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Abstract

The thermal decomposition of some Ni(Il)-carboxylate-imidazole complexes in a nitrogen atmo-
sphere was studied non-isothermally. From the non-isothermal thermoanalytical data, it was found
that these complexes decompose through a stepwise release of imidazole molecules and/or CO ones
forming unstable intermediates which produce metal oxide or the metal as a final decomposition
product. TG in conjunction with DTG were used to evaluate the kinetic and thermodynamic parame-
ters of the decomposition reaction. The kinetic studies were performed employing a com-
puter-oriented kinetic analysis of each set of W7 data obtained under constant heating rate. The dif-
fusion processes are the decisive mechanisms for the decomposition. The values of AE, 4, AH, AS
and AG for activation were calculated for the complexes and correlated to variation in their structure.
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Introduction

The study of metal complexes containing the imidazole moiety is considered to be im-
portant in the context of understanding the nature of metal ion complexation in biological
systems [1]. Although metallic-complexes containing ligands have been synthesized and
studied intensively regarding both their structure and spectroscopic behaviour [2-5], only
few studies concerning the thermal behaviour of such complexes have been reported
[6-12]. Thermal analysis has been widely and successfully applied in determination
[13, 14] of the stoichiometry and thermochemistry of the rate processes which contribute
to the decomposition of these compounds. These stages may overlap and may be revers-
ible, making non-isothermal kinetic data of dubious value.

The present article reports the synthesis, characterization and thermal behaviour
of some Ni(Il)-aromatic or aliphatic acids-imidazoles mixed ligand complexes. A
computer-oriented program was used to evaluate both the thermodynamic and kinetic
parameters as well as the appropriate model characterizing the non-isothermal degra-
dation of such systems in the solid phase.
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Experimental
Preparation

All chemicals used in the present study were of analytical grade (BDH Chemicals).
The heterocyclic imidazole was of Aldrich products. The aromatic acids (phthalic,
salicylic) and the aliphatic acids (succinic, malic) were of Prolabo products.

The different Ni(1l) ternary complexes of aliphatic acids (succinic, malic) as pri-
mary ligand and imidazole as secondary ligand were prepared from the basic metal
salt NiCO,[2Ni(OH),, using the following method [10].

A mixture of the corresponding aliphatic acid (2 mmol), NiCO,-2Ni(OH),[2H,0
(1 mmol) and imidazole (5 mmol) was heated using water bath in 100 ml of absolute
ethanol with magnetic stirring, and allowed to reflux for 2 h. The hot alcoholic mix-
ture was then filtered. The obtained microcrystalline solid was filtered, washed with
absolute ethanol and dried in vacuum.

On the other hand the Ni(II) ternary complexes containing the aromatic phthalic
and salicylic acids were prepared by mixing 1 mmol of an ethanolic solution of
NiCL[6H,0 with an ethanolic solution of the aromatic acid (1 mmol) in the presence
of potassium hydroxide (3 mmol). The precipitated potassium chloride was filtered
off and the solution was concentrated and then filtered directly into an ethanolic solu-
tion of the imidazole (2—5 mmol). The resulting mixture was kept overnight in an ice
bath. The precipitated crystalline complexes were filtered, washed several times with
ethanol and then dried in air.

Chemical analysis

The C, H and N contents of the mixed ligand chelates were determined on a Perkin
Elmer 240 C apparatus. IR spectra were recorded using a 4000400 cm™' range on a
Shimadzu IR-470 spectrophotometer using KBr pellets.

Thermal studies

TG and DTG were performed according to the technique described by Wendland and
Collins [15], using DuPont-thermal Analyst 2000 equipped with 951 TG unit at a
heating rate 10°C min' and dynamic nitrogen (30 cm’ min ).

Results and discussion

Characterization of the isolated solid ternary complexes

The ternary complexes, namely Ni(II)-malic-imidazole, Ni(II)-succinic-imidazole,
Ni(IT)-phthalic-imidazole and Ni(Il)-salicylic-imidazole were isolated. Microanalytical
data for the mixed ligand complexes (Table 1) prove to be commensurate with the gen-
eral molecular formula MLL', for Ni(Il)-salicylate and malate where the molecular for-
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Table 1 Microchemical analysis and physical properties of the synthesized mixed ligands chelates

Found (calculated) composition/%

Complex Molecular formula Mol mass m.p./°C  Colour c q N

(A) [Ni(phthalate)(imid).] [Ni(CsH,0,)(CsHN )] 494.63 235 pale violet (jgzgg) (12(3)431) ég:gi)
(B) [Ni(salicylate)(imid),[LO]  [Ni(C;H;05)(CsHaNoLELO] 349,66 115 pale blue (Z‘Z‘ig% (i:gg) diﬁgg)
(C) [Ni(succinate)(imid)s] [Ni(CH,04)(CsHLN,).] 446.91 185 pale violet (33232) (321;) é‘s‘:gg)
(D) [Ni(malate)(imid),] [Ni(CHL05)(C3HaNa )] 32675 200 pale blue égiég) (?Z;) (};:ﬁ)
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mula NiLL!, is suggested for Ni(Il)-phthalate and succinate-imidazole mixed ligand
complexes, where L is aliphatic or aromatic dicarboxylic acid and L' is imidazole.

Table 2 Tentative assignment of the important infrared frequencies (cm™') of the Ni(II)-aromatic,
aliphatic acid-imidazole ternary complexes

Assignment Phthalic Salicylic Succinic Malic
Von - 3380 - 3380
VNH 3200 b 3100 b 3120, 3050 3100, 3050
Ve 2920, 2820, 2910, 2805, 2920, 2850, 2910, 2850,
2600 2600 2700, 2600 2700, 2600
Voo Sym. 1610 1615 1615 1595
Ven 1590 1588 1580 1580
Voo SYM. 1420 1380 1410 1415

The IR spectra (Table 2) of the complexes containing malate and salicylate moieties
as the primary ligands show a distinctive band in the 3400-3280 cm ' range which can be
assigned to the free OH-group stretching vibration in these complexes. However, the
weak character of the band (appearing as shoulder) in the complexes containing salicylic
acid as a primary acid ligand can likely be ascribed to the contribution of the OH group of
salicylic acid in complex formation with the central metal ion. The observed bands in the
3150-2950 cm ' region in all the synthesized complexes can be attributed to the second-
ary ligand N-H stretching vibration of imidazole. These observations substantiate the
suggestion that the imidazole molecules coordinate to the central metal ion in their neu-
tral form. The bands in the 2960-2600 cm' region (medium to weak), in both aromatic
and aliphatic acid complexes can be assigned to the C—H stretching vibrations in both the
primary and secondary ligands. The distinct band appeared in the 1615-1595 cm ™' region
in all complexes, and is typical of coordinated carboxylate stretching vibration band [16].
This assignment is based on the fact that the nonionised and uncoordinated CO, stretch-
ing band occurs at 1750-1700 cm™', whereas the ionized and coordinated CO; stretching
vibration band appears in the 1650-1590 cm ™' [16] region in all complexes which is con-
sistent with the conclusion that the divalent anions of the primary ligand, aliphatic and ar-
omatic acids are coordinated to the central metal ion as bidentate O, O™ ligands. The
band appearing in the 1435-1380 cm " region is likely ascribed to the symmetric stretch-
ing vibration of the coordinated carboxylates [16]. In some complexes the band in the
1630-1580 cm' region can be attributed to the imidazole C=N stretching vibration.

The spectra of all complexes confirm the absence of free carboxylic acid groups.
The usual reduction in V(COO) compared with free -CO,H is observed, characteristic
of bonding types I and II in the complexes [17].
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Thermal analyses

TG and DTG were conducted in a nitrogen atmosphere. The obtained TG and DTG
curves for the different synthesized Ni(Il)-aromatic acids (A, B), aliphatic acids
(C, D)-imidazole ternary complexes are shown in Figs (1-4).

Aromatic acid complexes
Complex (A)

Figure 1 for [Ni(phthalate) (imid),], complex (A), shows that the complex decom-
poses via five thermal events. The first one is a small mass loss at 51°C, followed by
pronounced four mass loss events maximized at 240, 271, 380 and 592°C.
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Fig. 1 TG and DTG curves of complex (A) — [Ni(phthalate)(imid),]; heating rate
10°C min™' and sample mass 8.43 mg

The first event that takes place at such low-temperatures can be attributed to the
removal of the physically adsorbed water. The second pronounced peak, maximized
at 240°C, is accompanied by a mass loss amounting to 31.01%, a value which is close
to that calculated for the release of one molecule of and one molecule of phenyl radi-
cal which are formed as a result of the rapture of the weakest bond between the car-
boxyl group and the aromatic ring [18]. The respective mass loss (54.6%), corre-
sponding to the third overlapped stage, matched with the calculated value anticipated
to the elimination of two molecules of CO and another molecule of imidazole. This
behaviour confirms that the first two imidazole molecules in the complex (A) are not
isoenergetically bound and thus their elimination takes place via two different over-
lapping steps. The thermal event, maximized at 380°C, is accompanied by a 72.74%
mass loss. This value goes parallel to the theoretical one (72.6%) which is attributed
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to the removal of the third molecule of imidazole and the formation of an intermedi-
ate that has the composition Ni(imid)+C. Finally, the last stage, which extends over a
wide range of temperature viz. 580-750°C, brings the total mass loss up to 86.92% of
the parent complex. Such mass loss is close to the calculated (86.01%) value ex-
pected for the formation of Ni+C as a final product.

Complex (B)

Examining the TG and DTG curves constructed for [Ni(salicylate)(imid),[H,0],
complex (B) Fig. 2, one can observe four mass loss stages. The first stage, maximized
at 38°C, is responsible for the desorption of physically adsorbed water. The second
pronounced event at 230°C is accompanied by a mass loss which amounts to 65.8%.
This value finds a parallelism with the calculated value (65.5%) responsible for the
elimination of different gaseous products leaving Ni(imid) as a solid residue. Inspec-
tion of the thermal event which is maximized at 405°C, one can conclude that NiO
represents the solid product formed at the end of this stage. The final decomposition
stage brings the total mass loss to a value of 85.5% which is higher than that calcu-
lated for the deposition of metallic Ni (84.0%).
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Fig. 2 TG and DTG curves of complex (B) — [Ni(salicylate)(imid),H,O]; heating rate
10°C min™" and sample mass 6.023 mg

Aliphatic acid complexes

The constructed thermoanalytical curves corresponding to the synthesized Ni-
aliphatic acid C,D-imidazole ternary complexes are given in Figs (3 and 4), respec-
tively. A fast look on the curves, one can raise the following points: i) These com-
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plexes are anhydrous, and ii) Their decomposition processes are simple in compari-

son with those for the aromatic ones.

Complex (C)

The TG and DTG curves obtained for the complex (C), [Ni(succinate)(imid),] (Fig. 3),
reveals that the decomposition process proceeds via two main stages. The first event is a
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Fig. 4 TG and DTG curves of complex (D) — [Ni(malate)(imid),]; heating rate

10°C min™" and sample mass 6.332 mg
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composite one which has a three mutually overlapping peaks maximized at 253°C. The
overall mass loss for the first stage amounts to 65.4%. This result indicates that the ther-
mal decomposition process proceeds with the formation of NiCO, as an intermediate
(65.0%). Raising the temperature beyond the above range would lead to the decomposi-
tion of the carbonate finally to (Ni+C) with a loss of 84.0% via the formation of NiO as
an intermediate described by a weak step (mass loss 75.2%).

Complex (D)

The TG curve for the Ni(malate)(imid),, complex (D), exhibits two distinct stages maxi-
mized at 296 and 396°C and are followed by a broad decomposition stage covering the
temperature range (450—800°C). The mass loss, belonging to the first event, has a value
of 47.8% which is very close to the calculated value representing the formation of
Ni(C,0,) as intermediate. The second event involves a mass loss of 70.8% which can be
ascribed to the decomposition of NiC,0, to form NiO (69.8%). Calculation based on the
total mass loss 83.3% covering the final decomposition stage suggests the formation of
Ni as a final product.

The general decomposition scheme of the different complexes can be summa-
rized in the following mechanisms:

[Ni(CH04)(CSHLNy),] et B X0 S0 N (C,0,)(imid)s

mass loss: caled.: 55.2; exp.: 54.6% . .. .. mass loss: caled.: 72.6; exp.: 72.7% ;.. .
» ¥ n
260-310°C Ni(O,)(imid), 210 455°C Ni(imid)+C

mass loss: calcd.: 86.0; exp.: 86.9% . ..
P » Ni+C
580—-750°C

[Ni(C7H503)(C3HyNy), B0 e e SR N i)

mass loss: caled.: 76.4; exp.: 75.9% - ;. mass loss: calcd.: 84.0; exp.: 85.5%
¥ NiO+C d
380-435°C 435-615°C

[Ni(C4H4H4)(C3H4N2)4] mass loss: caled.: 65.0; exp.: 65.4“‘0 NiCO3+3C

150-370°C

Ni

mass loss: caled.: 75.2; exp.: 75.2% . .. mass loss: calcd.: 84.2; exp.: 84.0% . ..
» N10+ > Nit+
370-500°C NiO+3C 500-700°C Nit+C

[Ni(CsH05)(CaHiNy),] e T SR N (C,0,4)+2C

mass loss: calcd.: 69.8; exp.: 70.8% . mass loss: calcd.: 82.0; exp.: 83.3%
21088 Nio+2C D835

350—-450°C 450-800°C

Ni

It is known that the reaction rate of a solid thermal decomposition leading to the
evolution of a gaseous product, can be expressed by the general equation
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49 @) (1)
dr

where a=(w;w)/(w;~w,), w,, w and w; are the initial, actual and final sample masses,
respectively.
The rate constant £ is frequently assumed to obey the Arrhenius law

k=Ae BT )

where 4 is the pre-exponential factor, £ is the apparent activation energy, R is the gas
constant and 7 the absolute temperature.
Integral methods use the equation of thermogravimetry in its integral form [19]

g@)=2E p(x) 3)
)

where g(0) is the conversion integral, @is the heating rate d7/d¢ and P(x) is the expo-

a _-u

nential integral J'e—z du where u=FE/RT.
) u

The conversion integral g(a) can be calculated easily if the conversion function
Ala) is assumed to be of the form

S (@)=(-a)" “4)

where n is the apparent reaction order.

Table 3 Mechanism based equations

Rate controlling process Mechanism g(a)

One dimensional diffusion D, a,

Two dimensional diffusion D, a+(1-a) In(1-a)
Three dimensional diffusion 1372
(Jander function) Ds [1-(1-0)™]
Three dimensional diffusion 2/3
(Ginstling—Brounshtein function) Ds (1-20/3)-(1-0)
Phase boundary reaction n
n=1,2and 3 Ry [1-(1-0)™]
Random nucleation and its

subsequent growth; m=2 and 3 An [—In (1—a)] ™
(Avrami—Erofeev function)

First order kinetics F, In(1-0q)

Kinetic analysis was performed using a computer program written in advanced Ba-
sic [19] for computing kinetic parameters as well as the decomposition mechanisms us-
ing four different mathematical kinetic methods [20-24]. The program is capable of per-
forming kinetic analysis of values for the extent of reaction and the rate of reaction ob-
tained from the experimental non-isothermal TG data and of subjecting the data to re-
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Table 4 Kinetic data for the non-isothermal decomposition of (Ni-aromatic, aliphatic acid-imidazol) ternary complexes

Complex Stage K fl/olf 1 L(;%A / Kinetic model Method I m()Ali/ K ] Iﬁf);l/’l ] r?lf)[l/’l
(A) I 174.740 8.45 D, Coats—Redfern -38.04 194.26 170.48
I 284.458 13.10 Fn, Coats—Redfern 00.38 284.25 279.94

I 223.303 9.10 Fn, Coats—Redfern -33.49 245.17 217.87

v 131.271 5.49 Fn, Horowitz—Metzger -64.52 186.95 124.10

(B) I 115.776 9.98 Fn, Dharwadkar -25.23 128.46 111.59
I 289.387 28.23 Fn, Horowitz—Metzger 125.36 304.39 383.75

111 177.994 5.78 Fn, Coats—Redfern —61.86 227.98 171.28

© I 70.137 3.76 Fn, Coats—Redfern -77.13 110.86 65.75
11 127.325 4.55 D, Horowitz—Metzger —72.64 195.46 119.53

(D) I 222.966 18.64 Fn, Dharwadkar 46.33 196.65 218.24
I 295913 11.39 Fn, Coats—Redfern —-14.55 305.63 290.36

111 116.551 3.93 Fn, Coats—Redfern -77.30 179.01 109.83

8LL
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gression analysis (least-squares method). The entropy of activation (AS) was calculated
from the equation [25]

A:KTm efAS/R
h

6))
where K is the Boltzmann constant, 4 the Planck constant and 7, the peak maximum
temperature.

Then the calculation extend to compute the other thermodynamic parameters. The
probable reaction mechanisms are listed in Table 3 and the corresponding correlation co-
efficients were calculated. The kinetic data obtained from the non-isothermal decomposi-
tion of the different complexes together with the appropriate kinetic model are cited in
Table 4. The values of the different correlation coefficients were used to select the g()
values that best fit the actual mechanism of the studied decomposition reaction.

Inspection of Table 4 shows that the predominating mechanism for the decom-
position processes have best fit with D,, Fn, and Fn, for the aromatic type complexes
while D, and Fn, for the aliphatic ones. From the above findings, one can conclude
that the diffusion processes are decisive mechanisms for the decomposition and that
the rate of the decomposition is controlled by the rate at which the gaseous products
can diffuse away from the reaction centers [26]. Regarding the values of the enthalpy
corresponding to the total decomposition stages, they possess higher values for the
aromatic complexes in comparison with those of the aliphatic one. This can be inter-
preted as due to the difference in their lattice stability.

Moreover, from the study of the decomposition of several carboxylate like com-
plexes [18], one can conclude that the a-carbon—H bond is the weakest and that, on
reaction, this proton is transferred to an oxygen atom of another carboxylate group.
Reduction of the metal ion is followed by the formation of CO which, in turn, can fur-
ther reduce metal ions and the reaction yields finally the metal. In aromatic
carboxylates, specially for salicylate complex, the bond between the carboxyl group
and the aromatic ring is the weakest one. The phenyl radical formed on rupture of this
linkage is capable of proton abstraction from the corresponding water of crystalliza-
tion, so that the solid product is expected to the metal through the formation of metal
oxide as an unstable intermediate. The above consideration finds a parallelism with
the trend of variation of both kinetic and thermodynamic parameters for aliphatic
complexes and aromatic ones.

From the correlations found between magnitudes of £ for all the complexes un-
der investigations and the enthalpy of formation of the appropriate metal oxides, one
can conclude that the activation steps in the carboxylate breakdown was rupture of
the —M—O linkage. This approach was applied [27] to the range of nickel salts for
which E values were available, assuming that this parameter contained contributions
from the following terms (i) an energy requirement for the dissociation of
each —CO,—Ni bond, (ii) a reduction of the energy barrier resulting from autocatalysis
where the anion was chemisorbed on a metal particle and (iii) a reduction in the en-
ergy barrier where resonance stabilization of the activated anion complex was possi-
ble. This model was consistent with the observations available [27-29].
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Finally, the values of AS which are listed in Table 4 show negative values of en-
tropy. This indicates the more ordered structures of the activated state compared to
that of the corresponding reactant. Moreover, the decomposition processes of the dif-
ferent complexes under consideration may be compared on the basis that the easily
decompose complex possessed a less negative entropy. This postulation is find a par-
allelism in less negative AS values recorded for complex (B).
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