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A new metal complex containing Co(ll) as central ion and an S-alkylated triazolic ligand was synthesised
and characterized by elemental analysis, FTIR spectroscopy, thermal analysis and evolved gases analysis.
The degradation of the complex architecture was evaluated by the use of kinetic analysis using
thermogravimetric data in air under non-isothermal conditions. The kinetic parameters were evaluated by
using five different heating rates, f=5, 7, 10, 12 and 15 °C-min’ and applying isoconversional methods such
as Kissinger-Akahira-Sunose, Flynn-Wall-Ozawa and Friedman, respectively the non-parametric kinetics
method (NPK). The obtained values of the kinetic parameters from the above-described methods are in a

good agreement.
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In the last century, a great attention was granted to the
importance of mineral elements in the living systems, from
microorganism to humans. Nowadays, cobalt is considered
an essential “ultratrace” element, for all animals. The major
constituent containing a source of cobalt is the water-
soluble vitamin cobalamin, which plays an essential role
in the formation of blood and in the normal activity of the
nervous system and brain[1-2].

It was revealed that the presence of cobalt in soils is
necessary so it can assure the recommended amount for
grazing animals, namely a daily uptake of 0.2 mg/kg ,
assuring in this way the source for central ion in the
synthesis of vitamin B12.[3]

In the field of medicinal chemistry, a separate research
field developed, namely the one involved in the study and
evaluation of diagnostic agents and drugs consisting in
metal coordination compounds, or so called metal
complexes. Numerous published studies [4-6] proved that
complexes containing metals as central ions and different
functionalized ligands can be incorporated in new
pharmaceutical formulations and chemotherapeutic
agents that can target specific pathological or physiological
processes, including antineoplastic ones. Metal
coordination compounds containing central ions of
transitional metals such as cobalt, iron, rhodium, copper
and zinc have all been used in medicine [7]. More recently,
a review was published regarding the actual importance
of bioactivities of Co(Ill) complexes [8].

Co(Il) complexes with ligands derived from aspirin,
namely [2-acetoxy-(2-propynyl)benzoate] hexacarbonyl-
dicobalt and hexacarbonyl[u-(2-ethylphenyl)methanol]
dicobalt (Co-EPM) were investigated on antiproliferative
activity on pleural mesothelioma (MPM) cell lines, having
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an epithelioid or a sarcomatoid phenotype and the results
showed that can be considered an antitumor drug
candidate [9]. Sanatkar et al. reported the synthesis and
characterization of two neutral mononuclear complexes
of Co(Il) and Zn(II) with the non-steroidal anti-
inflammatory drug meloxicam[10]. Even if is not studied
so widely as other transitional ions, Co(Il) was used as
complex generator in a series of complexes of meloxicam,
along with other trace ions, such as nickel(Il), zinc(Il) and
cadmium(II).[11]

Literature data reveals that heterocyclic derivatives, such
as functionalized 1,2,4-triazoles and their supramolecular
structures possess various activities such as pesticides and
insecticides [12], growing regulating agents for plants [13],
antifungal and antimicrobial [14].

Metal complexes of Co(II) with functionalized triazoles
as ligands are presented in literature [15-16], and biological
evaluations were carried out: for antibacterial activity
towards both planktonic and biofilm-embedded cells and
cytotoxic activities [17] and strong urease inhibition
activities [18].

Triazolic nucleus can be variously functionalized,
different functional groups can be grafted in different
positions, leding to numerous derivatives that can act as
ligands [19]. In previous studies [20-22] we described the
synthetic protocol followed in order to prepare S-alkylated
1,2,4-triazoles that contain thioacetic moiety and exocyclic
amino group, acting as a bidentate ligand. As previously
stated [23], 3-substituted 4H-4-amino-5-mercapto-1,2,4-
triazoles can act as polydentate ligands by the presence
of nitrogens and sulfur. The S-functionalisation realized by
the grafting of the -CH,COOH moiety determined the
apparition of a new coordinating point, the carboxylic
oxygen.
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Thermal-induced degradation of chemical entities,
including bioactive molecules reveals important aspects
about the stability and the mechanisms of decomposition
[24-26] which can be successfully used in the study of
stability, purity and preformulation of active pharmaceutical
ingredients. Following previous studies [27-37], this paper
describe the synthesis, thermal and kinetic studies of a
metal complex with triazolic ligand of Co(ll) transitional
jon.

Experimental part
Materials and methods

The synthesis of 4H-4-amino-5-carboxy-methylsulfanyl-
3-phenyl-1,2,4-triazole (1) was previously reported by I.
Ledeti et al.[21]. Other reagents were commercial
products (Aldrich) and used as received. Decomposition/
melting point of the metal complex was determined on a
Boetius PHMK apparatus (Veb Analytik Dresden), and thin-
layer chromatography was carried out on silica gel-coated
plates 60 F__, Merck using benzene:methanol 7:3,
benzene:methanol 3:7 or benzene: ethyl acetate 1:1 (v/v)
as eluants.

The Co(Il) content was determined by complexo-
nometric titration by an indirect method, using a standard
analytical procedure, after dezagregation, using KSCN as
indicator.

The thermoanalytical curves TG/DTG/HF for the Co(Il)
complex were drawn up in an air atmosphere and under
dynamic conditions at different heating rates using Perkin-
Elmer DIAMOND equipment.

The TG/DTG/HF data were recorded under non-
isothermal conditions. Samples of mass in the range of 3
to 7 mg were put into aluminium crucibles, at different
heating rates 3 of 5, 7, 10, 12 and 15°C-min" up to 550°C.

The evolved gas analysis (EGA) was carried out by a
coupled TG/FTIR technique, using a Perkin Elmer
SPECTRUM 100 device with an IR gas chamber connected
by a transfer line to the exit of the DIAMOND furnace. The
air flow of 100 mL'min"! and a heating rate of 20°C-min’!
were used. The FTIR spectra were processed by the Sadtler
Gas Vapor Library.

The FTIR spectra of different solid samples were
obtained on the same spectrometer using the U-ATR
technique.

The synthesis and purification of the ligand was carried
out in aqueous medium and was previously reported [23].
The purity of the sodium salt was confirmed by the means
of thin layer chromatography using three different eluting
systems. The structure of the ligand is presented in figure
1.

Fig. 1. The structure of ligand

Co(II) coordination compound was obtained by dripping
under intense magnetic stirring an aqueous solution of the
triazolic ligand (1.090g, 40 mmol in 10 mL of distilled
water) to an aqueous solution of CoCl, 6H,0 (0. 476g, 20
mmol in 5 mL of distilled water). After 2h of continuous
intense stirring, an amorphous pale-pink coloured solid
metal complex was filtered off under vacuum, washed
with distilled water (3x10 mL) and dried for 72h at room
temperature.
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Results and discussions

The Co(II) complex was prepared from the sodium salt
of 4H-4-amino-5-carboxy-methylsulfanyl-3-phenyl-1,2,4-
triazole (LNa) (fig. 1) by the interaction in aqueous medium
of the ligand with the solution of CoCl,- 6H,0 according to
scheme 1:

2(LNa)y, + C 02+aq intense szt;lrrlng/r.t.

COLz(OHz)Z' 4H20 + ZNa*

Scheme 1

Molecular formula of the metal complex was evaluated
by both thermal analysis and complexometric titration. The
Co(II) content was determined in the presence of an
excess of EDTA at pH ~5 in the presence of CH,COONH,
3M. The obtained results are in good agreement with the
ones obtained by theoretical means. The water content of
the complex was determined by the use of thermal
analysis, being represented by the mass loss observed in
the 45-95 °C temperature range: the corresponding mass
loss to one mole of complex correspond to a number of
moles of water of approx. 6.18. The molar mass of the
complex was also determined from thermogravimetrical
curve, being 665.56 g'mol . The molar mass was estimated
by the means of the final decomposition product (after the
thermal treatment of the complex at 550 °C), which was
confirmed to be the Co(II) oxide, CoO.

Characterisation of CoL,(OH,),4H,0

Molecular formula: (f N § Co;

Molar mass: 665.56 gfmo fcalcd) 670.30 g/mol
(found);

Co(II) content: 8.85% (calcd.); 8.76+0.23 (found).

FTIR spectroscopy

The UATR-FTIR recorded spectra for the Co(I) complex
and the one for the acid form of the ligand are presented
comparatively in figure 2. By the analysis of the FTIR
spectra, it can be proven that characteristic vibration of
the carboxylic OH from alkylated triazole that was used as
ligand are no longer present as bands in the spectrum,
suggesting that in the case of metal complex, the sodium
salt of ligands remains non-protonated. The presence of
the coordinated/lattice water in the structure of the
complex is suggested by the characterlstlc vibrations
v(H,0) as broad band in the 2600-3700 cm! spectral range
for chelated compounds.

Literature [38-41] indicates that carboxyl group -COOH
is characterised by two major ways of vibrations: v(C=0)
and v(C-OH), the last one being represented by two distinct
bands. Once the deprotonatlon of the COOH group took

Transmitance (arbitrary units)

v {cm)

Fig. 2. UATR-FTIR spectra on 4000-600 cm™! spectral range for the
ligand (a) and Co(Il) metal complex before (b) and after (c)
thermal treatment at 550°C
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Fig. 3. FTIR spectra on 600-400 cm! spectral range for the ligand
and Co(Il) metal complex

place, the deprotonated carboxylate group -COO-adopts a
C,, symmetry, so two distinctive vibrations occur, namely
vas(COO) and v3(COO). According to thls FTIR
spectroscopy reveals the deprotonation of the carboxyl in
the case of Co(Il) complex, by the shift of v(C=0) from
1714 cm™ (in the case of free llgand) to a considerable
lower frequency (1590 cm™) in the case of the Co(Il)
coordination compound. The formation of the metal
complex is sustained by the appearance of new bands in
the 500-400 cm spectral range (at 462 cm ! and 448 cmr
! respectively) of the FTIR spectra, regions assigned to
v(Co—>O) and v(Co—N) respectively (fig. 3) [42].

Thermal behaviour

In our attempt to determine the melting point of the
metal complex with the Boetius apparatus, at 200 °C, the
pale-pink solid turns into colourless needle crystals, which
at 228-230 °C turn into intense violet needles. These
decomposition events are sustained by the analysis of the
TG/DTG/HF curves, where an endothermal process that
occurs with mass loss is reveled. The event observed on
Boetius at 228-230 °C is also revealed by DTG curve as a
maximum for the decomposition process that starts at
187 °C (DTG =230 °C).

The TA chifves obtained at the analy51s of the Co(II)
complex at a heating rate of =5 °C-min" in air atmosphere
exhibit multistadial decomposition steps, that can be
associated with different overlapping eight individual steps
(fig. 4). Due to the fact that the dehydration step involves
three mass losses that occur in a narrow interval of
temperature, we named this process as process I in table
1. The first step in the temperature range 42-92 °C
represents a dehydration step. The decomposition of the
anhydrous complex begins at 187 °C and is continuous up
to 550°C, the final decomposition product was confirmed
to be CoO.

In the temperature range corresponding to dehydration
step, DTG curve shows three peaks that can be associated
with the loss of different type of water molecules. Even if
literature [42] mentions that lattice water is removed first
and at temperatures under 100°C, while coordinated water
is eliminated over 100 °C, the well individualised peaks on
the DTG curve suggest that the water loss could be
associated with both lattice and coordination water.
According to these observations we can conclude that
DTG,,, =44°Cand DTG__ = 55°C are associated with the
removal of 4 molecules of water (4.02 molecules of water,
Am=10.86%). Another process with mass loss and with a
DTG,,,, = 86 °C can be associated with the removal of 2
moré molecules of water (calculated 2.19 molecules of
water, Am=5.94%). These results lead to the conclusion
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Fig. 4. The TA curves TG / DTG / HF obtained in air at § = 5°C min’!
for the analysed Co(Il) complex

that in the structure of Co(Il) complex, there are both
molecules of water corresponding to lattice and as well
coordination water (fig. 5). An interesting aspect that can
be mentioned can be associated with the individual steps
of water elimination from the structure of the coordinative
compound and can be tentatively associated with the
macroscopic observations made during heating on the
Boetius plate. The loss of water from the structure can be
associated with the modification of geometry of anhydrous
complex vs. hydrated form(s).

After the complete water elimination corresponding to
the six molecules of water, the decomposition of the
anhydrous complex occurs with a continuous mass loss
up to 550 °C. The residue mass after the final decomposition
is in agreement with formation of CoO (calculated final
mass=11.18%, experimental final mass =11.29%). The
thermal analysis results of the new Co(Il) complex with
the triazolic ligand, determined in non-isothermal
conditions, at different heating rates, are summarized in
table 1.

According to the experimental observations previously
mentioned (FTIR spectroscopy and thermal analysis) a
proposed structure for the metal complex is presented in
figure 5.

I\
/
A
H,0 /\NHZ Fig. 5. The proposed
\ =05 structure of the Co(ll)

metal complex

0 - 4H,0
OHZ T

Y

N/N

Kinetic Study

The studied decomposition step was the thermal-
induced degradation that took place at temperature
between 150 - 200 °C. This process was evaluated by the
application of four kinetic methods: Kissinger-Akahira—
Sunose and Flynn-Wall-Ozawa (isoconversional integral
methods), Friedman (isoconversional differential methods)
and the non-parametric kinetics method (NPK).

The kinetic analysis was obtained from DTG data and
has been done in order to calculate the kinetic parameters
(activation energy E ; pre-exponential factor A) by the use
of five applied heatlng rates 3: 5, 7, 10, 12 and 15 °C-min’!
and the decomposed fraction o from 0.05 to 0.95.

The first applied method was Flynn-Wall-Ozawa'’s
method (FWO) [43]. For this method, the activation energy
can be calculated from the plots of logarithm of the heating
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Table 1 rate  versus the inverse of the absolute temperature at
THERMOANALYTICAL DATA OF THE ANALYSED COMPLEX AT different conversion degree. By applying the equation 1,
DIFFERENT HEATING RATE from the slope of the straight line logp3 vs. 1/T (fig. 6) the
B  Process activation energy (E ) of the analysed process was obtained:
(°C-min™") Ti(°C) Ti(°C) Tuaxpe(C)  Toaxnr (°C)
I 42 92 44;55; 86 55, 86 AE E,
it 187 261 230 213 InﬁzlnR‘g(a)—S.Bl— o (M
5 I 261 378 315 315
v 378 444 ai1 412 where g(a) is the integral conversion function. For all the
v 444 497 484 486 conversion levels, nearly parallel straight lines are observed.
VI 497 550 505 500 Allresulted values of the activation energy are summarized
in table 2.
I 42 99 45;67;93 68,96 e . .
- 90 260 om o7 The next utilised method is a model-free integral too,
Kissinger-Akahira-Sunose method (KAS) [44-45] which
7 I 269 370 329 328 permitted the evaluation of the activation energy (E,) from
v 370 475 429 437 Kissinger plot of log(B/T?) against 1/T based on the
v 415 508 505 505 following equation:
VI 508 550 521 520 B A-R E
n-—=lIn -l )
I 47 99 48;61:88 61;89 T? E-ga) R-T
I 191 270 232 236
I 270 370 118 319 Thus, for oo = constant, the plot of log(B/T?) vs. 1/T,
10 v 170 463 21 3 obtained from different thermogravimetrical curves
v w6 sia st 505 recorded at five heating rates, is a straight line and the
v ge 50 s <o slope of this can be used to evaluate the activation energy
(E,). The KAS plots are depicted in figure 7. It can be
I 48 103 50:63:88 63:90 observed that for all conversion levels, an accurate
I 193 277 240 25 correlation was obtained. The results obtained for this
b i 21 362 327 327 method are presented in table 2.
v 362 475 427 434 The third applied method, Friedman (FR) [46] derives
v a5 517 510 511 from the basic Arrhenius equation where the logarithm of
VI 517 ss0 517 519 the reaction rate at constant degree of conversion versus
: T g 5 1/T gives a straight line of slope (-E/R). The basic equation
used is eq. (3):
I 193 278 247 248 dot
s 1 2778 363 331 328 In(3 E) =In[4- f(a) 6))
v 363 478 432 431 . da . .
v a8 520 512 s14 The Friedman plot In(5—2) against 1/T for the calculation
VI 520 550 524 525 of E/R at each 0.5 conversmn degree of the new metal
complex is presented in figure 8.
Evaluating the data from table 2, obtained by the three
isoconversional methods, KAS, FWO and FR, it was
3 calfa=5%  w=alfa=10%
»alfa=15% ealfa=20%
27 -
- alfa=25% ¢ alfa=30%
24 - ‘ +alfa=35% aalfa=40%
eé. oalfa=45% o alfa=50% Fig. 6. The plot Inf vs. 1000/T for the
= Flynn-Wall-Ozawa method
21 walfa=55% a alfa=60%
\ \ A alfa=65% Walfa=70%
" \-\- \‘\\\ salfa=75% malfa=80%
i, _ 'P'" -alfa=85% o alfa=00%
18 188 1.9 198 2 205 21 218
1000/T (K1) ealfa=05%
o0 ‘ Ifa=5% fa=10%
\ * g = o LE-} = o
98 foe B IPOR LY AGEN salfa=15% ealfa=20%
PR A T
10 \ Ay eiae A9 }\ » calfa=25% e alfa=30%
. ' \ \
02 \\Xﬂ X\ \\-*\"\\ \Q\ - +alfa=35% salfa=40% Fig. 7. The plot log(B/T2) vs. 1/T for the
g 0 N \ \\\\ \\ \ \ \ \“ ealfa=d5% +alfa=50% Kissinger-Akahira-Sunose method
& -10.4
- \ \ \\ =1 0 = LA
" \\ \\\\s&\k«‘\\'\\\\ .\ ®alfa=55% 4 alfa=60%
Y S ®alfa=65% malfa=70%
AR Y
ANAY \"k e i Wi s alfa=75% wmalfa=80%
LAJ
11 ~alfa=85% <alfa=90%
18 1.85 19 195 2 205 2.1 215
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Fig. 8. The plot 1n(ﬁ~) vs. 1/T for the Friedman

ACTIVATION ENERGY VALUES OBTAINED BY THE THREE ISOCONVERSIONAL METHODS FOR THE NEW METAL TRIAZOLIC COMPLEX.

Eu Conversion degree a £,
kJ/mol
kd/mel  0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 Q.75 0.8 0.85 0.9 0.95
FR 133.3 1322 1342 1309 134.1 145 144.8 138.8 140.1 1350 1332 131.1 1388 1325 133.8 1335 1344 1305 1248 134.8x1.1
KAS 1447 145.6 145 146 1399 1385 141.0 139.5 1402 1351 1414 1394 1420 1385 1376 1364 1373 1363 1187 139.1+14
FWO 1450 146.1 1456 146.6 1409 139.6 142.0 140.6 1414 1365 1426 1407 143.1 1399 139.0 1380 1389 138.0 1213 140.312
Table 3
KINETIC ANALYSIS FOR Co TRIAZOLIC COMPLEX, THE NPK METHOD
Process | » |- E A n | m | Sestak-Berggren Eq. A E
(%) | (kJ-mol') | (min™) gla)=(1-a)" - a" (kJ-mol')
o8 1 68.6 | 139.4+12.1 | 7.03-10"% | 473 (1—)*?
30 " Co(I1) complex 140.57.7
2. D 2 30.6 | 1464457 | 55510 - |1 o
2 o o /" 540

0.6
“gre. 0.8
Fig. 9. The reaction rate surface obtained by the NPK method

observed that the differential Friedman and integral KAS
and FWO methods yields similar trend of variation of the
activation energy values with the conversion degree, but
this variation is lower than 10%.

The small difference between the E_values between
differential and integral methods can be assigned to a
systematic error caused to the different approximations of
the temperature integral, employed in the development of
these isoconversional methods.

The non-parametric kinetics method (NPK) is a method
developed by Sempere et al. [47-48] and modified by Vlase
etal. [49-50] a few years ago, which is based on the general
rate equation and used only a single-step kinetics
approximation (the validity of the eq. 4):

da

—7 =KD f@) @

At different heating rates, the experimental points
obtained are interpolated as a continuous reaction rate
surface (fig. 9). The results of NPK analysis are presented
in table 3.

It is noted that the main process is a chemical reaction
with reaction order n=4/3 accompanied by a physical
process (m=1). The secondary process requires a similar
activation energy comparative with the value required in
the first process, but it contributes to the unit process in a
small proportion (explained variance A= 30.6 %). In the
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case of the degradation process which was analysed, there
were identified two parallel processes, with 68.6% and
30.6% contribution to the observed thermal behaviour.

The value of activation energy obtained from NPK
method is E = (140.5+7.7) kJ-mol" is very similar with
tl}ose obtained with the isoconversional methods (table
2).

Conclusions

A Co(II) complex with heterocyclic ligand (4H-4-amino-
5-carboxy-methylsulfanyl-3-phenyl-1,2,4-triazole) was
synthesized and characterised. Thermal analysis showed
that the crystallised coordination compound is stable with
six molecules of water at room temperature and up to 42
°C, when the loss of water occurs progressively up to 92 °C.
The anhydrous complex is stable up to a considerable
temperature (187 °C), when it starts decomposing as a
continuous multistadial process.

The kinetic triplet for the degradation of Co(II) complex
was calculated using the Friedman, KAS and FWO
methods, as well as the non-parametric kinetics method
(NPK). The use of the NPK method led to evaluation of the
kinetic parameters without any approximation. The
application of isoconversional methods and NPK method
led to the values of the activation energy which are all in a
very good agreement.

By the corroboration of information obtained by thermal
behaviour, FTIR spectroscopy and complexometric
titration, we tentatively proposed a structure for the Co(II)
complex. It was shown that metal complex contains two
coordinated water molecules to central Co(Il) ion and 4
water molecules in the crystalline lattice.
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