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ARTICLE INFO ABSTRACT

Solid-state M(IN),nH,O complexes, where M stands for bivalent transition metals (Mn, Fe, Co, Ni, Cu and Zn), IN
is isonicotinate and n = 0.5 to 4.0 H,O, were synthesized. Characterization and thermal behavior of the com-
pounds were performed employing elemental analysis (EA), complexometric titration with EDTA, powder X-ray
diffraction (PXRD), infrared spectroscopy (FTIR), simultaneous thermogravimetry and differential scanning
calorimetry (TG-DSC) in dynamic dry air and nitrogen atmospheres, differential scanning calorimetry (DSC) and
TG-DSC coupled to FTIR. The thermal behavior of isonicotinic acid and its sodium salt was also investigated in
both atmospheres. The dehydration of these compounds occurs in a single step in both atmospheres. In air
atmosphere, the thermal decomposition of the anhydrous compounds also occurs in a single step, except for the
copper compound where two steps are observed. In N, the thermal decomposition of the anhydrous compounds
occurs in two consecutive steps, except for iron compound, where three steps are observed. The main gaseous
products of thermal decomposition/pyrolysis of the compounds were identified as CO, CO, and Pyridine. Mn,
Co, Cu and Zn compounds show a physical transformation process in DSC curves. The ligand coordinates through
the pyridine nitrogen atom to the metal and for the Zn compound, the carboxylate group also participates in the
coordination. The IR absorption profile of hydrated and dehydrated compounds suggest that there is a probable
change in the coordination mode of the ligand upon dehydration. This change needs to be further investigated,
once it is not possible to ensure only with infrared spectroscopy data.
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1. Introduction Concerning the structure of some complexes, depending on the
synthetic conditions employed the isonicotinate ligand can coordinate

A literature survey of coordination compounds with organic ligands by both the carboxylate group and pyridyl N atom (under solvothermal

results in a wide variety of papers describing applications for this type
of material. The investigations focus mainly in synthesize and char-
acterize functional materials for gas storage, catalysis, drug delivery,
luminescent materials, molecular sieves, improved biological activity of
pharmaceuticals, etc. When it comes to the ligand isonicotinate (4-
pyridinecarboxilate) it is very interesting for obtaining such materials
due to its ability to coordinate by two sites (pyridine nitrogen atom, and
carboxylate group), forming polymeric porous materials [1-5].

The formation of complexes between bivalent transition metals and
isonicotinate ligand was also already described as a possible method for
gravimetric determination of these elements [6]. In such application,
knowing its stoichiometry and thermal stability is crucial, once the
precipitate in such method needs to be dried at elevated temperatures.

conditions [7]) or just by the pyridyl N atom (in aqueous solution) [8].
Besides the already mentioned applications, the study of the thermal
behavior of metal complexes can lead to the identification of stable
intermediates during the thermal decomposition. These intermediates
can be interesting in some applications, and therefore obtaining it by
thermal methods could be an alternative way for producing compound
that sometimes would be difficult to obtain by other routes. Some
studies described the thermal behavior of isonicotinate complexes and
proposed a degradation mechanism in nitrogen atmosphere [9,10]
Although the literature on the isonicotinate coordination com-
pounds shows a variety of approaches for the compound’s character-
ization, there is a lack of an extensive study on the thermal behavior of
isonicotinate transition metal complexes in different atmosphere
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conditions. So, the focus of the current research was to investigate the
thermal behavior (employing TG-DSC, DSC and EGA/TG-FTIR) of some
bivalent transition metals isonicotinate complexes in dynamic dry air
and nitrogen atmospheres to determine its minimal formula, thermal
stability, and gaseous products evolved during oxidation (air) and
pyrolysis (N5). Also, a spectroscopic investigation by FTIR and PXRD
were conducted to obtain structural information.

2. Experimental

Isonicotinic acid with 99% purity was obtained from Aldrich and
used as received. Aqueous solution of sodium isonicotinate 0.1 mol L™
was prepared by neutralization of an aqueous solution of isonicotinic
acid with sodium hydroxide solution 0.1 mol L. Aqueous 0.1 mol L™*
solutions of bivalent transition metal ions were prepared by dissolving
the correspondent chloride [Mn(II), Co(II), Ni(II)] or sulphate [Fe(Il),
Cu(Il), Zn(ID].

The solid-state compounds were obtained by adding slowly with
stirring 100 mL of sodium isonicotinate 0.1 mol L™* to 50 mL of the
respective metal ions solutions 0.1 mol L™! heated up to near ebulli-
tion. The system was cooled down to room temperature and the pre-
cipitates were filtered off, washed with distilled water until chloride
(C17) or sulphate (S0427) ions were eliminated (tested with AgNO3/
HNO; solution for C1~ ions or BaCl, for SO,2~ ions) dried at 50 °C in a
forced circulation air oven for 12h and kept in a desiccator over an-
hydrous calcium chloride. To avoid the oxidation of Fe(II) to Fe(III), all
the solutions, as well as the water used for washing the precipitate,
were purged with nitrogen gas, even during the heating to near ebul-
lition and cooling to room temperature.

For the compounds in the solid state the metal, hydration water and
isonicotinate contents were determined from TG curves obtained in dry
air atmosphere. The metal ions content were also determined by com-
plexometry with standard EDTA solution after calcinating the com-
pounds in a furnace to obtain the respective oxides and dissolving in
hydrochloric acid solution [11].

Carbon, hydrogen and nitrogen contents were determined by mi-
croanalytical procedures with a CHN elemental analyzer from Perkin
Elmer, model 2400 and from TG curves (dry air atmosphere), since the
ligand lost in the thermal decomposition occurs with the formation of
the respective oxides with known stoichiometry as final residue.

Simultaneous TG-DSC curves were obtained in a Mettler Toledo
thermal analysis system, model TG-DSC 1. As purge gas, dynamic dry
air or nitrogen (99% purity), with a flow rate of 50 ml min™" in both
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cases, were used. When nitrogen atmosphere was employed, the system
was purged for 20 min before starting the analysis. The heating rate was
set as 10°C min™!, with samples weighting about 10 mg. As sample
support, 150 pL alumina (a-Al,O3) crucibles were used.

The evolved gas analysis (EGA/TG-FTIR) experiments were per-
formed coupling the thermogravimetric analyzer to the Nicolet FTIR
spectrophotometer equipped with a gas cell, using DTGS detector with
KBr window. The furnace outlet was couplet to the heated (at 250 °C)
spectrophotometer gas cell were coupled through a heated (at 225 °C)
120 cm stainless steel transfer line with diameter of 3 mm, both purged
dry air and N, (50 mL min!). The FTIR spectra were recorded with 16
scans per spectrum at a resolution of 4 cm™.

The DSC experiments were performed in a TA Instruments model
Q10 differential scanning calorimeter. Dry air or nitrogen was em-
ployed as purge gas, both at a flow rate of 50 mL min™'. The heating
rate of 10°C min™ and sample mass of about 2mg were adopted.
Aluminum crucible with perforated cover was used as sample support.

The attenuated total reflectance (ATR) infrared spectra for the
compounds were run in a Nicolet iS10 FTIR spectrophotometer, using
an ATR accessory with Ge window. The spectrophotometer was
equipped with a DTGS detector. Each spectrum was acquired with
32 scans and resolution set to 4 cm™.

The powder X-ray diffractograms (PXRD) were obtained using a
Siemens X-ray diffractometer, model D-5000, employing CuKa radia-
tion (A = 1.541 f\), operating voltage of 40 kV, current of 20 mA. Glass
sample supports were used, and the samples were exposed to the ra-
diation with incidence angles (20) swept from 5° to 80°, at a step of
0,02° with collection time of 2s.

3. Results and discussion
3.1. TG-DSC of isonicotinic acid and sodium isonicotinate

The TG-DSC curves of isonicotinic acid (HIN) in dynamic dry air
and nitrogen atmospheres are shown in Fig. 1. In both conditions, the
TG-DSC curves show total mass loss in a single step between
165-260 °C, attributed to sublimation of the compound. It was con-
firmed by heating the isonicotinic acid in a glass tube up to 260 °C. A
white solid, deposited on the glass wall, were collected, and by IR
analysis it was identified as isonicotinic acid.

For sodium isonicotinate (NaIN), the TG-DSC curves in air and N,
atmospheres are also shown in Fig. 1. These curves show mass losses in
three consecutive steps, in both atmospheres, with thermal events
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Fig. 1. Isonicotinic acid (HIN) and sodium isonicotinate (NaIN) TG-DSC curves in air and N, atmospheres.
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corresponding to these losses, even though in some cases thermal
events cannot be observed. The first mass loss between 50-95 °C (air,
N,) with mass loss of 2.45% and 2.29%, respectively, is attributed to
dehydration with loss of 0.2 HoO (Amcajcq- = 2.42%). No thermal event
corresponding to the dehydration is observed in the TG curve in both
atmospheres. This is attributed to the fact that the dehydration occurs
so slowly that a low heat flow rate is involved in this step, therefore it
does not produce a noticeable thermal event.

The anhydrous compound is stable up to 430 °C in both atmospheres.
Above this temperature the thermal decomposition (air) or pyrolysis (N5)
occur in two consecutive steps between 430-530 °C and 530-790 °C (air) or
430-520 °C and 520 — > 1000 °C (N,). In the first step the endo and exo-
thermic peaks at 445 °C and 470 °C (air) or endothermic peaks at 450 and
460 °C (N,), with mass loss of 43.62% (air) and 44.32% (N,) are attributed
to the thermal decomposition and oxidation of the organic matter and/or of
the gaseous products evolved during thermal decomposition (air) and pyr-
olysis (N5) with formation of sodium carbonate and carbonaceous residue
(air) and carbonaceous residue (N). The last step with mass loss of 15.37%
(air) and 22.40% with mass loss still being observed (N,) is attributed to
oxidation and pyrolysis of the carbonaceous residue, respectively. In the last
step, no thermal event is also observed, probably because it occurs slowly,
and the heat involved is not sufficient to produce thermal event, as men-
tioned for the first step (dehydration).

3.2. Analytical results for isonicotinate metal complexes

For the synthesized compounds the analytical and thermoanalytical
(TG) results are presented in Table 1. From these results the stoichio-
metry of the compounds was established, which agree with the general
formula M(IN),nH,0, where M stands for bivalent transition metals, IN
is isonicotinate and n = 3 (Mn), 3.5 (Fe, Cu) and 4 (Co, Ni, Zn).

3.3. TG-DSC of isonicotinate metal complexes

Simultaneous TG-DSC curves in dynamic dry air and N, atmo-
spheres for the synthesized compounds are shown in Fig. 2a—f, and
a*—f*, respectively. These curves show mass losses in two or three steps
(air), and three or four steps (N»), and thermal events corresponding to
these losses or due to physical phenomenon.

From these curves it was possible to conclude that the thermal
stability of the hydrated compounds (I) depends only on the nature of
the metal ion. Differently, the stability of the anhydrous compounds (II)
and the final temperature of thermal decomposition (III) depend on the
nature of the metal ion and of the purge gas used:

D Air and N2 Ni (125°C) > Co (110°C) > Fe (100°C) > Cu
(90°C) > Mn (80 °C) > Zn (40 °C).

II) Air: Co=7Zn (365°C) >Mn (340°C) >Ni (305°C) > Cu = Fe
(260 °C).
Noj: Mn (380°C) > Co (370°C) > Zn (365°C) > Ni

(295°C) > Fe = Cu (255°Q).

Table 1
Analytical and thermoanalytical (TG ) data for M(IN),nH>O compounds.
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(III) Air: Zn (460 °C) > Mn (450 °C) > Co (430°C) > Ni (410°C) > Fe
(400°C) > Cu (375°Q).

No: Mn (>1000°C) > Zn
(810°C) > Co (765 °C) > Fe (720 °C).

As the thermal behavior of the compounds depends on the nature of
the metal ion and atmosphere used, the features of each compound are
discussed individually and for each atmosphere separately.

(900°C) > Ni  (890°C) > Cu

3.3.1. TG-DSC in air atmosphere

3.3.1.1. Manganese compound. The simultaneous TG-DSC curves for
manganese compound are shown in Fig. 2a. The first mass loss between
80 and 190 °C, corresponding to an endothermic peak at 120 °C is due
to dehydration with loss of 3 HyO (Amcaeq = 15.30%;
Amyg = 15.26%). The anhydrous compound is stable up to 340 °C
and above this temperature the thermal decomposition occurs in a
single step between 340 and 450°C with mass loss of 63.43%,
corresponding to a large exothermic peak attributed to oxidation of
the organic matter and/or of the gaseous products evolved during the
thermal decomposition, with the formation of Mn3O, as final residue.
The small mass gain (Amrg = 0.48%), between 450 and 470°C is
attributed to partial oxidation reaction of Mn304 to Mn,O3 and the
mass loss between 910 and 930 °C (Amrg = 0.82%) corresponding to an
endothermic peak at 915 °C is attributed to the reduction reaction of
Mn,03 to Mn3O4 [12]. The endothermic peak at 250 °C without mass
loss in the TG curve is attributed to phase transition process and is
further discussed in the PXRD section.

3.3.1.2. Iron compound. The simultaneous TG-DSC curves for iron
compound are shown in Fig. 2b. These curves show mass losses in
two consecutive steps (TG) although the DSC curve suggests that the
second step occurs through two overlapping ones. The first mass loss
between 100 and 160 °C, corresponding to an endothermic peak at
145°C is attributed to dehydration with loss of 3.5 H,0
(Amecgieq. = 17.37%; Amyg = 17.35%). The anhydrous compound is
stable up to 260°C and above this temperature the thermal
decomposition occurs between 260 and 400 °C with loss of 60.73%,
corresponding to exothermic peaks at 365 and 390 °C attributed to
oxidation of Fe(II) to Fe(IIl) and oxidation of the organic matter and/or
of the gaseous products evolved during the thermal decomposition with
formation of Fey,O; as final residue (Amegeq. = 78.01%);
Amrg = 78.08%).

3.3.1.3. Cobalt compound. The simultaneous TG-DSC curves for cobalt
compound are shown in Fig. 2c. These curves show mass losses in three
steps and thermal events corresponding to these losses or due to
physical phenomenon. The first mass loss between 110 and 174 °C,
corresponding to an endothermic peak at 155°C is attributed to
dehydration with loss of 4 HyO (Am g1eq. = 19.21%; Amg = 19.36%).
The anhydrous compound is stable up to 365°C and above this
temperature the thermal decomposition occurs in a single step
between 365 and 430 °C, with loss 59.35%, corresponding to a large

Compounds Metal oxide/% IN (Lost)/% Water/% C/% N/% H/% Final Residue
Caled. EDTA TG Caled. TG Caled. TG Caled. EA TG Caled. EA TG Caled. EA TG

Mn(IN)23H,0 21.59 2141 21.79 63.11 6295 1530 1526 40.80 41.25 40.70 7.96 855 7.94 4.00 3.48 3.99 Mn304
Fe(IN)5'3.5H,0 21.99 22.41 21.92 60.64 60.73 17.37 17.35 39.69 39.12 39.73 7.72 7.30 7.73 417 4.25 417 FeyO3
Co(IN)2'4H,0 21.39 21.60 21.29 59.40 59.35 19.21 19.36  38.41 38.85 38.46 7.49 7.35 7.50 4.31 450 432 Co304
Ni(IN),4H,0 19.90 20.15 20.05 60.88 60.58 19.22 19.37 38.43 38.71 3837 7.47 7.80 7.46 4.31 4.02 430 NiO
Cu(IN)»3.5H,0 21.45 21.82 21.41 6154 61.37 17.01 17.22 38.86 3872 38.88 7.56 7.85 7.56 4.04 373 4.09 CuO
Zn(IN)»:0.5H,0 25.54 25.28 25.78 71.63 71.21 2.83 3.01 45.24 4482 45.09 8.79 9.11 876 285 2.71 2.84 ZnO

* TG in air atmosphere; IN = isonicotinate; M = bivalent transition metal.
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Fig. 2. TG-DSC curves of the synthesized metal complexes in air (a—f) and N5 (a*—f*) atmospheres.

exothermic peak at 425 °C attributed to oxidation of the organic matter
and/or of the gaseous products evolved during the thermal
decomposition. The total mass loss up to 430°C agrees with the
formation of Co30, as final residue (Ameyeq = 78.61%;
Amrg = 78.71%). The last mass loss of 1.39%, between 890 and
910°C corresponding to an endothermic peak at 900 °C, is due to
reduction of Co304 to CoO and in agreement with the literature [12].
The exothermic peak at 260 °C, without mass loss in the TG curve is
attributed to phase transition.

3.3.1.4. Nickel compound. The simultaneous TG-DSC curves for nickel
compound are shown in Fig. 2d. The first mass loss between 125-185 °C
corresponding to an endothermic peak at 170°C is attributed to
dehydration with loss of 4 HyO (Amggeq. = 19.22%; Amrg = 19.37%).
The anhydrous compound is stable up to 305°C and above this
temperature the thermal decomposition occurs in a single step
between 305 and 410°C, with loss of 63%, corresponding to an
exotherm with two peaks at 390 and 400 °C attributed to oxidation of
the organic matter and/or the gaseous products evolved during the
thermal decomposition with the formation of a mixture of Ni° to NiO. At
higher temperatures there is oxidation of Ni° to NiO, and the mass loss
up to 800°C agrees with the formation of NiO as final residue
(AMared. = 80.10%; Amyg = 79.95%).

3.3.1.5. Copper compound. The simultaneous TG-DSC curves for
copper compound are shown in Fig. 2e. These curves show mass
losses in three consecutive steps and thermal events corresponding to
these losses or due to physical phenomenon. The first mass loss between
90 and 160 °C, corresponding to an endothermic peak at 145 °C is due
to dehydration with loss of 3.5 HyO (Ameaeq. = 17.01%;
Amyg = 17.22%). The anhydrous compound is stable up to 260 °C
and above this temperature the thermal decomposition occurs in two
consecutive steps between 260-375°C, with losses of 46.03% and
15.34%, corresponding to an exothermic peak at 350 °C, respectively,
attributed to the oxidation of organic matter and/or of the gaseous
products evolved during the thermal decomposition. The total mass loss
up to 375°C agrees with the formation of CuO as final residue

(Amicq. = 78.55%; Amrpg = 78.59%). The exothermic peak at 245 °C,
without mass loss in the TG curve is attributed to phase transition.

3.3.1.6. Zinc compound. The simultaneous TG-DSC curves for zinc
compound are shown in Fig. 2f. The first mass loss between 40 and
140 °C, without thermal event in the DSC curve is attributed to
dehydration with loss of 0.5 HyO (Amcyeq. = 2.83%; Amyg = 3.01%).
No thermal event due to dehydration is observed, probably because the
small mass loss occurs slowly, and the heat involved is not sufficient to
produce the endothermic peak. The anhydrous compound is stable up
to 365 °C and between 365-460 °C the thermal decomposition occurs in
a single step with loss of 71.21%, corresponding to a large and sharp
exothermic peak at 450 °C attributed to the oxidation of organic matter
and/or of the gaseous products evolved during the thermal
decomposition. The total mass loss up to 460 °C agrees with the
formation of zinc oxide, ZnO, as final residue (Amcacq. = 74.46%);
Amrg = 74.22%). The small exothermic peak at 240 °C, without mass
loss in the TG curve is attributed to phase transition process.

3.3.2. TG-DSC in N, atmosphere

The TG-DSC curves in N, atmospheres are shown in Fig. 2a*—f*.
These curves show mass losses in three steps, (except for iron com-
pound where four steps are observed) and endothermic peaks attributed
to dehydration and thermal decomposition, exothermic peak attributed
to physical phenomenon or without thermal event. A thermal decom-
position mechanism was proposed for each compound based on mass
losses and the gaseous evolved products identified by TG coupled to
FTIR (see next section).

3.3.2.1. Manganese compound. The TG-DSC curves of the compound
are shown in Fig. 2a*. These curves show mass losses in three
consecutive steps, with mass loss still being observed up to 1000 °C.
the first mass loss between 75 and 140°C corresponding to an
endothermic peak at 125 °C is attributed to dehydration with loss of 3
H50 (Amc,ica. = 15.30% (Eq. (1a)); Amrg = 14.68%).

The anhydrous compound is stable up to 380 °C and above this
temperature the mass losses occur in two consecutive steps of loss mass
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between 380-1000 °C. The first step between 280 — 460 °C (fast pro-
cess), corresponding to the endothermic peak at 435 °C, is attributed to
the thermal decomposition of the compound leading to the formation of
Mn,03 and carbonized residue, with release of CO,, pyridine (CsHsN)
(both identified by EGA), N, and H, (not detectable by IR), according to
the Eq. (1b) (Amcycq. = 47.05% (Eq. (1b)), Ampg = 45.04%).

The last step of mass loss between 460 — > 990 °C is attributed to
the slow oxidation of the carbonized material formed in the previous
step (Amgaeq. = 19.83% (Eq. (1¢)), Amyg = 18.88%). The total mass
loss up to 1000 °C suggests the formation of MnO and a small amount of
remaining carbonaceous material (Ameacq. MNO = 79.91%, Amcgjeq.
MnO + 0.75C = 77.37%); Amyg = 78.60%), as final residue, with re-
lease of CO.

Mn(IN)53H50 (s) — Mn(IN), (s) + 3H,0 (g) (1a)

4Mn(IN)3 (s) — 2Mny03(s) + 5C02(g) + 5CsHsN(g) + 13C(s) + 3/
2Ny(g) + 7/2Hy(g) (1b)

2Mn,05(s) + 13C(s) + 405(g)* — 4MnO(s) + 3C(s) + 10CO(g)
(1)

*Residual O, in the N, purge gas

3.3.2.2. Tron compound. The TG-DSC curves of the compound are
shown in Fig. 2b*. These curves show mass losses in four steps
between 100 and 720°C and mass gain between 720 — > 1000 °C.
The first mass loss between 100 and 160 °C, corresponding to an
endothermic peak at 140 °C is attributed to dehydration with loss of
3.5 H20 (Amcarea. = 17.37% (Eq. (2a)); Amrg = 17.60%).

The anhydrous compound is stable up to 255°C and above this
temperature the mass losses occur in three consecutive steps, being the
first two overlapping ones, between 55-370 °C (Amtg = 8.57%) and
370-455 °C (Amyg = 38.80%), corresponding to endothermic peaks at
360 °C and 440 °C. These two steps suggest a decomposition mechanism
with release of CO,, (CsHsN) (both identified by EGA), N, and H, (not
detectable in IR) (Amcgeq. = 49.89% (Eq. (2b)), Amtg = 47.37%) re-
sulting in the formation of Fe,O3; and carbonized organic matter, as
evidenced by visual inspection and PXRD of the sample heated to
455 °C (see Fig. S1 in supplementary material), and is in disagreement
with that reported in the literature [13].

The third mass loss step between 455-720 °C, associated with the
endothermic peak at 640 °C, is attributed to the oxidation-reduction
reaction between the iron oxide and the carbonized material with for-
mation of Fe’ and CO. (Amgacq. = 15.43 (Eq. (2¢)), Amyg = 16.50%).
The total mass loss up to 720 °C agrees with the formation of Fe® and a
small amount of C (Amguceq Fe® = 84.62%, Am,cq. Fe® +
1.25C = 80.49% (Eq. (2¢)), Amyg = 82.78%). The mass gain above
720°C up to 1000 °C is attributed to oxidation of the Fe® to FeO
(AMcared. = 4.41% (Eq. (2d)), Amrg = 5.05%) [14,15].
Fe(IN)»3.5H,0(s) — Fe(IN)x(s) + 3.5H»0(g) (2a)

4Fe(IN)y(s) — 2Fe;03(s) + 13C(s) + 5C0O45(g) + 6CsHsN(g) + Nai(g)

+ Ha(g) (2b)
2Fe;03(s) + 13C(s) + O4(g)* — 4Fe’(s) + 5C(s) + 8CO(g) (20)
2Fe’(s) + 0,(g)* — 2Fe0(s) (2d)

*Residual O, in the N, purge gas.

3.3.2.3. Cobalt compound. The TG-DSC curves of the compound are
shown in Fig. 2c*. The first mass loss between 105 and 175 °C,
corresponding to an endothermic peak at 155°C is attributed to
dehydration with loss of 4 HyO (Amggeq. = 19.21% (Eq. (3a));
Amyg = 19.29%).

The anhydrous compound is stable up to 370°C and above this
temperature the mass losses occur in two consecutive steps between

160
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370-765 °C. The first step of mass loss between 370-450, associated to
the endothermic peak at 440 °C in the DSC curve, is attributed to the
thermal decomposition of the compound, with release of CO,, (CsHsN)
(both identified by EGA), N, and H, (not detectable in IR), leading to
the formation of CoO and carbonized material (Amcacq. = 51.22% (Eq.
(3b)), Amg = 48.66%). The second step of mass loss, without thermal
events in the DSC curve, is attributed to the slow oxidation-reduction
reaction between CoO and carbonized material with the formation of
Co® and CO (Amcyeq. = 14.93% (Eq. (3¢)), Amg = 15.49%). The total
mass loss up to 765 °C, suggest the formation of a mixture of Co® and
carbonaceous residue (Amgyeq Co° = 84.29%, Amegeq CO  +
1.5C = 79.49%, Amrg = 83.45%). The mass gain observed between
765-1000°C is attributed to the oxidation of the Co° to CoO

(Amcgieq. = 4.26% (Eq. (3d)), Ampg = 3.07%) [14,15].
Co(IN)2'4H,0(s) — Co(IN)y(s) + 4 H,0(g) (3a)

4 Co(IN)3 (s) — 4CoO(s)-+ 12C(s) + 6CO, (g) + 6CsHsN(g) + Nx(g)

+ Ha(g) (3b)
4 CoO(s) + 12C(s) + 20,5%(g) — 4Co° (s) + 6C(s) + 8CO(s) (3¢)
4C0°%(s) + 20,%(g) — 4CoO (s) (3d)

*Residual O, in the N, purge gas.

3.3.2.4. Nickel compound. The TG-DSC curves of the compound are
shown in Fig. 2d*. The first mass loss between 115 and 190 °C,
corresponding to an endothermic peak at 170°C is attributed to
dehydration with loss of 4 HyO (Amcyeq. = 19.22% (Eq. (4a));
AmTG = 19.38%).

The anhydrous compound is stable up to 295°C and above this
temperature the mass losses occur in two consecutive steps, being the
first a fast process and the second a slow one. The first step between 295
and 400 °C corresponding to endothermic peaks at 332 °C and 368 °C
suggesting overlapping steps, with mass loss of 49.26%
(Amgacq. = 51.25% (Eq. (13)) is attributed to thermal decomposition,
with release of CO,, CsHsN, (both identified by EGA), N, and H, (not
detectable in IR). The second step between 400 and 890 °C, corre-
sponding to a small (480 °C) and an indicium (640 °C) of endothermic
peaks in the DSC curve, is attributed to the oxidation-reduction reaction
between the nickel oxide and the carbonized material leading to the
formation of Ni° and CO (Amgueq = 14.94% (Eq. (40),
Amrg = 14.51%). The total mass loss up to 890 °C also suggest the
formation of a mixture of Ni® and carbonaceous residue, in no simple
stoichiometric relation (Amcgieq. Ni® = 84.34%, AMcaleq.
Ni + C = 81.68%, Amtg = 83.42%), as confirmed by XRD and visual
inspection. The small mass gain (Amrg = 1.27%) above 890 °C is at-
tributed to the partial oxidation of the Ni° in the mixture to NiO
[14,15].

Ni(IN)24H50(s) — Ni(IN)o(s) + 4 H>0(g) (4a)

4Ni(IN)5(s) — 4NiO(s) + 12 C(s) + 6 COy(g) + 6 CsHsN(g) + Na(g)

+ Ha(g) (4b)
4NiO(s) + 12C(s) + 20,(g)* — 4Ni’(s) + 4C(s) + 8CO(g) (40)
4Ni%(s) + x0x(g)* — (4 — 2x)Ni (s) + (2x)NiO(s) (4d)

*Residual O, in the N, purge gas

3.3.2.5. Copper compound. The TG-DSC curves are shown in Fig. 2e*.
The first mass loss between 80 and 160 °C, corresponding to an
endothermic peak at 145 °C, is attributed to dehydration with loss of
3.5 HyO (AMcareq. = 17.22% (Eq. (52)); Amrg = 17.68%).

The anhydrous compound is stable up to 255°C and above this
temperature the mass losses occur in two consecutive steps, being the
first a fast process, followed by a slow one. The first step between 255
and 290°C with loss of 51.24% (Amcacq. = 51.82% (Eq. (5b))),
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corresponding to an endothermic peak at 285 °C in the DSC curve, is
attributed to thermal decomposition of the compound, with release of
CO,, CsHsN, (both identified by EGA), N, and H, (not detectable by IR).

The second step between 290 and 810 °C, without thermal event in
the DSC curve, is attributed to the oxidation-reduction reaction be-
tween the CuO and the carbonized material leading to the formation of
Cu® and CO (Amggeq. = 13.22% (Eq. (5¢)), Amrg = 12.93%). The total
mass loss up to 810 °C agrees with the formation of a mixture of Cu® and
carbonaceous residue, in no simple stoichiometric relation (Amcacq.
Cu® = 82.86%, Amcucq. Cu® + C = 79.62%, Amyg = 81.61%). The
mass gain (Amcyeq. = 2.16% (Eq. (5d)); Amrg = 1.53%) above 810 °C
and up to 1000 °C is attributed to oxidation reaction of the Cu® to Cu,0.

Cu(IN)5-3.5H50(s) — Cu(IN)(s) + 3.5 H,0(g) (5a)

4 Cu(IN), (s) — 4CuO(s) + 12C(s) + 6CO, (g) + 6CsHsN(g) + Na(g)
+ Ha(g) (5b)

4 CuO(s) + 12 C(s) + 3/204(g) — 4 Cu° (s) + 5C(s) + 7CO(g)
(5¢)

4 CuP (s) + 3/2 05°(g) — 2 Cu,0(s) (5d)

*Residual O, in the N, purge gas

3.3.2.6. Zinc compound. The TG-DSC curves of the zinc compound are
shown in Fig. 2f*. The first mass loss between 40 and 140 °C, without
thermal event in the DSC curve is attributed to dehydration with loss of
0.5 Hy0 (Amcyieq. = 2.83%; Amrg = 2.28%):

The anhydrous compound is stable up to 365°C and above this
temperature the mass losses occur in two consecutive steps. The first
step between 365 and 658 °C occurs through a fast process with mass
loss of 59.09% (Am,eq. = 60.32% (Eq. (19)), corresponding to an en-
dothermic peak at 445 °C, is attributed to thermal decomposition of the
compound, with release of CO, CsHsN (both identified by EGA), N, and
H, (not detectable by IR). The second step occurs slowly between 400
and 900 °C, associated with endothermic peaks at 760 °C and 845 °C, is
attributed to the oxidation-reduction reaction between the ZnO and the
carbonized material leading to the formation of Zn® and carbon mon-
oxide (Ameueq Zn° = 17.58% (Eq. (6¢)), Amyg = 18.53%). The last
observed endothermic peak at 945°C can be attributed to the slow
evaporation of Zn°® [14-17].

Zn(IN)»0.5H50 (s) — Zn(IN), (s) + 0.5H50 (g) (6a)

4 Zn(IN), (s) — 4Zn0(s) + 12C(s) + 6CO, (g) + 6CsHsN(g) + Na(g)
+ Hy(g) (6b)

4 ZnO(s) + 12C(s) — 4Zn° (s) + CO(g) (6¢)

The exothermic peaks at 255°C (Mn), 275°C (Fe), 260 °C (Co),
235°C (Cu) and 240 °C (Zn), without mass loss in the TG curve is at-
tributed to a phase transition, which was further investigated by means
of X-ray diffractometry.

3.3.3. Evolved gas analysis (TG-FTIR)

The gaseous products evolved during the thermal decomposition of
the compounds studied in this work, in both atmospheres, were mon-
itored by FTIR and are presented in Table 2. In both atmospheres the
same gaseous species are produced. However, in air atmosphere pyr-
idine is detected in lower amounts, probably due to oxidation in the
furnace and/or heated transfer line during the diffusion to FTIR gas cell.
The water vapor was omitted in Table 2, but it was identified in all
analyzed compounds due to the dehydration step in TG curve (except
Zn), and due to oxidation of organic material from ligand. Even in
oxidative conditions (air atmosphere) CO could be detected for Ni
compound in sensible amounts, which is usual in EGA experiments
[18,19]

FTIR spectra of the gaseous products evolved for manganese
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Table 2
Gaseous products evolved during thermal decomposition isonicotinate com-
plexes in dynamic dry air and N, atmospheres.

Compounds Atmosphere
Air N,

HIN CO, CO,, Py
NaIN CO,, Py CO, Py
Mn(IN)53H,0 CO, CO,, Py
Fe(IN),-3.5H,0 CO, CO, CO,, Py
Co(IN)»4H,0 CO,, Py CO, CO,, Py
Ni(IN)y4H,0 CO, CO,, Py CO, CO,, Py
Cu(IN)»3.5H,0 CO,, Py CO,, Py
Zn(IN)0.5H,0 CO,, Py CO, CO,, Py

IN = Isonicotinate.
trace amounts of pyridine.
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Fig. 3. Contour map of FTIR spectra collected during Mn compound thermal
decomposition in N, atmosphere, and reference spectra for the identified
evolved gaseous products.

compound in nitrogen atmosphere was chosen as representative for the
series of compounds. A contour map plot of absorbance versus time of
analysis is shown in Fig. 3. The dashed red squares highlight the regions
where characteristic absorptions for each of the gaseous species iden-
tified occur. Reference spectra [20] are also presented in Fig. 3 to fa-
cilitate comparison. Individual spectra of evolved gases in both atmo-
spheres for each compound are available in supplementary material.

3.4. Differential scanning calorimetry

The DSC curves of the compounds in dynamic dry air atmosphere
are shown in Fig. 4. The endothermic peak at 125 °C (Mn), 147 °C (Fe),
154 °C (Co) 170 °C (Ni) and 142 °C (Cu) is attributed to dehydration and
the calculated dehydration enthalpy was 159.3, 174.6, 268.6, 268.8
and 224.4kJ mol™, respectively. The exothermic peak at 251 °C (Mn),
256 °C (Co), 244 °C (Cu) and 237 °C (Zn) is attributed to phase transi-
tion process and the enthalpy found was 13.7, 17.8, 18.8 and 17.0kJ
mol ™, respectively.

Cyclic DSC experiments (heating/cooling/heating) in air atmo-
sphere were performed with the compounds that presented exothermic
events attributed to physical transformation. The cyclic curve for
Manganese compound is shown in Fig. 5. It was concluded that this
process is irreversible, once it was not possible to observe endothermic
events in the DSC curve during the cooling cycle, and no exothermic
event was observed on the second heating cycle. Besides that, to eval-
uate the long-term reversibility of this phenomenon, the aluminum



W.D.G. Nunes et al.

Mn(IN),-3H,0 «251°C

Fe(IN),-3.5H,0

Co(IN),-4H,0,

Cu(IN),-3.5H,0

Zn(IN),0.5H,0

(I

exo up

T T T T T T
0 50 100 150 200 250
Temperature / °C

Fig. 4. DSC curves obtained in air atmosphere, showing the dehydration and
phase transition temperatures.
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Fig. 5. Cyclic DSC (heating/cooling/heating) obtained for Mn compound, evi-
dencing the irreversible character of the phase transition.

crucible used to perform the DSC experiment was allowed to rest for a
few days in a desiccator, at ambient temperature and atmospheric
pressure. A new DSC experiment was then performed, and no exo-
thermic event was observed, confirming its irreversibility.

3.5. Infrared spectroscopy

The IR spectra of isonicotinic acid, sodium isonicotinate and its
compounds with the bivalent metal ions considered in this work are
shown in Fig. 6 and the assignments of the vibrational modes associated
with the main bands are presented in Table 3. These assignments were
based on literature data [4,21-24] and by comparison of the spectra of
the compounds. For isonicotinic acid the v(C = O) occurs in 1712 cm !
and it is absent in the sodium salt and complexes’ spectra. In the sodium
salt spectrum two new bands (v,sCOO- and v, COO-) appears in 1587
and 1409 cm ™! respectively, indicating the total deprotonation of the
acid. This also confirms that the complexes do not present any proto-
nated acid contamination.

The infrared spectra were also collected for the compounds heated
at different temperatures, chosen according to events observed in the
TG-DSC analysis. The FTIR spectra were recorded after dehydration
and physical transformation of some compounds. The changes in
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Fig. 6. FTIR spectra collected for isonicotinic acid, sodium isonicotinate and
bivalent metal complexes.

intensity and wavenumbers of some absorption bands suggest that in
both cases the compound’s structures are altered, resulting in new
crystalline arranges, intermolecular interactions and coordination
mode.

For the sodium isonicotinate the asymmetric (v,;COO-) and sym-
metric (Vsy,mCOO-) stretching frequencies are locate at 1542 em™ and
1410 cm™, respectively [24,25]. Analysis of the difference in the wa-
venumbers of v,sCOO0™ and vgy, COO™ bands (Av = v, — vgym) are gen-
erally used as an indicative of coordination mode assumed by the car-
boxylate group in metal complexes [26,27]. The Av value observed the
hydrated compounds is much larger (~204 cm™) then for sodium salt
(178 cm™), although a close value was expected, because in this case
the carboxylate acts generally as ion (uncoordinated) [5,6,13,28]. The
hydrogen bonds formed with coordinated water molecules by this
group causes a change in the charge distribution between the pyridine
ring and the carboxylate group. This reflects in the vibration modes
diverging from the observed for the sodium salt, making ambiguous the
attribution of ionic carboxylate just by the analysis of symmetric and
asymmetric stretching [27]. For the Zn compound, once it was obtained
in an almost anhydrous state, the Av value (253 cm™) suggests that the
carboxylate group also participates in the coordination with the metal
in a unidentate coordination mode, once it is much larger than the
observed for the sodium salt and the other compounds [26].

According to the crystalline structure described in the literature for
these compounds, in which the two ligands coordinates to one metal
center through the pyridine nitrogen atom in a trans configuration, and
four coordinated water molecules, resulting in an approximately octa-
hedral geometry [5,29] the dehydration process was expected to cause
such change. This is because the crystalline lattice is held by hydrogen
bonds formed between the oxygen atoms from the carboxylate group
and the hydrogen atoms from coordinated water molecules. Upon de-
hydration, the crystalline lattice must reorganize to produce a new set
of intermolecular interactions, which would affect mostly the carbox-
ylate group [27]. This phenomenon reflects in the vibrational modes of
this group in the FTIR spectra. In Fig. 7, the symmetric and asymmetric
stretching of carboxylate group are slightly shifted to different wave-
numbers in the spectra of the Co compound heated up to 200 °C when
compared to the hydrated one. This could be related to a structure re-
arrangement and possibly the coordination of carboxylate oxygen to the
metal ion upon dehydration, to maintain the coordination number of
the metal [4]. However, just the IR data are not sufficient to un-
doubtedly assign the coordination of carboxylate upon dehydration.

After the physical transformation temperature (280°C for Co
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Table 3

Thermochimica Acta 666 (2018) 156-165

Main infrared absorption bands assignments for sodium isonicotinate and metal complexes.

Assignment NaIN Mn(IN),-3H,0 Fe(IN)5'3.5H,0 Co(IN)»4H,0 Ni(IN)»'4H,0 Cu(IN),-3.5H,0 Zn(IN)»:0.5H,0
B (0-H) 1639 w 1652 w 1655 w 1655 w 1657 w 1648 w -
Vas(COO ™) 1587s (1546) [19] 1590 s 1587 s 1587 s 1587s (1583) [4] 1587 s 1616 s
U(C = N, 1543 s 1547 s 1540 s 1542s 1545s (1542) [4] 1547 m 1553 m
UC — Qar Overlapped 1417 w 1417 w 1417 w 1421 w 1421 w 1421 w
Vsym(COO ™) 1409s (1411) [19] 1386 vs 1385 vs 1383 vs 1383 vs (1384) [4] 1383 vs 1363 vs
B(C-H) 1232 vw 1228 w 1230 w 1232 w 1234 w 1236 w 1234 vw
UC = C)ar 1221 w 1218 vw 1220 vw 1220 vw 1220 vw 1214 vw 1218 vw
B(C-H) - 1059 w 1058 w 1058 w 1058 w 1061 w 1060 w
B(C-H) - 1018 w 1018 w 1022 w 1025 w 1035 w 1031 w
v(0O-H) - 900 w, br 912 w, br 925 w, br 939 w, br 952 w, br -
y(C-H) 862 w 866 w 866 w 866 w 867 867 w 865 w
v(C-H) 853 w - - - - - 850 w

v: stretching; as: asymmetric; sym: symmetric; 3: in-plane deformation; y: out-of-plane deformation; ar: aromatic; vs: very strong; s: strong; m: medium; w: weak; vw:

very weak; br: broad; —: absent.
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Fig. 7. Cobalt isonicotinate FTIR spectra obtained for hydrated, dehydrated
(after heating to 200 °C) and phase transition temperature (after heating to
280 °C).

compound) a different infrared absorption profile is observed, mainly in
the range of 1000-675 cm™. This region is associated with the C=C
ring stretching, so it can be suggested that the dehydration and physical
transformation lead to a change in the charge distribution around the
pyridine ring, which reflects in the shift of absorption bands. This ob-
servation provides further evidence that the exothermic event, observed
in DSC curve, is attributed to a phase transition in the sample.

3.6. PXRD

The powder X-ray diffractograms in the Fig. 8 show that all the
compounds were obtained in a crystalline phase. The great similarity of
diffraction peaks in these diffractograms is evidence that these com-
pounds form an isomorphous series.

Comparing the diffractograms with those previously reported in the
literature for bivalent transition metals isonicotinate complexes [5], we
can conclude that the compound synthesized in this work have the
same stoichiometry and crystalline structure. Besides that, experi-
mental mass loss and EA results agree with this conclusion.

Also, as previously discussed, the DSC curves of Mn, Co, Cu and Zn
compounds show an exothermic event with no mass loss in the TG
curve. To further investigate this physical process, the compounds were
heated to a temperature above those indicated by the exothermic events
in the DSC curve (280 °C for Mn, Co and Zn; 260 °C for Cu), and a
diffractogram was acquired for each compound. The results are
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Fig. 8. PRXD patterns for the isonicotinate complexes.

presented in Fig. 9. It can be seen a significative change in the dif-
fraction pattern, with the disappearance of diffraction peaks and de-
crease of its intensity for all compounds. As expected, these results in-
dicate a phase transition for the compounds, probably associated with
the collapse/rearrange of the original crystal structure. However, these
are qualitative observations that need further investigation, ideally by
single crystal structural determination for the heated compounds.

4. Conclusions

This study aimed to synthesize some bivalent transition metal
complexes with isonicotinate (4-pyridinecarboxylate) ligand and to
investigate the thermal behavior under air and N, atmospheres, to
determine the minimal formula, identify the evolved gases during
thermal decomposition and pyrolysis, and to correlate structural char-
acteristic with spectroscopic techniques.

From TG-DSC experiment and analytical results (EA and EDTA
complexometry) it was possible to stablish a minimal formula for the
compounds as M(IN),nH,0 and to determine the purity of the syn-
thesized compounds. Furthermore, from the TG-DSC curves it was
possible to obtain previously unreported information about the thermal
behavior (thermal stability, dehydration characteristics, profile and
steps of thermal decomposition, intermediate compounds and final
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Fig. 9. PRXD patterns for Mn, Co, Cu and Zn complexes at room temperature
(RT) and heated above the transition temperature.

residue) of these compounds in both conditions employed.

The results of TG-DSC and EGA show that the thermal stability and
the initial thermal decomposition mechanism are little influenced by
the conditions used (air or N»), but it significantly influences the later
stages, which suggests that the intermediate compounds formed are
sensitive to conditions of analysis and / or the heat released in the
oxidation of the volatiles contributes to accelerate the oxidation process
of the organic matter.

The main gaseous products of thermal decomposition/pyrolysis of
the compounds were identified as water vapor, CO, CO, and Pyridine,
from which, together with the TG data, it was possible to suggest a
thermal decomposition mechanism under N, atmosphere for the com-
pounds.

Mn, Co, Cu and Zn compounds show a physical transformation
process in DSC curves, which were further investigated through PRXD
analysis that indicates a phase transition.

The infrared spectroscopic data was not capable of indicating the
carboxylate coordination character. However, comparing the results
with the ones previously reported in the literature we could conclude
that the ligand coordinates through the pyridine nitrogen atom to the
metal. For the Zn compound, the carboxylate group also participates in
the coordination to the metal. Comparing the IR absorption profile of
hydrated with dehydrated compounds it was possible to suggest that
there is a probable change in the coordination mode of the ligand upon
dehydration. This change needs to be further investigated, once it is not
possible to ensure only with infrared spectroscopy data.
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