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Abstract

The impact of different synthetic procedures such as: hydrothermal, mechanochemical and precipitation on the structure and
thermal properties of coordination polymers of 1H-pyrazole-3,5-dicarboxylic acid (H;pdca) with selected lanthanide ions
was determined. The prepared complexes of the general formula: Ln,(Hpdca);-nH,O, where Ln=Eu(IlI), Nd(II), Tb(III)
and Er(IIT); n=6 or 7 were fully investigated by: elemental analysis, Energy-Dispersive X-Ray (ED-XRF) and infrared
(ATR-FTIR) spectroscopy, powder as well as single-crystal X-ray diffraction methods and thermal analysis (TG-DSC and
TG-FTIR) in various atmospheres. It was proved that all used strategies offer high yields of reactions along with crystallinity
of the obtained products. The X-ray diffraction methods allowed to conclude that the complexes with the same metal ions
exhibit the same crystal structure despite different synthesis routes. On the other hand, the coordination polymers of Eu(III),
Tb(III) and Er(IIl) prepared under different conditions are isomorphous. Only neodymium(III) compounds have a different
crystal structure. Thermal stability of the produced complexes was correlated with the synthesis conditions, in particular with
the way of energy supply. It was found that the highest thermal stability was exhibited by the complexes prepared under the
hydrothermal conditions. Additionally, based on the volatile products of metal complexes decomposition, the mechanism
of their pyrolysis was proposed in relation to their structures.

Keywords Lanthanides - Coordination polymers - Hydrothermal method - Mechanochemistry - Precipitation procedure -
TG-FTIR - TG-DSC - Pyrolysis

1 Introduction

Recently, coordination polymers (CPs) have been regarded
as a new group of multifunctional materials due to their
intriguing physicochemical properties resulting from the
combination of inorganic and organic building blocks. Self-
assembly of metal ions or metal clusters with the bridg-
ing organic ligands resulted in the formation of “infinite”
metal-ligand polymeric structures of different dimension-
alities [1-5].

Porous coordination polymers called also metal-organic
frameworks (MOFs) are crystalline materials which display
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permanent porosity with the enormous internal surface area
and large structural diversity. These features contribute to
a wide spectrum of applications including gas capture and
storage, molecules separation, ion-exchange, drug delivery,
chemical sensing and catalysis. Metal-organic frameworks
have attracted tremendous interest in most prolific areas of
materials chemistry research. The remarkable progress of
MOFs could be explained by their efficient tailorable chem-
istry as well as ability of fine tuning the structure using dif-
ferent metal cations and organic ligands [6—18]. Coordina-
tion polymers based on the lanthanide ions offer not only
extremely intriguing topological architectures arising from
high and variable coordination number but also a wide range
of potential applications derived from their extraordinary
magnetic and luminescence properties. These characteristics
make them very attractive materials in many advanced tech-
nologies such as photonics and optoelectronics, chemical
sensing, catalysis and energy storage [19—33]. An important
factor in the strategy of coordination polymer construction
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is the selection of an organic ligand with the appropriate
functional groups which will be able to coordinate metal
centers and form bridges among them. Huge numbers of
carboxylic acids with aromatic, aliphatic or heterocyclic
moieties are used as linkers in the lanthanide coordination
polymers because of great affinity of carboxylate oxygen
donor atoms for lanthanides. Particularly ligands containing
more than one carboxylate group have drawn great interest
due to more coordination sites and great tendency towards
creation of multidimensional polymeric structures [16-34].
Besides benzenepolycarboxylic acids, which are regarded
as the most explored linkers, multicarboxylic acids based
on the rigid heterocyclic aromatic rings such as: pyridine,
pyrazole, thiophene or furane are regarded as very attractive
ligands in the formation of coordination polymers [35—40].
The presence of additional binding sites allows creating
additional strong covalent bonds with metal ions resulting
in the formation of novel extraordinary architectures with
desired structural properties. On the other hand, the pres-
ence of extra electron pair on the donor atoms strongly influ-
ences on the intermolecular interactions and packing modes
of molecules in the solid state. Taking into account the fact
that the metal-organic frameworks are mainly considered
as porous materials, such structural elements enhance com-
pounds functionality [41, 42].

It is commonly known that structural and physicochemi-
cal properties of metal-organic are strongly dominated by
synthetic procedures [43]. Despite the obvious influence
of metal and linker precursors other factors such as: molar
ratio of staring materials, solvent, pH, temperature, reaction
time, pressure or way of heating affect the final product.
These parameters have a strong impact on their composition,
structure, particle size and morphology [43—46]. Taking into
account the reaction temperature and pressure, the MOF
synthesis methods can be divided into the solvothermal and
nonsolvothermal ones [46]. The solvothermal approach is
the most effective in growing crystals of coordination poly-
mers. In this liquid phase synthesis, the reaction proceeds
under the autogenous pressure above the boiling point of
the solvent for several hours or days using closed vessel. A
Teflon-lined vessel is placed in a steel autoclave, in which
the reagents are heated in high-boiling polar solvents, such
as DMF, DEF, DMSO, H,0, acetone, acetonitrile etc. The
advantage of this method is that it ensures high solubility of
the precursors and the formation of good quality MOF crys-
tals suitable for structural investigations [46—49]. Among
the nonsolvothermal methods of MOF synthesis, classical
precipitation and mechanochemistry can be distinguished.
A frequently used method of MOFs synthesis consists in
the mixing the starting compounds (metal salt solution with
the solution of organic ligand or its deprotonated form) at
the appropriate stoichiometric ratio as a result of which a
sparingly soluble precipitate is formed. After filtering the

solution and drying the precipitate, MOF is obtained. The
simplicity and mild temperature as well as pressure condi-
tions are the advantages of such method [45, 46, 50-52].
The solvent-free mechanochemical method is the simplest,
economical and environmentally friendly method compared
to others in liquid phase syntheses. Currently this approach
is used for the synthesis of MOF materials on a large scale.
The synthesis consists in grinding appropriately selected
substrates (a mixture of metal salts and organic ligands) in
a ball mill. As a result of the supply of mechanical energy,
intramolecular bonds are broken and new bonds are formed.
The advantage of this method is avoiding organic solvents
while the resulting by-products are harmless, and MOF can
be obtained in a short reaction time [44]. In addition to the
above characterized methods for the MOF synthesis, there
are also other techniques with non-conventional heating,
such as: microwave-assisted solvothermal, electrochemical
or sonochemical methods. These methods replace the tradi-
tional solvothermal heating in the large-scale production of
MOFs [53-55].

This publication is continuation of our long-term research
on coordination polymers of lanthanides with polycarbox-
ylic acids [37, 38, 47-50, 56-64]. Herein, the influence
of different synthetic approaches on structural and ther-
mal properties of the coordination polymers based on the
selected lanthanide(III) ions such as: Nd(III), Eu(III), Tb(III)
and Er(IIl) as well as 1H-pyrazole-3,5-dicarboxylic acid
(Hspdca) is studied. Because the synthesized compounds are
intended to be additives for luminescent polymeric compos-
ites, the selection of such ions was made due to their eminent
light emission properties in the VIS and NIR regions. On
the other hand, it is generally known that the decrease of
coordination number in the series of lanthanide complexes is
observed due to lanthanide contraction. This fact may imply
structural diversity in the lanthanide series of complexes
with the same ligand. Therefore, we have decided to select
the representatives of light and heavy lanthanides for better
understanding the relationship between the atomic number
and the structure of compounds. The selection of 1H-pyra-
zole-3,5-dicarboxylic acid (Scheme 1) was motivated by its
excellent coordination abilities due to the presence of six
potentially available coordinative sites after the deproto-
nation process of both carboxylic groups and the pyrazole
ring [65]. This ligand forms both discrete and polymeric
structures with s- and d- block elements [66—70] but the
complexes with lanthanide ions are not well documented
[71-73].

Regular studies of the impact of different synthesis condi-
tions on the structure and properties of metal complexes are
usually focused on a single method. Commonly the authors
change one or more factors such as solvent, temperature or
heating time that may affect the final product [46]. The study
involving several completely different methods of complexes
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Scheme 1 Structure of 1H-pyrazole-3,5-dicarboxylic acid

synthesis concerning the same metal ions and linkers is still
uncommon. Thus we decided to obtain coordination poly-
mers using different synthesis methods as well as to deter-
mine the relationship between structure and properties of
formed compounds. In particular, a lot of attention is paid
to the determination of thermal properties of synthesized
coordination polymers. As follows from literature data, the
investigations on thermal behaviour of lanthanide coordina-
tion polymers based on the 1H-pyrazole-3,5-dicarboxylic
acid are limited.

This paper presents our results concerning lanthanide
coordination polymers obtained by different processing like
hydrothermal, mechanochemical and classical precipitation
procedures. Their composition and structural characteristics
were determined by elemental analysis, ED-XRF, X-ray dif-
fraction methods and infrared spectroscopy. Thermal behav-
iour of the complexes was examined by means of the TG-
DTG-DSC methods in air and the TG-FTIR method in the
nitrogen atmosphere. The analysis of volatile products of
decomposition of free linker and its lanthanide complexes
allowed proposing their pyrolysis mechanisms.

2 Experimental
2.1 Materials and Synthesis

Monohydrate of 1H-pyrazole-3,5-dicarboxylic acid (98%)
and hydrates of lanthanide(III) nitrates(V) (99.9%) were
purchased from Alfa Aesar. All reagents were used without
further purification.

The hydrothermal synthesis included two steps. In the
first step deprotonation of H;pdca acid was made using the
0.2 M NaOH solution. In the second stage the synthesis of
complexes was carried out by mixing Ln(NO;); (1 mmol, 20
ml) aqueous solutions (where Ln(IIl) =Nd, Eu, Tb and Er)
with sodium salt of acid (1.5 mmol, 25 ml). The pH of the
reaction mixture was 5. The obtained mixtures were placed
in the Teflon vessels and closed in the steel autoclaves. In
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order to achieve hydrothermal conditions, the synthesis pro-
ceeded at the temperature of 120 °C for 72 h. The autoclaves
were allowed to cool to room temperature. The obtained
suspensions were filtered and washed with distilled water.
The europium(IIl) complex was obtained in the form of
single-crystals while the remaining complexes were in the
form of polycrystalline powders. The yield of hydrothermal
synthesis was 76%.

The mechanochemical synthesis consisted in grind-
ing the appropriate mass of lanthanide(IIl) acetates
Ln(CH;COO0);-nH,0 (0.32 mmol), where Ln=Nd, Eu, Tb,
Er and H;pdca acid (0.5 mmol) in the ball mill for 60 min.
Then the precipitates were washed with distilled water to
remove the formed by-product i.e. acetic acid. The yield
of mechanochemical synthesis was in the range 66—70%.
Milling was done using a RETSCH MM 400 mixing mill
with the frequency of 30 Hz, in 10 ml crucibles and 5 mm
diameter beads.

In the precipitation method, the stoichiometric amounts
of the substrates were the same as in the hydrothermal
method. After mixing the solutions containing appropri-
ate amounts of lanthanide(III) nitrate(V) and the solution
of sodium 1H-pyrazole-3,5-dicarboxylate, the precipitates
formed immediately were filtered, washed with water and
placed for drying. The yield of the precipitation method syn-
thesis was in the range 80-82%.

2.2 Methods

The contents of C, H and N in the obtained compounds
were determined by the elemental analysis with a EuroEA
Elemental Analyser and the results are given in Table A.1.
The quantitative analysis of lanthanide elements in the com-
plexes was performed using Energy-Dispersive X-Ray Spec-
trometer Canberra Packard (Table A.1). The infrared spectra
(ATR-FTIR) of the acid and the obtained compounds were
recorded using a Nicolet 6700 spectrophotometer equipped
with the Smart iTR accessory (diamond crystal) in the range
of 4000-600 cm~!. The X-ray powder diffraction patterns of
the prepared complexes were made by means of a Empyrean
powder diffractometer PANalytical using the Bragg—Bren-
tano method.

Thermal analyses of the prepared complexes were made
applying the thermogravimetric (TG) and differential scan-
ning calorimetry (DSC) methods using the SETSYS 16/18
analyser (Setaram). The samples (about 5-9 mg) were heated
in the alumina crucibles up to 1000 °C at a heating rate of 10
°C min~! in the dynamic air atmosphere (v=0.75 dm’> h™").

Thermograms were recorded by TA Instruments Q5000
thermal analyzer heating the 20—30 mg samples in the nitro-
gen flow atmosphere (25 cm® min~') at a heating rate of
20 °C min~!. The samples were heated up to 700 °C in the
open platinum crucibles. Gaseous products were recorded
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by a Nicolet 6700 spectrophotometer coupled with the ther-
mobalance. The transfer line was heated up to 250 °C while
the gas cell of spectrophotometer was heated up to 240 °C.

Single-crystal diffraction data were collected at 293 K
on an Oxford Diffraction Xcalibur CCD diffractometer with
the graphite-monochromated MoK, radiation (A=0.71073
A). The programs CrysAlis CCD and CrysAlis Red [74]
were used for data collection, cell refinement and data reduc-
tion. A multi-scan absorption correction was applied. The
structures were solved by direct methods using SHELXS-97
[75] and refined by the full-matrix least squares on F2 using
SHELXL-97 [75].

3 Results and Discussion
3.1 General Characterization

There were synthesized complexes with selected lan-
thanide ions i.e. Nd(III), Eu(III), Tb(III) and Er(III) with
1H-pyrazole-3,5-dicarboxylic acid of the general formula
Ln,(Hpdca);'nH,0, where Ln=Nd(III), Eu(III), Tb(III) and
Er(Ill); Hpdca= CsH,N,0,%~ and n=6 or 7 (Table A.1). The
main purpose of our investigations was to determine influ-
ence of different synthetic procedures on the composition,
structure and thermal properties of lanthanide coordination
polymers. Besides the hydrothermal method (HT), which
is commonly used in the synthesis of coordination poly-
mers, mechanochemical (Mech) and classical precipitation
approaches (Prep) were also applied.

Taking into account specificity of these methods, differ-
ent metal precursors were used. Lanthanide(III) nitrates(V)
were employed in the hydrothermal and precipitation meth-
ods while lanthanide(III) acetates were adapted in mechano-
chemistry. The application of lanthanide(III) acetate hydrate
prevents formation of nitric acid as a by-product of mecha-
nochemical reaction. This strong acid can dissolve the lan-
thanide complexes, which is an undesirable process during
their synthesis. The use of lanthanide(III) acetate leads to
the formation of acetic acid which, as a weak acid, does not
dissolve the compounds formed in the solid state and can be
easily removed by washing with water. The mechanochemi-
cal reactions were conducted under the solvent free condi-
tions while water was used as a solvent of precursors in the
hydrothermal and precipitation methods.

Taking into consideration the number of water molecules
in the obtained complexes, all compounds prepared under
the hydrothermal conditions comprise six water molecules
exactly as it was observed in the previously reported com-
plexes [71, 72]. Six water molecules appear also in the
complexes of Tb(III) synthesized by the other methods.
The complexes of Eu(IIl) and Er(IIl) obtained by both the
mechanochemical and precipitation manners exhibit seven

water molecules similarly to the Nd(III) complex obtained in
mechanochemistry. The presence of water molecules in the
complexes obtained by the mechanically activated synthesis
can be explained by using hydrates of lanthanide acetates.

3.2 X-Ray Characterization

All applied synthesis procedures result in the formation of
polycrystalline materials as can be postulated from their dif-
fractograms. It is worth noting that the XRD patterns of
compounds obtained under the hydrothermal conditions
show excellent quality (Fig. 1). Additionally, the hydro-
thermally prepared europium(IIl) complex has grown in
the form of crystals suitable for single-crystal X-ray diffrac-
tions measurements. The XRD pattern generated from the
single-crystal data of europium(III) complex corresponds
well with the experimental one for the polycrystalline forms.
Besides, the XRD pattern of the europium(IIl) complex is in
good agreement with the diffractograms of all terbium(III)
and erbium(IIT) complexes prepared by different methods.
This statement allowed us to conclude that the complexes
of Eu(IIl), Tb(III) and Er(IIl) are isomorphous in spite of
the fact that some of them exhibit different numbers of
water molecules (six or seven). Six water molecules appear
in the inner coordination sphere of lanthanide(III) ions.
An additional water molecule occupies free space in the
metal-organic frameworks.

The single-crystal X-ray analysis reveals that the
europium(Ill) complex crystallizes in the monoclinic
P2,/c space group. The unit cell parameters are as fol-
lows: a=10.9897(7) A, b=10.2103(5) A, c=10.5766(7)
A, p=100.149(5), V=1168.2(1) A, Z=4 (Table A.2).
These data are very similar to those of the 2D double-
decker coordination polymers reported previously (Fig. 2)
[71, 72]. Taking this fact into account it can be concluded
that the obtained isomorphous complexes of Eu(IIl),
Tb(II) and Er(IIl) exhibit the same polymeric crystal
structures. In the Eu,(Hpdca);6H,0 complex, the eight-
coordinated europium(III) atoms are coordinated by four
Hpdca?~ ligands and three water molecules (Fig. 2a). The
coordination environment of Eu(IIl) center consists from
four carboxylate oxygen atoms, three oxygen atoms from
aqua ligands and one nitrogen atom from pyrazole ring. The
bond lengths Eu—O range from 2.343(7) to 2.465(8) A while
Eu-N is 2.519(7) A (Table A.2). As can be seen in Fig. 2a,
1H-pyrazole-3,5-dicarboxylate linker behaves as tetraden-
tate linker binding three different Eu(IIl) ions in bridging-
chelating manner. Carboxylate groups adopt the bidentate-
bridging and monodentate modes.

However, the XRD patterns of neodymium(III)
complexes obtained under various conditions differ
from those of remaining complexes. The experimental
XRD patterns of neodymium(IIl) complexes were also
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Fig.2 a Central metal environment in Eu,(Hpdca);-6H,O complex; b crystal packing of Eu,(Hpdca); ‘6H,O complex in view along b* axis.

symmetry codes: (i) X, y+ 1, z; (ii) x, — y+0.5, z-0.5

compared with that calculated from the single-crystal data
published by J. Xia and et. al [72]. The good agreement of
such XRD patterns confirms that neodymium(III) com-
plexes obtained by us are isomorphous with those three-
dimensional complexes reported in the literature. In such
complexes, neodymium atoms are nine-coordinated being
surrounded by both 1-H-pyrazole-3,5-dicarboxylate and
aqua ligands. The organic ligands coordinate neodym-
ium atoms through monodentate, bidentate-bridging and
bidentate-chelating carboxylate groups and one nitrogen
atom from the pyrazole moiety [72].

@ Springer

3.3 Infrared Spectroscopy

The determination of deprotonation degree of 1-H-pyrazole-
3,5-dicarboxylic acid in metal complexes was made based of
the infrared spectra of free acid and its complexes (Fig. A.1).

This dicarboxylic acid belongs to the group of the ligands
where besides deprotonation of COOH groups also aromatic
ring can be deprotonated. The infrared spectrum of H;pdca
displays a relatively strong band at 3203 cm™' assigned to
the stretching vibrations of OH from the COOH groups as
well as water molecules (monohydrate of acid was used
in the syntheses). Broadening of such band indicates the
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presence of hydrogen bonds with participation of OH groups
from COOH. Additionally, the infrared spectrum of acid
shows also a band at 3142 cm™! derived from the stretch-
ing vibrations of N-H group from the pyrazole ring. In the
range 3000-2000 cm™! bands associated with the stretch-
ing vibrations of C—H groups and hydrogen bonds appear.
The carboxylic groups give a very strong band at 1687 cm™"
assigned to the stretching vibrations of carbonyl groups
UC=0). The band at 1243 cm~! was ascribed to the defor-
mation vibrations of C—O-H moieties from the carboxylic
groups. The several sharp bands at: 1557, 1489, 1445, 1392,
1317, 1276 and 1204 cm™! were attributed to the stretching
and bending vibrations of the pyrazole ring [76-78].

The ATR-FTIR spectra of all investigated lanthanide
complexes show clearly the presence of water molecules
in their structures (Fig. A.2). In the wavenumber range
3500-2400 cm™! the infrared spectra exhibit a broad band
assigned to the stretching vibrations of O—H groups from
the water molecules which take part in the hydrogen bonds.
Additionally, in the above mentioned region, a weak sharp
band with the maximum in the range 3134-3130 cm™! is
observed (complexes of Eu, Tb and Er) due to stretching
vibrations of N-H group from the pyrazole ring [76-78].
This band is slightly shifted towards the lower wavenum-
ber compared with its position in the free acid. This can
be explained in terms of changes in the electron density on
the ring atoms as a result of metal coordination through the
carboxylate groups and nitrogen atom (position 2 in the
pyrazole ring). Interestingly, in the neodymium complexes
the stretching vibrations of N—H group appear in the similar
position (3146 cm™) to that of the free acid. This observa-
tion confirms the structural diversity between neodymium
and other complexes.

The characteristic bands from the carboxylic groups dis-
appeared in the infrared spectra of metal complexes. On the
other hand, new very diagnostic bands from the carboxylate
groups are observed on the spectra of all complexes which
is indicative of deprotonation of COOH groups and metal
ions coordination. In the spectra of isomorphous complexes
(Eu, Tb and Er), asymmetric and symmetric stretching vibra-
tions of carboxylate groups appear in the ranges: 1597-1579
and 1359-1348 cm™', respectively [56-64]. A very simi-
lar position of bands derived from stretching vibrations of
carboxylate groups suggests the same coordination modes
of COO groups in the Eu, Tb and Er complexes. However,
the ATR-FTIR spectra of neodymium complexes show very
similar wavenumbers of stretching asymmetric vibrations
of carboxylate groups (1589—1586 cm™') whereas the sym-
metric stretching vibrations of COO are shifted towards
lower (1312 cm™!) wavenumbers compared to the remain-
ing complexes. This fact points out to different coordination
behaviour of carboxylate groups in the 1 H-pyrazole-3,5-di-
carboxylate ligands in the Nd complexes. This conclusion

is in good agreement with the above statement about the
coordination mode of 1H-pyrazole-3,5-dicarboxylate linker
in the obtained Nd complexes [72].

3.4 Thermal Analysis in Air

Thermal behaviour of free 1H-pyrazole-3,5-dicarboxylic
acid as well as the investigated lanthanide coordination poly-
mers was studied by the TG, DTG and DSC methods in the
air atmosphere (Fig. 3). The 1H-pyrazole-3,5-dicarboxylic
acid is thermally sustained up to 92 °C. Further heating leads
to the dehydration process in the range 93—-140 °C connected
with the mass loss of 10.07% corresponding to the release of
one water molecule (calc. mass loss of 10.34%). This step is
accompanied by the endothermic effect (onset point: 103 °C,
peak top at 122 °C) with the value of dehydration enthalpy
of 49.14 kJ/mol. In the temperature range of 141-260 °C
a plateau on the TG curve of the acid dehydrated form is
observed. Above 212 °C, some structural transformations in
the solid state take place as can be postulated from the pres-
ence of very weak endothermic effects on the DSC curve.
At a higher temperature, melting and decomposition pro-
cesses occur with the significant mass loss of 83%. Above
processes are accompanied by the endothermic effect with
the peak top at 297 °C (onset point: 293 °C) with the value
of enthalpy of 73.40 kJ/mol. Above 318 °C, some solid resi-
due (about 7%) appears. During further heating, this residue
is burnt up to 640 °C. This process is accompanied by the
exothermic effect on the DSC curve.

The recorded thermoanalytical curves of the complexes
obtained by different methods are given in Figs. 4, 5, 6, 7
and 8. The results from the thermal analysis made in the
air atmosphere are summarized in Table 1. The metal com-
plexes obtained under the hydrothermal conditions show the

1H-pyrazole-3,5-dicarboxylic acid
—%G %/minuV
—DSC

5

-20 4

-40 -|

Mass loss (%)
]

. 40
900 1000

T T T T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)

Fig.3 TG, DTG and DSC curves of free 1H-pyrazole-3,5-dicarbox-
ylic acid in air atmosphere
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Fig.6 TG, DTG and DSC curves of Eu,(Hpdca);-nH,O complexes in air atmosphere

highest thermal stability. The complexes of Eu(III), Tb(III)
and Er(III) are stable up to 88, 115 and 81 °C, respectively.
The hydrothermally prepared Nd(III) complex as well as
the other compounds synthesized by the mechanochemistry
and precipitation methods are stable only up to 30 °C. Heat-
ing of the complexes results in the removal of water mol-
ecules which takes place in the temperature range 30-268
°C. The recorded mass losses given in Table 1 correspond
to the release of six or seven water molecules. From the
shapes of TG, DTG and DSC curves it can be stated that the
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dehydration process in the complexes obtained under the
hydrothermal conditions occurs in one step. On the other
hand, in the metal complexes prepared by the alternative
methods, the loss of water molecules proceeds in two hardly
distinguishable stages in the wider temperature range.
Taking into account the characteristics of endothermic
effects associated with the water molecules release during
dehydration some observations were made. Considering
the values of enthalpy of dehydration process in the series
of complexes with the same metal ion, the highest value
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Fig.8 TG, DTG and DSC curves of Er,(Hpdca);-nH,O complexes in air atmosphere

is found for the complex prepared under the hydrothermal
conditions (261-335 kJ/mol). The lowest values of endo-
thermic effect associated with the dehydration process
were recorded for the complexes synthesized by precipita-
tion method (154-239 kJ/mol). These observations can be
explained based on different energy delivery methods dur-
ing the complexes synthesis. The hydrothermal approach
is characterized by heating under the autogenous pressure
for a long period of time which results in the formation of
crystals. The structures are largely ordered and removal
of strongly bound water molecules requires more energy.
On the other hand, in mechanochemistry and precipitation
method, a relatively short period of time of energy input is
not sufficient for formation of highly crystalline compounds
in which water molecules are very tightly bound.

As can be seen from the TG curves and data given in
Table 1, the dehydrated forms of complexes are unstable.
Removal of coordinated water molecules from the struc-
tures of investigated compounds leads to the collapse of
metal-organic frameworks and their decomposition. This
process begins in the temperature range 241-272 °C. Above
such temperature, decomposition along with burning of
organic fragments of compounds in the overlapping steps
takes place. These processes are accompanied by strong
exothermic effects. In the case of terbium complexes, above

530 °C some intermediate solid products are formed which
is most probably Tb,(CO3);. This compound is thermally
stable up to 930 °C and then transforms into Tb,0, [49, 50,
56, 58].

3.5 lIdentification of Gaseous Products of Free
Ligand and Complexes Decomposition

The TG-FTIR technique was employed to determine pyrol-
ysis mechanisms of the hydrothermally synthesized com-
plexes in the nitrogen atmosphere. The analysis of gaseous
products of thermal decomposition of the prepared com-
plexes allows for better understanding their thermal behav-
iour in the inert atmosphere and identification of decompo-
sition products. Among others, it allows to determine the
presence of water molecules in the complex structures and
the stability of metal-ligand bonds. First of all, thermal
decomposition of free 1H-pyrazole-3,5-dicarboxylic acid
was examined and the volatile products of its degrada-
tion were identified based on their FT-IR spectra. As can
be deduced from the recorded infrared spectra of evolved
gases (Figs. 9 and 10, Fig. A.3, Table 2), decomposition
of free acid occurs in three main stages: (1) dehydration
process, (2) decarboxylation process and (3) pyrazole vol-
atilization. During heating of ligand in the nitrogen, water
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Table 1 Data from thermal analysis of prepared complexes recorded in air atmosphere

AT, (¢C)  Mass loss (%) AT, (<C) Mass loss (%) AH (kJ/mol)  Onset point (¢C)  Peak top (°C)
Found Calc Found Calc
Hydrothermally obtained
complexes
Nd,(Hpdca);-6H,0 30-262 13.03 1257  272-730 60.85 60.81  331.438 160.73 204.13
Eu,(Hpdca);-6H,0 88-228 11.77 12.36 245-780 59.96 59.72  261.446 175.03 209.73
Tb,(Hpdca);-6H,0 115242 11.76 12.65 264-948*%  60.51 5792  335.683 184.81 217.91
Er,(Hpdca);-6H,0 81-243 11.63 11.93 257-727 57.73 57.76  263.47 173.88 206.3
Mechanochemically obtained
complexes
Nd,(Hpdca);7H,O 30-246 14.21 14.37 256-762 62.03 61.62 186.071 203.18 230.42
Eu,(Hpdca),-7H,0 30-242 13.58 14.12 259-675 60.58 60.55  259.823 165.89 199.42
Tb,(Hpdca),-6H,0 30-268 11.61 11.93 270-598 61.91 60.05 219.89 170.75 195.01
“Er,(Hpdca);-7H,0 30-243 13.16 12.69 260-679 61.07 61.47  307.309 159.78 194.42
Precipitated
complexes
Nd,(Hpdca);-6H,0 30-246 13.65 12.57 263-660 60.72 60.82  154.869 204.57 230.79
Eu,(Hpdca);-7H,0 30-241 13.58 13.65 252-701 60.39 58.52  222.807 167.65 204.08
Tb,(Hpdca); 6H,0 30-232 12.64 11.93 241-671 55.78 54.38  203.051 172.01 205.21
Er,(Hpdca);7H,0 30-234 12.95 13.65 242-672 58.75 58.55  239.522 167.26 201.28
AT,—temperature range of dehydration process
AT,—temperature range of Ln,(Hpdca); decomposition
AH—value of enthalpy of dehydration process
Peak top—temperature of maximum in endothermic peak
0081 time 5.183 min (127.95 °C)
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Fig. 9 The FTIR spectra of gaseous products of 1H-pyrazole-3,5-dicarboxylic acid decomposition (nitrogen atmosphere)
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Table 2 The time and temperature ranges of the release of the main gaseous products of thermal decomposition of the synthesized complexes

Complex/gaseous H;pdca Nd,(Hpdca);-6H,O Eu,(Hpdca);-6H,0 Tb,(Hpdca);-6H,0 Er,(Hpdca);"6H20
product
H,0 3.9-10 min (102.74—  2-16 min (62.16— 3—14 min (87.37— 3-13 min (87.37- 3-13 min (87.37-
220.78 °C) 340.67 °C) 303.78 °C) 286.57 °C) 286.57 °C)
Co, 11.9-30 min (261.98— 10-30 min (220.78—  12-30 min (266.89—  12-30 min (266.89—  12-30 min (266.89—
626.65 °C) 625.65 °C) 626.56 °C) 626.56 °C) 626.56 °C)
Pyrazole (C;H,N,) 14-26 min (303.78- - 18-21 min (386.78—  18-22 min (386.78—  18-21 min (386.78—
544.17 °C) 446.42 °C) 466.09 °C) 446.42 °C)
Hydrogen cyanide - - 22-30 min (466.09—-  22-30 min (466.09—  21-32 min (446.42—
(HCN) 626.56 °C) 626.56 °C) 667.13 °C)
Hydrazine (N,H,) - - 28-30 min (585.98—  27-30 min (566.3— 28-32 min (585.98—
626.65 °C) 626.56 °C) 667.13 °C)
Ammonia (NH;) - - 28-30 min (585.98—  27-30 min (566.3— 28-32 min (585.98-
626.65 °C) 626.56 °C) 667.13 °C)
Aliphatic Isocyanate ~ — 22-28 min (446.09—-  25-28 min (525.73—  25-28 min (525.73—  25-28 min (525.73—
(RNCO) 585.98 °C) 585.98 °C) 585.98 °C) 585.98 °C)

molecules are released at first. They give very diagnostic
sharp bands in the wavenumber ranges of 3900-3000 and
1800—1300 cm™" attributed to the stretching and deforma-
tion vibrations of OH groups (Figs. 9 and 10). The water
molecules release is observed during the time from 3.9
min to 8 min (Table 2), which is related to the temperature
range 102.74-220.78 °C. The dehydrated form of acid is
temporarily thermally stable up to 238 °C. The next stage
of ligand degradation is connected with the decarboxyla-
tion process during which carbon dioxide (CO,) molecules
are released. Strong, well-defined absorption bands in the
region 2400-2200 cm™! as well as those at 699 cm™! are
associated with the stretching and deformation vibrations
of CO, [79, 80]. The evolution of carbon dioxide mol-
ecules takes place from 11.9 (261.98 °C) minute and lasts
30 min (up to 626.65 °C) until the end of decomposition.
During the decarboxylation process, free pyrazole mol-
ecules are produced, which are observed in the volatile
decomposition products. Pyrazole molecules are evolved
from 14 to 26 min of decomposition, in the temperature
range 303.78-544.17 °C. Broad absorption bands in the
wavenumber ranges of 3600—400, 1500-1350 cm~! as well
as sharp absorption bands at 775, 750 and 725 cm™! were
assigned to the stretching modes of NH and CH groups,
skeletal bands and CH out-of-plane bending vibrations of
pyrazole molecules, respectively [78, 81].

The FTIR spectra of evolved gaseous products during
the thermal decomposition in the N, atmosphere of the
prepared complexes are shown in Figs. 11, 12, 13 and 14,
Figures A.3-A.7 and Table 2. The proposed mechanism
of complex decomposition in the nitrogen atmosphere
is given in Fig. 15. Water molecules release takes place
for all metal complexes as indicated by the presence of
stretching and deformation modes of OH groups in the
ranges 4000-3000 and 2000—1300 cm™!, respectively. The
neodymium complex exhibits the lowest thermal stabil-
ity and liberated water molecules are observed above 62
°C while in the case of other complexes above 87 °C.
The most intense evolution of water molecules due to the
dehydration process is observed in the range of 2—16 min,
which is related to the temperature range of 62.16-340.67
°C. Further heating of unstable products of dehydration
results in the decomposition process connected with mass
losses observed on the TG curves. At first, the decar-
boxylation process of the investigated complexes takes
place as a result of breaking Ln-O,,, and pyrazole-
COO bonds. The evolution of carbon dioxide molecules
is noticed. The characteristic bands derived from CO,
(bands in the region 2400-2200 cm™' and below 800
cm™!) were observed from 220.78 °C for the Nd com-
plex (from 266 °C for the other complexes) almost up to
the end of all experiments. Taking into account the fact
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Fig. 12 The FTIR spectra of volatile products of Eu,(Hpdca);-6H,0 complex decomposition (nitrogen atmosphere)

that the carboxylate groups were bound with lanthanide
centers in different modes, the CO, molecules evolved
continuously. It can be assumed that at the lowest tem-
perature the monodentate COO groups were transformed
into CO, and next released from the structure. On the

@ Springer

other hand, the carboxylate groups which participated
in the formation of a five-membered ring as a result of
coordination lanthanide atom by carboxylate oxygen atom
and adjacent nitrogen atom from the pyrazole ring are
more strongly bound due to high thermal stability of such
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chelate moieties. That is why the decarboxylation pro-  a product of organic linker decomposition. Interestingly,
cess of such groups occurs at a higher temperature. The  only decomposition of Eu, Tb and Er complexes leads to
detailed analysis of the gaseous products of complexes  the pyrazole molecules evolution in the temperature range
decomposition (Table 2) along with the temperature of ~ 386.78-446.42 °C. Broad absorption bands in the ranges
their evolution allowed finding the pyrazole molecules as of 3600-3400, 1500-1350, 1150-1100, 1050-950 cm™!
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Fig. 15 Proposed pyrolysis mechanism for Eu,(Hpdca);-6H,0 complex

and sharp bands with a wavenumber at 750, 725 and 775
cm™! testify to the vibrations of the pyrazole molecule.
The lack of pyrazole molecules among volatile products
of neodymium complex thermal decomposition can be
explained in terms of its different crystal structure.

In the further stage of decomposition, such gases
as hydrogen cyanide, hydrazine, ammonia, and isocy-
anates are released. The bands in the ranges 3400-3200,
1450-1380 and 750-650 cm™! originated from the
stretching vibrations of C-H and C=N groups of
evolved hydrogen cyanide molecules. The ammonia and
hydrazine molecules give very weak bands in the range
3350-3195 cm™! and double band with maxima at 970
and 930 cm™! assigned to the stretching and deformation
vibrations of N-H groups, respectively [79]. The FTIR
spectra of volatile products of complexes decomposition
show diagnostic bands from the ammonia and hydrazine
molecules in the temperature range 566—667 °C. Hydro-
gen cyanide molecules are observed in the temperature
range 446—667 °C. The formation of these gases can be
explained by decomposition of volatile pyrazole mol-
ecules. It can be assumed that during pyrolysis of the
investigated complexes, some solid intermediate lantha-
nide compounds along with carbon residues are formed.
These products may act as catalysts of pyrazole molecules
decomposition. Additionally, the catalytic process can be
enhanced by material of the crucibles i.e. platinum which
is regarded as a catalyst of many reactions in the gaseous
phase [79]. In comparison to the free acid decomposition,
also aliphatic isocyanates (RNCO) are formed as vola-
tile products of metal complexes decomposition. They
give absorption bands in the range 2300-2200 cm™! due
to the asymmetric stretching vibrations of -NCO group
[79, 82]. It is worth noting that this gaseous product is
formed from neodymium complex decomposition above
446 °C while from the other complexes above 586 °C.
Such differences in the temperature of isocyanate species
emanation confirm a structural diversity of neodymium
and other lanthanide complexes.
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4 Conclusions

In summary, we have obtained the coordination polymers
of Nd(III), Eu(Ill), Tb(III) and Er(IIl) ions with H-pyra-
zole-3,5-dicarboxylate linker by hydrothermal, mecha-
nochemichal and precipitation methods. It is interesting
to note that that all prepared coordination polymers are
crystalline, even in the mechanochemistry approach. Dif-
ferent synthesis strategies allowed to obtain the same final
products. The complexes of Eu(IIl), Tb(III) and Er(III) are
isomorphous while the Nd(III) complexes exhibit a differ-
ent crystal structure. Moreover, application of the hydro-
thermal method improved the crystallinity of synthesized
materials which finally resulted in the formation of single
crystals of the Eu(III) complex.

The hydrothermal conditions lead to the complexes
with the highest thermal stability (except the neodymium
complex) and the strongest bonding of water molecules.
Considering further stages of complexes decomposition,
it can be concluded that the way of energy supply dur-
ing the synthesis does not affect on the thermal stability
of intermediate products of complexes heating and the
pathways of their decomposition are similar. The gaseous
products of free acid and investigated complexes pyrolysis
in the nitrogen atmosphere were identified. The free linker
degradates mainly with formation of volatile products
such as: water, carbon dioxide and pyrazole. The pyroly-
sis of metal complexes is strongly affected by their crys-
tal structures. Water, carbon dioxide and some aliphatic
isocyanates were identified as gaseous products of neo-
dymium complex decomposition. The pyrolysis process
of europium, terbium and erbium complexes took place
with an entirely different mechanism. Degradation of those
complexes in the nitrogen results in the formation of not
only water and carbon dioxide molecules but also pyra-
zole molecules. Interestingly, compared to free acid also
the products of pyrazole degradation such as: ammonia,
hydrazine and hydrogen cyanide were distinguished. Con-
sidering this fact, it can be postulated that solid products
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of the lanthanide decomposition have catalytic influence
on pyrazole molecules degradation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10904-021-02018-w.
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