminescence life-
time is slightly elongated for L[Zn(pt),] (6) impregnated with
lanthanides in comparison to non-impregnated CP 6. This can
be explained by rigidification due to coordination of pt to
Zn**, which results in reduced vibrational freedom of the
ligand and, hence, reduced rate of non-radiative depopulation
of excited states’ The recorded luminescence intensity decays
of lanthanides within EuTb@X [Zn(pt),] had to be fitted with a
multi-exponential function, as well, in order to obtain a good
quality of fit. Thereby, for Eu*" emission (lem = 698 NM, leye =
346 nm), two luminescence lifetimes were found (z; = 0.48(3)
ms, 7, = 1.30(3) ms), resulting in 7,, = 1.04(2) ms. In case of
Tb*" emission (Aey = 544 NM, deye = 346 nm), lifetimes of 7; =
0.40(2) ms and 7, = 1.160(6) ms were determined resulting in
7oy = 1.028(6) ms. These values in the ps-ms region all coincide
with the range, in which lifetimes of the respective lanthanide
ions are expected.®””®®7> The discovery of two luminescence life-
times for luminescent constituents indicates e.g. occupation of
different positions within the pores resulting in varied chemical
surroundings and, therefore, different non-radiative depopula-
tion rates. In principle, the formation of lanthanide-containing
side phases could also lead to detection of multiple lumine-
scence lifetimes. However, PXRD patterns of EuTb@k%[Zn(pt),]
impregnated in different solvents show reflections of the coordi-
nation polymer, only (Fig. S19%). Variations in reflection intensi-
ties further substantiate the assumption of lanthanide species
intercalated in the pores of 6.

An influence of the solvents utilised for impregnation on
luminescence lifetimes by non-radiative processes can be
assumed, as variations in ,, are observed when using e.g.
MeOH instead of DMF. For EuTb@%[Zn(pt),] prepared in
methanol, an average lifetime of the CP emission is deter-
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mined to 7,, = 1.27(2) ns, which is 59% of the value for the
composite prepared in DMF (2.14(2) ns). This can be explained
by non-radiative depopulation processes involving the O-H
group of methanol.”® For Eu** (z,, = 0.86(2) ms) and Tb**
based emission (z,, = 0.927(5) ms), the influence on lifetimes
is less pronounced, resulting in the described overall changes
of the chromaticity. All determined fitting parameters and cal-
culated average luminescence lifetimes are summarised in
Table S20.1 Furthermore, the quantum yield was determined
for the white light-emission of EuTb@%[Zn(pt),] prepared in
DMF. With an excitation wavelength of A, = 346 nm, a
quantum yield of 24(3) % was reached.

Absorption properties of [M(pt),]. As described above, dis-
tinct colour of some coordination polymers L [M(pt),] (depend-
ing on contained metal atom) was observed (Fig. 10, Fig. S20
and Table S167). Accordingly, the absorption properties were
investigated in the solid state. For L[Fe(pt),] (2), high absor-
bance at 250-300 nm, most likely occurring from n* « = tran-
sitions of the ligand, was observed.

Furthermore, high absorbance in the blue/green region
(overlapping bands at approx. 400 and 500 nm) caused most
likely by MLCT was detected, leading to the blood-red colour
of CP 2. Analogously, d-d transitions at 4 > 800 nm are
observed (Fig. S207t). This indicates the presence of both, high-
spin and low-spin configuration of Fe™.”>”7® Upon increasing
temperature, the absorbance at 350-600 nm decreases.

On the contrary, the intensity of the d-d transition band
increases, indicating a continuous spin crossover (SCO) from low-
spin to high-spin. Since the intensity decrease is more pro-

Fig. 10 L*a*b* scatter diagram with inserted L*a*b* chromaticity coor-
dinates of % [Fe(pt),] (CP 2) at different measurement temperatures.
Recorded points during heating up are marked with A. Accordingly,
corresponding points recorded with decreasing temperature are marked
with V. Corresponding L*a*b* chromaticity values are listed in
Table S17.7

This journal is © The Royal Society of Chemistry 2025
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nounced for absorbance in the green region, the colour of the
compound is shifted from blood red to orange/yellow (Fig. 10,
Fig. S21, and Table S17f). Such thermochromic behaviour is
known for  Fe(u) with  octahedral = FeNg
coordination.”*”®

complexes

Investigations on the formation and crystal structures of
complexes [MX,(Hpt),]

In addition to the homoleptic coordination polymers, several het-
eroleptic complex compounds were obtained and characterised.

Single crystals of the heteroleptic complexes [MX,(Hpt),]
(MX, = MnCl, (9), FeCl, (10), CoCl, (11), CoBr, (12)) were
obtained by solvothermal reaction of divalent transition metal
halides and an excess of Hpt in pyridine without addition of a
base, wherefore the ligand remains neutral within the com-
pounds, different from the deprotonated form in 1-8. Single
crystals of [ZnCl,(Hpt),] (13) were found within the product of
the single crystal preparation of L [Zn(pt),] (6).

The isotypic complexes [MX,(Hpt),] (MX, = MnCl, (9), FeCl,
(10), CoCl, (11), CoBr, (12), ZnCl, (13)) crystallise in the tri-
clinic crystal system in the space group P1. The respective
metal ions are coordinated trans in a distorted octahedral geo-
metry by two halido ligands and two n*>-Hpt molecules binding
via N1 of the pyridine ring and N4 of the triazole ring.

The complexes are interconnected by N3-H3---Cl1 hydrogen
bonds.

A depiction of the crystal structure is exemplarily shown for
[MnCl,(Hpt),] (9) in Fig. 11. Crystallographic data for 9-13 is
given in Tables S5, S7, S9, S11, and S13.} Interatomic distances
and angles are listed in Tables S6, S8, S10, S12, and S14.1 Mn-
N distances for 9 were determined to 223.7(2) pm, and
225.2(2) pm, which are comparable to distances reported for
e.g. [Mny(Hsbpa),(mpt),(N3),]-2H,0 (219-238 pm, Hzbpa =

Fig. 11 Depiction of the crystal structure of [MnCly(Hpt),] (9) along the
crystallographic a axis. The octahedral coordination of Mn?* is high-
lighted in pink. Displayed thermal ellipsoids correspond to 50% prob-
ability level of the atoms. N—H---Cl hydrogen bonds are shown in dashed
orange lines. Crystallographic data is summarised in Table S5.f
Symmetry operations: |=1—-x,1-y,1-z.
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N,N'-bis(picolinamide)azine). This compound contains the
Hpt derivative mpt = 3-methyl-5-(2-pyridyl)-1H-1,2,4-triazolate
and exhibits three crystallographically independent octahed-
rally coordinated Mn>* ions.*® Analogously, for the two-dimen-
sional coordination polymer [Mn(N;)( pytr)(H,O)],. (pytr = pt),
which contains octahedrally coordinated Mn interconnected
by Nj, interatomic Mn-N distances to the n*pt ligand of
213-223 pm are reported.”’

In case of [FeCl,(Hpt),] (10), the Fe-N distances of 218.48(8)
pm and 220.20(8) pm coincide with the 213-223 pm in [Fe
(Hpt);](BF,4),-H,0,** which contains Fe** octahedrally co-
ordinated by three n>Hpt ligands.”> For the complexes
[CoCl,(Hpt),] (11), and [CoBr,(Hpt),] (12), respectively, the dis-
tances 213.6(6) pm and 214.6(2) pm for 11, and 213.4(2) pm
and 218.8(2) pm for 12, are in good agreement to distances in
[Co(Hpt),(H;0),](NO3), (215 and 216 pm), which contains Co
ions coordinated trans in an octahedral geometry by two aquo
ligands and two n*-Hpt molecules.*’

The Zn-N distances in [ZnCl,(Hpt),] (13), 214.0(2) pm and
215.7(1) pm, are in the range of Zn-pt distances observed for
[ZnL(pt)]-0.5MeOH-1.5H,0 (200-225 pm; with L = tris(5-
methyl-3-phenylpyrazolyl)borate), which features a fivefold co-
ordinated Zn**.** Alternatively, to the synthesis described
above, the complexes 9-13 can be synthesised by choosing
acetonitrile instead of pyridine as a non-basic solvent. Due to a
lower solubility of the ligand, sublimation of excess Hpt is
necessary after the reaction for the products’ purification.

Additionally, synthesis utilising water-free chlorides or
corresponding hydrates is also feasible (see Experimental
section and Fig. 12).

Analogous reactions of FeBr, and Hpt in either pyridine, or
acetonitrile result in phase mixtures containing % [Fe(pt),] (2) and
[FeBr,(Hpt),], which is isotypic to [FeCl,(Hpt),] (10). Reactions of
Fel, also result in phase mixtures containing L [Fe(pt),] (2) and
[Fel,(Hpt),], which again is isotypic to [FeCly(Hpt),] (10).
Therefore, the existence of [FeBr,(Hpt),], and [Fel,(Hpt),], both
being isotypic to 10, was proven by PXRD (see ESI{).

Accordingly, reactions of ZnCl, and Hpt in either pyridine,
or acetonitrile result in phase mixtures containing L[Zn(pt),]
(6). In case of the product synthesised in acetonitrile,
[ZnCl,(Hpt),] (13) is also contained within the product, as
shown by PXRD.

Infrared spectroscopy

The synthesised coordination polymers L [M(pt),] (M = Mn (1), Fe
(2), Co (3), Ni (4), Zn (6), Cd (7)), as well as the complexes
[MX,(Hpt),] (MX, = MnCl, (9), FeCl, (10), CoCl, (11), CoBr, (12))
were also characterised by infrared spectroscopy. For 1-7, respect-
ive spectra (Fig. S31}) feature bands being characteristic for func-
tional groups of the ligand, as well as the solvents being present
within the square-shaped pore channels. The broad band around
3400 nm can be assigned to both, 1(O-H) of intercalated water
and »(N-H) due to established C-H---N hydrogen bonds. For 9,
10, 11, and 12, bands of the neutral ligand are observable, as well
(Fig. S327). Wavenumbers of observed bands, as well as assign-
ments of those are listed in Tables S22, and S23.}
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Fig. 12 1: Comparison of recorded and simulated PXRD patterns of the heteroleptic complexes [MX,(Hpt),] (MX, = MnCl; (9), FeCl, (10), CoCl; (11),

CoBr; (12)), (sim., utilising SCXRD data). The complexes were obtained by synthesis is in the stated solvents (Py = pyridine, solid lines; MeCN = aceto-
nitrile, dotted lines) II: Difference plot of a Pawley refinement exemplarily performed for 9 with an R,,, of 6.3% and a goodness of fit of 1.03.

Composition and thermal analyses

Elemental analysis of the synthesised coordination polymers
LIM(pt)2] (1-7) confirm the assumption of intercalated solvent
molecules (pyridine and water). For CPs 1-7, sum formulas
considering amounts of solvents were calculated (Table S247).
Elemental analyses of the complexes [MnCl,(Hpt),] (9),
[FeCly(Hpt),] (10), [CoCly(Hpt),] (11), and [CoBr,(Hpt),] (12)
synthesised in pyridine confirm the phase purity already
assumed from PXRD results, since calculated and determined
elemental percentages are in good agreement (Table S257).
The same applies for complexes 9, 10, 11, and 12 synthesised
in acetonitrile (Table S257).

By simultaneous thermal analysis, L[Mn(pt),] (1), L[Co
(pt)2] (3), L[Ni(pt),] (4), and L[Zn(pt),] (6) were further investi-
gated. In all cases, the relative mass decreases by 3-7% for
temperatures up to approx. 130 °C followed by a plateau. This
is considered to be an effect of solvent molecules escaping the
solids. Upon further heating, subsequent to the plateau, a sig-
nificant decrease in relative mass is detected for all investi-
gated CPs, coinciding with a detection of water and carbon
dioxide and/or nitrous oxide by mass spectrometry. This indi-
cates an oxidation of the corresponding CP. Thereby, Hpt is
combusted, leading to detection of H,0, and CO,/N,O
(Fig. S33-S367). An overview of onsets and relative mass losses
determined by STA is given within ESI (Table S26%). The
obtained results are in good agreement with the high tempera-
ture behaviour of these CPs observed by temperature-depen-
dent PXRD (Fig. 3, and Fig. S6-5187).

Physisorption experiments on % [M(pt),] (M = Fe (2), Co (3), Zn (6))

To investigate the inner surface area of the CPs 2, 3, and 6,
they were activated at 300 °C and 10> mbar for seven hours to
remove solvent molecules from the pores. The samples were
further degassed at 10~° mbar. Subsequently, the inner surface
area was determined by recording gas sorption isotherms of
N, at 77 K (Fig. $371).
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The determined surface areas for BET and Langmuir are
listed in Table 2. The determined, high C constants (>150) are
considered to be an effect of filling narrow micropores,*
which is consistent with the square-shaped pore channels
observed by SCXRD.

Identification of additional compounds

Besides the coordination compounds described above, a series
of additional compounds were identified. Since, in most of the
cases, those are considered as intermediates or byproducts,
the description of synthesis conditions and single crystal
characterizations are discussed in the ESI.{ This includes syn-
thesis and SCXRD characterization of the homoleptic complex
[Zr(pt)s] (14), the dinuclear complexes [Fe,Cl,(pt),(Py)s] (15)
and [Fe,Br,Cly(pt)y(Py)s] (16), the two-dimensional CP
% o[Cu,Cl(pt)] (17), the one-dimensional CPs % [MnCl(bpt)] (bpt
= 3,5-bis(2-pyridyl)-1,2,4-triazolate, 18) and L[Co,Cls(pt)
(H,0),]-4CyOH (CyOH = cyclohexanol, 19), an finally the two-
dimensional coordination polymer .,[Co,Br,(pt),] (20).

Experimental
Synthesis procedure

Within this work, solvothermal syntheses were performed
according to the following procedure: solid components were
mortared and transferred into Duran® glass ampoules. Liquid

Table 2 Multipoint BET surface areas SAget, C constants for BET calcu-
lations, and Langmuir surface areas SA, of L [M(pt),] (M = Mn (1), Co (3),
Zn (6))

CP SAger [m” g7'] C constant SA; [m® g7']
L[Fe(pt).] 2) 217 181 286
L[Co(pt).] (3) 181 868 208
[zn(pt),] (6) 160 247 210

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03149k

Open Access Article. Published on 19 February 2025. Downloaded on 9/6/2025 10:32:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

components and solvents were added, and the resulting
mixture was frozen in liquid nitrogen. The ampoules were
evacuated, and the mixtures were allowed to thaw again. This
freeze-pump-thaw procedure was repeated, followed by freez-
ing the mixture, evacuating the ampoule, and sealing it. The
reaction mixtures within the sealed ampoules were homogen-
ised by ultrasonication for three minutes. Afterwards, the
ampoules were placed in resistance ovens with corundum tube
and heated for several days. For single crystal X-ray diffraction
(SCXRD) measurements, the ampoules were opened, and a
small amount of the resulting products was isolated. In case of
bulk syntheses, the ampoules were opened, the solids were
transformed into centrifugation tubes and were washed by
repeated centrifugation, decantation, and suspension in fresh
solvent. The purified solids were dried for one hour under
vacuum (107> mbar). In case of usage of air-sensitive com-
pounds (e.g. anhydrous metal halides), mortaring and tranfer-
ring the mixtures to ampoules were carried out under inert
atmosphere.

Materials

2-(1,2,4-1H-Triazol-3-yl)pyridine  (98%, BLD Pharmatech
GmbH), europium(m) nitrate hexahydrate (Eu(NOj;);-6H,0,
99.9% (REO), abcr GmbH), terbium(in) nitrate hexahydrate (Tb
(NO3);-6H,0, 99.9% (REO), aber GmbH), Mn(OAc),-4H,0
(99%, abcr GmbH), Fe(OAc), (anhydrous, 97%, abcr GmbH),
Co(OAc),-4H,0 (98%, abcr GmbH), Ni(OAc),-4H,0 (98+%, Alfa
Aesar), Cu(OAc),-H,O (p.a., Riedel-de Haén AG), Zn
(OAc),-2H,0 (p.a., Merck), Cd(OAc),-2H,0 (98%, abcr GmbH),
MnCl, (99.99%, Alfa Aesar), FeCl, (anhydrous, 99.5%, Alfa
Aesar), FeBr, (anhydrous, 98%, abcr GmbH), Fel, (ultra-dry,
99.99%, abcr GmbH), CoCl, (99+%, abcr GmbH), CoBr, (anhy-
drous, 97%, Alfa Aesar), CuCl, (anhydrous, 98%, abcr GmbH),
ZnCl, (anhydrous, 98+%, Alfa Aesar), ZrCl, (anhydrous, 99.5+
%, Alfa Aesar), benzylamine (99.5+%, dry, AcroSeal™, Acros
Organics), benzene (99.0%, dry, AcroSeal™, Acros Organics),
acetonitrile (99.9%, extra dry, AcroSeal™, Acros Organics) and
pyridine (99%, VWR Chemicals) were used as purchased
without further purification. When dry pyridine is specified, it
was dried by stirring over 20 g L™" KOH for several days and
distilled under inert atmosphere.

Bulk synthesis of one-dimensional coordination polymers 1 [M
(pt)2] (1-7)

Larger quantities of the coordination polymers L[M(pt),] (M =
Mn (1), Fe (2), Co (3), Cu (5), Zn (6), Cd (7)) were obtained by
solvothermally combining 500 pmol (123 mg) Mn(OAc),-4H,0,
(87.0 mg) Fe(OAc),, (125 mg) Co(OAc),-4H,0, (99.8) Cu
(OAc),'H,O, (114 mg) Zn(OAc),-2H,0O, or (125 mg) Cd
(OAc),-2H,0 with 1.00 mmol (146 mg) 2-(1,2,4-1H-triazol-3-yl)
pyridine in 4 mL pyridine following the general synthesis prin-
ciple mentioned above. In case of L[Ni(pt),] (4), 1.00 mmol
(249 mg) Ni(OAc),-4H,0 and 2.00 mmol (292 mg) 2-(1,2,4-1H-
triazol-3-yl)pyridine were used. The reaction mixtures were
heated to 150 °C in 4 h, followed by heating to 180 °C with
2 °C h™'. This temperature was held constant for 120 h.
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Subsequently, the reaction mixtures were allowed to cool down
to 150 °C with 2 °C h™, and to ambient temperature within
4 h. Obtained products were purified by centrifugation (12 000
rpm, 10 min), decantation of the liquid phase, addition of
4 mL fresh pyridine and ultrasonication for 10 min.
Subsequent to a final centrifugation (12000 rpm, 10 min) and
solvent decantation, the products were vacuum-dried at 107>
mbar. The yields were 49% for 1, 52% for 2, 77% for 3, 61%
for 4, 65% for 5, 42% for 6, and 58% for 7, based on the corres-
ponding metal acetate(s) and the sum formulae considering
solvent molecules, as listed in Table S24.}

L Mn(pt),] (1): IR (KBr): & = 3419 (br), 3030 (multiple, m),
1604 (s), 1513 (m), 1472(s), 1449 (s), 1417 (s), 1384 (w), 1350
(m), 1271 (m), 1250 (m), 1203 (m), 1145 (m), 1112 (s), 1048
(m), 1029 (s), 1007 (m), 876 (m), 805 (m), 755 (m), 676 (m), 636
(m), 483 (m), 407 cm ' (m). Anal. caled for L[Mn
(pt)2]-0.34Py-0.21H,0 = Cy570H12.1:MNNg3400,1: C 50.19, H
3.25, N 31.07; found: C 50.20, H 2.99, N 30.98.

w[Fe(pt),] (2): v = 3423 (br), 3030 (multiple, m), 1605 (s),
1516 (m), 1471(s), 1448 (s), 1417 (s), 1384 (W), 1357 (m), 1274
(m), 1252 (m), 1201 (m), 1149 (m), 1115 (s), 1050 (m), 1031 (s),
1009 (m), 874 (m), 803 (m), 757 (m), 676 (m), 636 (m), 490 (m),
409 cm™ (m). Anal. caled for %[Fe(pt),]-0.34Py-0.21H,0 =
Cis5.7H15 15FeNg 3400.01: C 50.04, H 3.24, N 31.00; found: C
50.02, H 2.96, N 30.91.

L[Co(pt),] (3): 7 = 3445 (br), 3034 (multiple, m), 1608 (s),
1516 (m), 1473(s), 1449 (s), 1419 (s), 1384 (W), 1360 (m), 1264
(m), 1252 (m), 1204 (m), 1149 (m), 1118 (s), 1050 (m), 1033 (s),
1009 (m), 874 (m), 805 (m), 757 (m), 674 (m), 638 (m), 496 (m),
411 ecm™ (m). Anal. caled for L[Co(pt),]-0.34Py-0.21H,0 =
C15.7H12.12C00Ng 3400.1: C: 49.65, H 3.22, N 30.74; found: C
49.82, H 2.93, N 30.96.

L[Ni(pt),] (4): © = 3423 (br), 3037 (multiple, w), 1608 (s),
1519 (m), 1473 (s), 1451 (s), 1418 (s), 1391 (W), 1367 (m), 1267
(m), 1254 (m), 1206 (m), 1150 (m), 1126 (s), 1051 (m), 1034 (s),
1012 (m), 871 (m), 803 (m), 757 (m), 676 (m), 639 (m), 502 (m),
415 em™" (m). Anal. caled for L[Ni(pt),]0.11Py-0.63H,0 =
Cia.55H11.81Ng 11NiOp 63: C 47.38, H 3.23, N 30.78; found: C
47.37,H 3.20, N 30.88.

L[Cu(pt),] (5): ¥ = 3441 (br), 3031 (multiple, m), 1612 (s),
1598 (s), 1573 (m), 1517 (w), 1471 (s), 1452 (s), 1420 (s), 1369
(m), 1352 (m), 1286 (m), 1268 (m), 1252 (m), 1208 (w), 1137
(m), 1121 (s), 1095 (m), 1042 (m), 1022 (m), 998 (m), 870 (m),
801 (m), 752 (m), 676 (m), 723(s), 702 (m), 677 (m), 665 (m),
642 (m), 628 (m) 490 (w), 408 cm™* (w). Anal. caled for L[Cu
(pt)2]-0.05Py-0.63H,0 = Cy45H11.51Ng.0sCuO 63: C 46.38, 3.14,
N 30.55; found: C 46.07, H 2.78, N 29.64.

L[Zn(pt),] (6): 7 = 3421 (br), 3035 (multiple, m), 1605 (s),
1517 (m), 1476 (s), 1451 (s), 1438 (s), 1421 (s), 1391 (w), 1363
(m), 1265 (m), 1252 (m), 1208 (m), 1149 (m), 1125 (s), 1050
(m), 1035 (s), 1007 (m), 876 (m), 806 (m), 755 (m), 674 (m), 635
(m), 493 (m), 408 cm ' (m). Anal. caled for L[Zn
(pt)2]-0.39Py-0.63H,0 = Ci6.05H1331N5.410063Z0: C 48.15, H
3.34, N 29.55; found: C 48.31, H 2.96, N 29.53.

Llcd(pt),] (7): © = 3421 (br), 3035 (multiple, m), 1605 (s),
1517 (m), 1476 (s), 1451 (s), 1438 (s), 1421 (s), 1391 (w), 1363
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(m), 1265 (m), 1252 (m), 1208 (m), 1149 (m), 1125 (s), 1050
(m), 1035 (s), 1007 (m), 876 (m), 806 (m), 755 (m), 674 (m), 635
(m), 493 (m), 408 cm ' (m). Anal. caled for L[Cd
(pt)2]-0.24Py-0.63H,0 = Cy520H12.46N524Cd0p63: C 42.15, H
2.90, N 26.66; found: C 41.97, H 2.53, N 26.26.

Synthesis of single crystals of 1 [Zn(pt),] (6)

Single crystals suitable for single crystal X-ray diffraction
(SCXRD) of CP 6 were obtained by reaction of 55 pmol (7.5 mg)
of water-free ZnCl,, 0.15 mmol (22 mg) of 2-(1,2,4-1H-triazol-3-
yl)pyridine (Hpt), and 2 droplets of benzylamine according to
the procedure described above. A mixture of 0.9 mL water-free
toluene and 0.1 mL water-free pyridine was used as solvent.
The reaction mixture was heated to 180 °C with 2 °C h™ and
held constant at this temperature for 480 h. Subsequently the
mixture was allowed to cool down to ambient temperature with
2°Ch™.

Synthesis of single crystals of [Cu(pt),]-0.5Py (8)

Single crystals suitable for SCXRD of CP 8 were obtained by
reaction of 0.46 mmol (91 mg) Cu(OAc),-H,O and 1.00 mmol
(146 mg) 2-(1,2,4-1H-triazol-3-yl)pyridine (Hpt) in 4 mL pyri-
dine following the general synthesis principle mentioned
above. The reaction mixture was heated to 150 °C in 4 h, fol-
lowed by heating to 180 °C with 2 °C h™'. This temperature
was held constant for 120 h. Subsequently, the reaction
mixture was allowed to cool down to 150 °C with 2 °C h™, and
to ambient temperature within 4 h. It is noteworthy that this
synthesis is analogous to the bulk synthesis of L[M(pt),] (1-7)
but without vacuum-drying of the obtained product.
Consequently, CP 8 is only existent when still damp. Upon
drying, the obtained product converts to 5.

Impregnation of 1 [Zn(pt),] (6) with Eu and Th

L[Zn(pt),] (6) was activated at 300 °C for seven hours at 10~°
mbar. Subsequently, three samples of 15 mg (42 umol) of the
activated polymer were each dispersed in a solution of 18 mg
(40 pmol) EuNO;-6H,0 and 18 mg (40 pmol) Tb(NO3);-6H,0
in 4 mL DMF, MeCN or MeOH. The resulting suspensions
were homogenised by ultrasonication for ten minutes and
were magnetically stirred for eight days. Afterwards, the solids
were separated from the liquid phase by centrifugation (10 000
rpm, 10 min) and decantation of the solution. The obtained
solids were dried in vacuum (10~* mbar) for one hour.

Bulk syntheses of complexes [MX,(Hpt),] (MX, = MnCl, (9)
and FeCl, (10))

1.00 mmol (126 mg) MnCl, or (127 mg) FeCl, were reacted
with 2.40 mmol (351 mg) 2-(1,2,4-1H-triazol-3-yl)pyridine (Hpt)
in 0.5 mL pyridine following the general synthesis principle
mentioned above under inert atmosphere. The reaction
mixture was heated to 150 °C within four hours, followed by
heating up to 200 °C with 2 °C h™*. This temperature was held
constant for 120 h. Subsequently, the mixture was allowed to
cool down to 150 °C with 2 °C h™" and then to room tempera-
ture within four hours. The liquid phase was removed manu-
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ally under inert atmosphere, and the obtained solid was dried
in vacuum (10~ mbar). The yield was 73% for 9 and 77% for
10, based on the corresponding metal halide.

[MnCl,(Hpt)] (9): # = 3450 (br), 3079 (s), 2994 (s), 2891 (s),
1816 (m), 1657 (m), 1603 (s), 1569 (m), 1537 (m), 1503 (s), 1477
(s), 1448 (s), 1422 (s), 1340 (s), 1289 (s), 1272 (s), 1188 (m),
1149 (m), 1133 (m), 1098 (m), 1085 (m), 1051 (s), 1016 (m), 993
(s), 974 (m), 912 (m), 846 (s), 797 (s), 749 (s), 724 (s), 714 (s),
639 (s), 479 (m), 412 cm™" (m). Anal. caled for [MnCl,(Hpt),] =
C1,H,,CLMnNg: C 40.32, H 2.30, N 26.80; found: C 40.06,
H2.70, N 26.19.

[FeCl,(Hpt)] (10): 7 = 3442 (br), 3085 (s), 3006 (s), 2901 (s),
1809 (w), 1639 (m), 1605 (s), 1569 (w), 1540 (m), 1503 (s), 1482
(m), 1448 (m), 1425 (s), 1341 (s), 1288 (s), 1271 (s), 1190 (m),
1150 (m), 1136 (m), 1098 (w), 1085 (m), 1051 (m), 1016 (m),
994 (s), 976 (m), 908 (m), 836 (s), 797 (m), 751 (s), 724 (s), 715
(m), 639 (s), 486 (m), 415 cm™' (m). Anal. caled for
[FeCl,(Hpt),] = C;4H;,Cl,FeNg: C 40.13, 2.89, N 26.74; found: C
40.87, H 2.80, N 26.43.

Synthesis of single crystals of [MnCl,(Hpt),] (9) and
[FeCl,(Hpt),] (10)

Crystals suitable for SCXRD of the isotypic complexes 9 and 10
were obtained by solvothermal reaction of 0.20 mmol (25 mg)
MnCl, or FeCl, and 0.48 mmol (70 mg) 2-(1,2,4-1H-triazol-3-yl)
pyridine (Hpt) in 0.3 mL pyridine following the procedure
described above. The reaction mixture was heated to 150 °C
within 4 h, followed by heating to 200 °C with 2 °C h™". This
temperature was held for 120 h. Subsequently the mixture was
allowed to cool down to 150 °C with 2 °C h™, and to ambient
temperature within 4 h.

Bulk syntheses of [MX,(Hpt),] (MX, = CoCl, (11) and
CoBr, (12))

0.40 mmol (52 mg) CoCl,, or (88 mg) CoBr, were reacted with
1.00 mmol (146 mg) 2-(1,2,4-1H-triazol-3-yl)pyridine (Hpt) in
1 mL acetonitrile following the general synthesis principle
mentioned above under inert atmosphere. The reaction
mixture was heated up to 115 °C within four hours. This temp-
erature was held constant for 144 h followed by cooling down
to room temperature within four hours. The liquid phase was
manually removed under inert atmosphere and the obtained
solid was vacuum-dried at 10> mbar. Excess ligand was separ-
ated from the product by sublimation at 150 °C for five days.
The yield was 74% for 11 and 87% for 12, based on the corres-
ponding metal halide.

[CoCl,(Hpt)] (11): 7 = 3085 (s), 2997 (s), 2892 (s), 1807 (W),
1657 (m), 1608 (s), 1569 (w), 1542 (w), 1504 (s), 1479 (m), 1449
(m), 1426 (m), 1344 (m), 1289 (m), 1271 (m), 1193 (W), 1152
(w), 1139 (m), 1099 (w), 1088 (w), 1051 (m), 1018 (m), 996 (m),
976 (m), 907 (W), 844 (s), 797 (m), 752 (m), 724 (s), 717 (m), 639
(m), 490 (w), 419 cm™" (w). Anal. caled for C;4H;,Cl,CoNg: C
39.83, H 2.87, N 26.54; found: C 40.29, H 2.57, N 26.47.

[CoBr,(Hpt)] (12): 3432 (br), 3085 (s), 3011 (s), 2898 (s), 1788
(w), 1635 (w), 1606 (s), 1569 (m), 1542 (w), 1501 (s), 1477 (s),
1448 (s), 1423 (s), 1341 (m), 1285 (s), 1265 (s), 1212 (m), 1190

This journal is © The Royal Society of Chemistry 2025
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(m), 1149 (m), 1137 (m), 1118 (m), 1098 (m), 1086 (m), 1067
(w), 1051 (m), 1031 (w), 1017 (m), 1006 (m), 996 (m), 974 (m),
923 (w), 899 (w), 894 (w), 874 (w), 817 (s), 797 (m), 752 (s), 724
(s), 717 (m), 676 (W), 635 (m), 490 (W), 419 cm™" (w) (Recorded
for a product synthesised in pyridine). Anal. caled for
C14H1,Br,CoNg: C 32.90, H 2.37, N 21.93; found: C 32.40, H
2.23, N 20.96.

Synthesis of single crystals of [CoCl,(Hpt),] (11) and
[CoBr,(Hpt),] (12)

Crystals suitable for SCXRD of the isotypic complexes 13 and
14 were obtained by solvothermal reaction of 0.50 mmol
(65 mg) CoCl, or (0.11 g) CoBr, and 1.20 mmol (176 mg) 2-
(1,2,4-1H-triazol-3-yl)pyridine (Hpt) in 0.3 mL pyridine follow-
ing the procedure described above. The reaction mixture was
thermally treated in analogy to the synthesis of 9 and 10.

Synthesis of single crystals of [ZnCl,(Hpt),] (13)

Single crystals of 13 were found within the solid product, in
which crystals of L [Zn(pt),] (6) were found, as well (see above).

Conclusions

Within this work, coordination compounds based on divalent
3d-transition metal ions and the ligand 2-(1,2,4-1H-triazol-3-yl)
pyridine (Hpt) were synthesised. Altogether, 12 fully character-
ised compounds and the structures of eight more that were
obtained as side products are reported. The deprotonated
ligand is able to interconnect transition metal ions (here
Mn**, Fe**; Co**, Ni**, Cu**, Zn**, Cd*") to form homoleptic
one-dimensional coordination polymers (CPs) with a general-
ised sum formula of L[M(pt),], which are stable to tempera-
tures up to 300-400 °C, depending on the metal ion.
Considering C-H---N interactions between the polymeric
strands, the CPs can be described supermolecular three-
dimensional structures exhibiting square-shaped channel
pores, in which solvent molecules are intercalated from the
syntheses, as shown by temperature-dependent PXRD, STA and
elemental analyses.

Besides colourful products containing Fe, Co, Ni, and Cu,
the polymers containing Mn and Zn are colourless solids.
Especially for L[Zn(pt),], this appearance - in combination
with UV absorption and ligand-based blue light emission of
the CP - allows creation of a white light-emitter according to
the RGB concept by activation of the CP and subsequent
impregnation with Eu®* and Tb**. The colour of the emitted
light can be tuned from neon blue to practically perfect white
light by choosing an appropriate excitation wavelength.
Furthermore, the coordination polymer . [Fe(pt),] shows ther-
mochromic behaviour based on continuous spin crossover. In
addition to the homoleptic coordination polymers, several
mononuclear complexes [MX,(Hpt),] and numerous crystalline
by-products were found and their structures determined. They
illuminate a product rich chemistry of the ligand Hpt with
transition metal ions.

This journal is © The Royal Society of Chemistry 2025
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Data availability

Single crystal structures determined within the scope of this
work were uploaded to the CCDC database.CCDC 2347927 (6),
2347920 (8), 2347949 (9), 2347948 (10), 2347938 (11), 2347937
(12), 2347952 (13), 2347953 (14), 2347947 (15), 2347946 (16),
2347951 (17), 2347925 (18), 2347917 (19), and 2347950 (20).

In addition, the ESI{ (62 pages) contains detailed descrip-
tion of analytical methods used, tables with crystallographic
data, selected interatomic distances and angles, UV-Vis
spectra, photoluminescence spectra, IR spectra, powder X-ray
diffraction plots, simultaneous thermal analysis graphs, sorp-
tion isotherms, and additional experiments and single crystal
structures description. Besides references cited in the main

paper, the authors have cited additional references within the
ESI T41,43,46,56—60,62,69,70,81
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