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Abstract This article describes the synthesis, structural

features, and thermal studies of novel Mn(III) heteroche-

lates of the type [Mn(SBn)(L)(H2O)]�xH2O [H2SBn =

Nicotinic acid [1-(3-methyl-5-oxo-1-phenyl-4,5 dihydro-

1H-pyrazol-4yl)-acylidene]-hydrazide where acyl = acetyl

(H2SB1); benzoyl (H2SB2); propionyl (H2SB3); buteryl

(H2SB4); phenyl acetyl (H2SB5); and HL = 5-Chloro-7-

iodo-8-hydroxyquinoline (clioquinol)]. The heterochelates

have been characterized on the basis of elemental analyses,

magnetic susceptibility measurements, cyclic voltammetric

studies, (FTIR and electronic) spectra, and thermal studies.

The FAB mass spectrum of [Mn(SB1)(L)H2O]�3H2O has

been carried out. The cyclic voltammetric studies reveal

that quasi-reversible reduction process of Mn(III)/Mn(II)

coupled system suggesting that the ligands readily desta-

bilize higher oxidation states of metal ion. Kinetic

parameters such as order of reaction (n) and the energy of

activation (Ea) were calculated using Freeman–Carroll

method. The pre-exponential factor (A), the activation

entropy (S*), the activation enthalpy (H*), and the free

energy of activation (G*) were calculated using Horowitz–

Metzger equations.

Keywords Mn(III) heterochelates � Schiff bases

(H2SBn) � Clioquinol (HL) � Spectral studies � TG/DTG

and DSC studies

Introduction

The chemistry of heterochelates of transition metals

involving multidentate Schiff bases and bidentate unineg-

ative ligands is gaining increasing popularity because of

their ability to mimic the transamination reactions of bio-

logical importance. Manganese often plays an important

role in numerous biological processes associated with uti-

lization or generation of hydrogen peroxide or dioxygen.

At least five functions of these types are known: manga-

nese superoxide dismutase [1], manganese catalase [2],

manganese peroxidase [3, 4], manganese ribonucleotide

reductase [5], and oxygen evolving complex in photosys-

tem-II [6, 7].

The report that 5-chloro-7-iodo-8-hydroxyquinoline

(clioquinol, HL) attenuated Alzheimer’s disease (AD)

symptoms in human clinical trials [8] incited renewed

interest in its pharmacodynamics, linking its possible

beneficial therapeutical action to the chelation of transition

metal ion in the brain. Recent reports indicate that clio-

quinol also mitigates neuropathological symptoms of

Huntington’s disease in a mouse model of this disorder

[9]; clioquinol treatment decreased the accumulation of

huntingtin aggregates, suggesting commonalities in the

etiology of both neurological pathologies. These results

suggest a broader clinical potential of clioquinol in the

treatment of neurodegenerative diseases.

Nowadays, thermal analysis techniques (TG/DTG,

DTA, DSC etc.) play an important role in studying the

thermal behavior of metal complexes [10–14]. Thermo-

gravimetry (TG) is a process in which a substance is

decomposed in the presence of heat, which causes bonds in

the molecules to be broken [15, 16]. The thermal behaviors

of mixed-ligand complexes involving pyrazolone deriva-

tives have been reported elsewhere [17, 18]. Pyrazolone-
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based Schiff bases are less extensive. Our laboratory has

been exploring the chemistry of this class of ligand

[19–22]. During the course of our research, we have pre-

viously synthesized Mn(III) Schiff-base complexes

involving heterocyclic b-diketone and diethylene triamine

[23]. In continuation of our previous study, in this article,

we describe synthetic, thermal, spectroscopic, and coordi-

nation aspects of some novel Mn(III) heterochelates with

4-acyl pyrazolone-based Schiff bases (H2SBn) (where

n = 1–5) and 5-chloro-7-iodo-8-hydroxyquinoline (clio-

quinol) based drug.

Experimental

Materials

All the chemicals used were of analytical grade and used

without further purification. The compounds, 1-phenyl-3-

methyl-2-pyrazoline-5-ol and b-picolinic acid hydrazide,

were purchased from E. Merck Ltd. (India). Acyl chlorides

were purchased from Qualigens Fine Chemicals, India

and used without further purification. 5-Chloro-7-iodo-8-

hydroxyquinoline (clioquinol) was purchased from Bayer

AG (Wuppertal, Germany).

Instruments

A model 5000/2960 SDT (TA Instruments, USA) was used

to record simultaneous TG and DTG curves. The experi-

ments were performed in N2 atmosphere with a heating rate

of 10 �C min-1 from room temperature to 700 �C in Al2O3

crucible. The samples sizes had masses ranging from 4 to

9.5 mg. The DTG sensitivity setting was a 0.05 mg s-1.

DSCs were recorded using DSC 2920 (TA Instrument,

USA). The DSC curves were obtained at a heating rate of

10 �C min-1 in N2 atmosphere over the temperature range

of 50–400 �C, using aluminum crucible. FT-IR spectra

(4,000–400 cm-1) were recorded on Nicolet-400D spec-

trophotometer using KBr pellets. The magnetic moments

were obtained by the Gouy’s method using mercury tet-

rathiocyanato cobaltate (II) as a calibrant (vg = 16.44 9

10-6 c.g.s. units at 20 �C). Diamagnetic corrections were

made using Pascal’s constant. Electronic spectra were

recorded on a Shimadzu 160A UV-visible spectrophotom-

eter using DMF as the solvent blank. The FAB mass

spectrum of the heterochelate was recorded at SAIF, CDRI,

Lucknow with JEOL SX-102/DA-6000 mass spectrometer.

Cyclic voltammetric studies were performed using VA-

Computrace No. 797, Metrohm with a HMDE (working),

saturated Calomel (reference), and Platinum (counter) elec-

trodes at the Department of Chemistry, Bhavnagar Univer-

sity, Bhavnagar. Solutions (*10-3 M) were prepared in

DMF with 0.1 M tetrabutyl ammonium perchlorate as

supporting electrolyte.

Synthesis of Schiff base ligands (H2SBn)

(where n = 1–5)

The Schiff base ligands (H2SBn) (where n = 1–5) were

synthesized according to the procedure described in the

literature [21].

Synthesis of heterochelates

The preparation of heterochelates was carried out by

mixing hot methanolic solution (25 mL) of Mn(OAc)3�
2H2O (5 mmol) and a hot methanolic solution (25 mL) of

the Schiff base (H2SBn) (5 mmol) and HL ligand (5 mmol)

in water. The pH was adjusted to 6–7 by dropwise addition

of 25% NaOH solution in water. The mixture was heated

in a water bath for 3 h at 70 �C. The mixture was kept

overnight at room temperature. The colored crystals

obtained were washed with water, methanol, and finally

with diethyl ether and dried in air.

Results and discussion

The analytical and physical data of the Schiff base ligands

and their heterochelates are presented in Table 1. The

heterochelates are colored and stable in air for extended

period of time. They are sparingly soluble in water and in

most organic solvents but completely soluble in DMF.

When treated with KI, iodine was liberated. This is an

indirect indication of Mn being in ?3 oxidation state which

is further supported by the solid state magnetic moments

(Table 1).

IR spectra

In order to study the binding mode of Schiff bases (H2SBn)

to the manganese ion in the heterochelates, the IR spectra

of Schiff bases were compared with the spectra of the

corresponding heterochelates. The Schiff base ligands in

this investigation exhibit a broad band centered at 3,372–

3,395 cm-1. This indicates the involvement of the 5-OH

group in intramolecular hydrogen bonding [13, 18, 24, 25]

with the lone pair of azomethine nitrogen. It also suggests

that the ligands exist in enol form in the solid state.

The Schiff base ligands (H2SBn) contain five potential

donor sites: (i) the enolic oxygen of the 5-OH group;

(ii) the cyclic azomethine nitrogen; (iii) the acyclic azo-

methine nitrogen; (iv) amide nitrogen of amide-imidol

form of hydrazone moiety; and (v) carbonyl oxygen of

amide-imidol form of hydrazone moiety.
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The Schiff base ligands (H2SBn) show a sharp and

strong band due to m(C=N) of the acyclic azomethine group

at 1,630–1,640 cm-1. The observed low-energy shift of

this band in the heterochelates and appearing at 1,614–

1,622 cm-1 suggests the coordination of the azomethine

nitrogen [26, 27].

The m(N–H) and m(C=O) modes of the lateral chain in the

uncoordinated Schiff bases appearing at 3,170–3,192 and

1,690–1,702 cm-1, respectively, indicates that the ligands

exist in keto form in solid state. However, in solution,

ligands probably exist in tautomeric enol form. The IR

spectra of heterochelates show a considerable negative shift

of 15–20 cm-1 in m(C=O) absorption of the pyrazolone

group, indicating a decrease in the stretching force constant

of (C=O) as a consequence of coordination through the

oxygen atom of the ligand. Meanwhile, the new absorption

bands attributed to m(C–O) [28] was observed at 1,343–

1,352 cm-1. From these observations, it is concluded that

the ligand reacts in enol form with prototropy, which

incorporates into proton transfer through oxygen atom of

the ligand forming two bonds with the metal ion.

In the heterochelates investigated, the bands observed in

the region 3452–3467, 1265–1278, 820–834, and 677–

704 cm-1 are attributed to –OH stretching, bending, rock-

ing, and wagging vibrations, respectively, due to the pres-

ence of water molecules. The presence of rocking band

indicates the coordination nature of the water molecule [29].

A comparison of the main IR frequencies of Mn(III)

heterochelates with that of clioquinol (HL) ligand showed

the following results. Two absorption peaks in the spec-

trum of the ligand due to m(O–H) and m(C=N) cyclic azo-

methine groups were observed at 3,420 and 1,605 cm-1,

respectively. The absence of the former band in the spectra

of the heterochelates suggests that this moiety participated

in the bonding to the metal ion. The latter band corre-

sponding to m(C=N) shifted to the lower frequency region

(*1,592 cm-1) in the spectra of the heterochelates.

Accordingly, clioquinol (HL) ligand, in the isolated het-

erochelates, appears to act as a uninegative bidentate ligand

through the nitrogen atom of the cyclic azomethine group

and enolic oxygen of the hydroxyl group by deprotonation.

In the far-IR region, two new bands at 448–462 and 415–

422 cm-1 in the heterochelates are assigned to m(M–O) and

m(M–N) modes, respectively. All of these data confirm the

fact that H2SBn behaves as a dinegative tridentate ligand

forming a conjugated chelate ring, with the ligand existing

in the heterochelates in the enolized form.

Mass spectra

The recorded mass spectra and the molecular ion peak for

the heterochelate [Mn(SB1)(L)H2O]�3H2O have been used

to confirm the molecular formulae. The mass spectrum of

[Mn(SB1)(L)H2O]�3H2O shows a large number of peaks

corresponding to the successive degradation of the mole-

cule as shown in Fig. 1, and its fragmentation pattern is

given in Scheme 1. The first peak at m/e 710 represents the

molecular ion peak of the heterochelate. The primary

fragmentation of the heterochelate takes place due to the

loss of –CH3 group and one coordinated water molecule

from the species (a) to give species (b) with peak at m/e

678. The sharp peak (base peak) observed at m/e 381

represents the stable species (e) with 99.6% abundance.

Electronic spectra and magnetic moments

The information regarding geometry of the heterochelates

was obtained from their electronic spectral data and mag-

netic moment values. The magnetic moment values of

Mn(III) heterochelates were in the range of 4.56–4.93 B.M.

[23, 30]. The electronic spectral data along with molar

extinction coefficient (loge) values of the free ligands

(H2SBn) (where n = 1–5) and their heterochelates are

presented in Table 1. The electronic spectra of free ligands

showed an intense band at *32,500 cm-1. The high

intensity of this band may be due to p ? p* intra-ligand

charge transfer transition (ILCT). In this study, electronic

spectra of Mn(III) heterochelates yielded one charge

transfer band and multiple d–d transitions. The heteroche-

lates investigated here are all six coordinated; therefore,

either octahedral or distorted octahedral geometry around

the metal ion is expected. The appearance of two/three

bands in the heterochelates studied suggests that they pos-

sess distorted octahedral structures. Such distortion is most

probably due to Jahn–Teller’s effect as well as due to steric

effect of the bulky ligands. Keeping in view the distorted

octahedral structures, the band observed at *18,350 cm-1

for 6, 8, and 10 and 20,300 cm-1 for 7 and 10 compounds

can be assigned to 5B1g ? 5Eg transition. Similarly, the

second shoulder observed near 15,650–16,780 cm-1 can be

assigned to 5B1g ?
5B2g transition. The third band observed

near 14,650 cm-1 for 6, 8, and 9 is assigned to 5B1g ?
5A2g

transition. This band is not seen in the remaining heter-

ochelates. This may be due to low energy of this transition

and greater absorption in the UV part of the spectra (highly

intense charge transfer transition). The highly intense band

100
0

127

136

154

185 289 307

381

522
643 678

710

755 780

50

100

150 200 250 300 350 400 450 500 550 600 650 700 750 800

m/z

Fig. 1 The typical FAB-mass spectrum of a heterochelate [Mn(SB1)-

(L)H2O]�3H2O
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observed near 32,380 cm-1, which may be due to p ? p*

ILCT of the azomethine group. From the magnetic mea-

surement and electronic spectral data, a six-coordinated

distorted octahedral stereochemistry is proposed for all the

heterochelates.

Cyclic voltammetric studies

The redox behaviour of heterochelates was studied at a

slow scan rate of 0.05 V s-1 over a potential range from

-0.2 to -1.75 V. The typical cyclic voltammogram of

[Mn(SB3)(L)H2O]�H2O (Fig. 2) shows quasi-reversible

reduction process in the range from -0.35 to -0.55 V

assignable to the reduction of Mn(III)/Mn(II)-coupled

system suggesting that the ligands readily destabilize

higher oxidation states of manganese. The electrochemical

stabilization of Mn(II) oxidation level is basically due to

the presence of one additional basic oxyanion per manga-

nese, providing another negative charge to the metal ion.
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Scheme 1 The suggested

fragmentation pattern of
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Fig. 2 The typical cyclic voltammogram of a heterochelate

[Mn(SB3)(L)H2O]�H2O at 0.05 V s-1 scan rate
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The second redox wave observed at -1.41 V is attributed

as due to the reduction of Mn(II) to Mn(0), which is irre-

versible in the nature.

Calculation of activation thermodynamic parameters

of the decomposed heterochelates

Each decomposition process follows:

Solid-1 �! heat Solid-2 þ gas

This process comprises several stages. The method repor-

ted by Freeman–Carroll method [31] has been adopted.

A typical curve of [Dlog(dw/dt)/Dlogwr] versus [D(1/T)/

Dlogwr] for the heterochelate [Mn(SB3)(L)H2O]�H2O is

shown in Fig. 3. The slope of the plot gave the value of

Ea/2.303 R and the order of reaction (n) was determined

from the intercept.

The thermal behavior of the prepared heterochelates

In the following paragraphs, the thermal behavior of the

synthesized heterochelates, characterized on the basis of

TG/DTG and DSC methods, is described. Thermal data and

kinetic parameters of the heterochelates are given in

Tables 2 and 3, respectively.

[Mn(SB3)(L)H2O]�H2O

TG/DTG and DSC curves of the heterochelate [Mn(SB3)-

(L)(H2O)]�H2O are represented in Figs. 4 and 5, respec-

tively. The thermal decomposition of the heterochelate

[Mn(SB3)(L)(H2O)]�H2O takes place in three stages. The

thermal dehydration of this heterochelate takes place in a

single step between 40 and 190 �C, with a mass loss of

4.75% (calc. 4.84%). The maximum rate of mass loss is

indicated by the DTG peak at 152 �C. One mole of lattice

and one mole of coordinated water molecules are removed

in this stage of dehydration. This process is accompanied

by endothermic effect at 120 �C in DSC curve. The total

loss of two water molecules is a first-order reaction and the

value of the energy of activation for the dehydration pro-

cess is 3.16 kJ mol-1. The second stage, which occurs in

the temperature range of 190–360 �C with a DTG peak

observed at 310 �C, corresponds to the decomposition of

the HL ligand. The observed mass loss is 40.67%, which is

consistent with the theoretical value of 40.99%. The

endothermic peak at 324 �C corresponds to this stage is

given by DSC curve. The third stage is related to the

decomposition of H2SB3 ligand in the temperature range of

360–700 �C with two well-separated DTG peaks at 409

and 612 �C, accompanied by a mass loss of 44.92% (calc.

44.60%). The overall mass loss observed is 90.34% as

compared to the theoretical value (90.43%). The end

product estimated as MnO, has the observed mass of 9.49%

compared to the calculated value of 9.55%.

[Mn(SB1)(L)H2O]�3H2O

The [Mn(SB1)(L)H2O]�3H2O heterochelate undergoes

decomposition in three stages. The thermal dehydration of

this heterochelate takes place in a single step between 50

and 225 �C, with a mass loss of 9.67% (calc. 9.41%). The

maximum rate of mass loss is indicated by the DTG

182 �C. Three moles of lattice and one mole of coordinated

water molecules are removed in this stage of dehydration.

This process is accompanied by two endothermic effects at

143 and 174 �C in DSC curve [32]. The total loss of three

moles of lattice and one mole of coordinated water mole-

cules is a first-order reaction and the value of energy of

activation for the dehydration process is 12.28 kJ mol-1.

The second stage occurs in the temperature range 225–

410 �C, with the mass loss (39.40%) is due to the removal

of HL ligand from the heterochelate (calc. 39.81%). The

DTG peak corresponding to this stage is found at 348 �C.

This process is further supported by an exothermic process

at 269 �C in DSC curve. The third stage is related to the

decomposition of H2SB1 ligand, taking place in the tem-

perature range 410–700 �C with a DTG peak at 526 �C and

being accompanied by a mass loss of 41.78% (calc.

41.49%). The overall mass losses are observed to be

90.85%, which is in very good agreement with the calcu-

lated value of 90.71%. The final residue, estimated as MnO

has the observed mass 9.12% as against the calculated

value of 9.27%.

[Mn(SB2)(L)H2O]�H2O

The thermal decomposition of the heterochelate [Mn(SB2)-

(L)H2O]�H2O takes place in three stages. Two endothermic
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Fig. 3 The typical Freeman–Carroll plot for thermal degradation of a

heterochelate [Mn(SB3)(L)H2O]�H2O
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peaks (DSC) were observed at 129 and 153 �C, in the

temperature range of 50–215 �C with the mass loss (obs.

4.53%; calc. 4.54%), which correspond to the loss of one

water molecule coordinated to the Mn(III) and the one

lattice water molecule present in the heterochelate,

respectively. It was found that the loss of two water mol-

ecules is a first-order reaction, and the value of the energy

of activation for the dehydration process is 5.25 kJ mol-1.

After dehydration, the crystal structure of the heterochelate

is distorted. In the second stage between 215 and 460 �C,

the HL ligand degrades as one maximum in the DTG curve

at 336 �C with a mass loss of 38.45% (calc. 38.50%). It is

accompanied by an exothermic process at 251 �C in the

DSC curve. The third stage, which occurs in the tempera-

ture range of 460–700 �C with DTG peak observed at

624 �C, corresponds to the decomposition of H2SB2 ligand.

The observed mass loss (48.08%) is coinciding with the

calculated value of 48.22%. The overall mass losses are

observed to be 91.06%, which is in very good agreement

with the calculated value of 91.26%. The final residue,

estimated as MnO, has the observed mass 8.67% as against

the calculated value of 8.90%.

[Mn(SB4)(L)H2O]�2H2O

The thermal decomposition of the heterochelate

[Mn(SB4)(L)H2O]�2H2O takes place in four stages. The

first stage is related to the liberation of two crystalline

water molecules from the heterochelate in the temperature

range of 50–130 �C, accompanied by a mass loss of 4.53%

(calc. 4.64%). Two moles of lattice water molecules are

removed in this stage of dehydration. The loss of one lat-

tice water molecule is a first-order reaction, and the value

of the energy of activation for the dehydration process is

Table 2 Thermoanalytic results (TG/DTG and DSC) of heterochelates

Heterochelates TG range/�C DTGmax/�C DSCmax/�C Mass loss/% obs. (calc.) Assignment

[Mn(SB1)(L)(H2O)]�3H2O 50–225 182 143, 174 (?) 9.67 (9.41) Loss of three lattice ? one coordinated

water molecules

225–440 348 269 (?) 39.40 (39.81) Removal of one mole of HL ligand

410–700 526 – 41.78 (41.49) Removal of one mole of H2SB1 ligand

leaving MnO residue

90.85a (90.71)

[Mn(SB2)(L)(H2O)]�H2O 50–215 – 129, 153 (?) 4.53 (4.54) Loss of one lattice ? one coordinated

water molecules

215–460 336 251 (-) 38.45 (38.50) Removal of one mole of HL ligand

460–700 624 – 48.08 (48.22) Removal of one mole of H2SB2 ligand

leaving MnO residue

91.06a (91.26)

[Mn(SB3)(L)(H2O)]�H2O 40–190 152 120 (?) 4.75 (4.84) Loss of one lattice ? one coordinated

water molecules

190–360 310 324 (?) 40.67 (40.99) Removal of one mole of HL ligand

360–700 409, 612 – 44.92 (44.60) Removal of one mole of H2SB3 ligand

leaving MnO residue

90.34a (90.43)

[Mn(SB4)(L)(H2O)]�2H2O 50–130 – – 4.53 (4.64) Loss of two lattice water molecules

130–220 179 144 (?) 2.28 (2.32) Loss of one coordinated water molecule

220–390 294 243 (-) 39.03 (39.29) Removal of one mole of HL ligand

390–700 445 – 44.78 (44.57) Removal of one mole of H2SB4 ligand

leaving MnO residue

90.62a (90.82)

[Mn(SB5)(L)(H2O)]�H2O 50–115 – 138 (?) 2.20 (2.23) Loss of one lattice water molecule

115–220 174 188 (?) 2.21 (2.23) Loss of one coordinated water molecule

220–400 253 286 (?) 37.45 (37.83) Removal of one mole of HL ligand

400–700 478 – 49.09 (48.88) Removal of one mole of H2SB5 ligand

leaving MnO residue

90.95a (91.17)

(?) Endothermic; (-) exothermic
a Total mass loss
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3.01 kJ mol-1. The second stage is related to the liberation

of one coordinated water molecule from the heterochelate

in the temperature range of 130–220 �C, accompanied by a

mass loss of 2.28% (calc. 2.32%). The maximum rate of

mass loss is indicated by the DTG peak at 179 �C. This

process is accompanied by an endothermic effect at 144 �C

in DSC curve. On heating, the decompositions of ligands

occurred. In the third stage between 220 and 390 �C, the

HL ligand degrades as one maximum in the DTG curve at

294 �C with a mass loss 39.03% (calc. 39.29%). It is

accompanied by an exothermic process at 243 �C in the

DSC curve. The fourth stage, which occurs in the tem-

perature range 390–700 �C with DTG peak observed at

445 �C, corresponds to the decomposition of H2SB4 ligand

molecule. The observed mass loss (44.78%) is coinciding

with the calculated value of 44.57%. The overall mass loss

observed has a value of 90.62% as against the theoretical

value (90.82%). The final residue, estimated as MnO, has

the observed mass of 9.29% as against the calculated value

of 9.15%.

[Mn(SB5)(L)H2O]�H2O

The heterochelate [Mn(SB5)(L)H2O]�H2O undergoes ther-

mal decomposition in four stages. The first stage is related

to the liberation of one crystalline water molecule from the

heterochelate in the temperature range of 50–115 �C,

accompanied by a mass loss of 2.20% (calc. 2.23%). This

process is supported by an endothermic effect at 138 �C in

DSC curve. The loss of one lattice water molecule is a first-

order reaction, and the value of the energy of activation for

Table 3 Kinetic parameters of heterochelates

Heterochelates TG range/�C Ea/kJ mol-1 n A/s-1 S*/J K-1 mol-1 H*/kJ mol-1 G*/kJ mol-1

[Mn(SB1)(L)(H2O)]�3H2O 50–225 12.28 0.99 0.95 -100.75 9.65 40.36

225–410 15.25 0.99 5.32 -101.32 9.75 63.33

410–700 20.29 1.00 9.85 -95.55 17.20 95.59

[Mn(SB2)(L)(H2O)]�H2O 50–215 5.25 0.98 0.17 -101.09 0.88 29.57

215–460 24.28 1.00 3.34 -96.98 22.31 65.55

460–700 42.19 1.00 5.81 -97.13 30.37 107.67

[Mn(SB3)(L)(H2O)]�H2O 40–190 3.16 1.00 0.01 -102.23 0.43 41.51

190–360 12.67 1.00 0.48 -101.25 4.49 67.35

360–700 22.25 0.99 31.55 -95.54 22.36 98.11

[Mn(SB4)(L)(H2O)]�2H2O 50–130 3.01 1.01 0.10 -101.99 0.33 31.44

130–220 26.66 0.98 0.15 -101.35 2.26 55.55

220–390 32.99 1.01 8.40 -95.21 25.39 105.44

390–700 38.78 0.99 13.51 -94.45 34.64 109.98

[Mn(SB5)(L)(H2O)]�H2O 50–115 4.01 1.00 0.10 -101.55 0.37 32.33

115–220 17.79 0.98 2.20 -97.56 12.15 61.65

220–400 31.55 1.01 33.55 -94.44 21.44 75.57

400–700 42.44 0.99 156.2 -93.23 33.53 92.54
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the dehydration process is 4.01 kJ mol-1. The second stage

occurs in the temperature range 115–220 �C, with the mass

loss of 2.21% (calc. 2.23%) being due to the removal of

one coordinated water molecule from the heterochelate.

The DTG peak corresponding to this stage is found at

174 �C. This process is further supported by an endother-

mic peak at 188 �C in DSC curve. On heating, decompo-

sitions of ligands occurred. The third (from 220 to 400 �C)

and fourth (from 400 to 700 �C) stages may be due to the

decomposition of HL and H2SB5 ligand molecules,

respectively. The observed mass losses for these tempera-

ture ranges are 37.45 and 49.09%, respectively. The overall

mass losses are observed to be 90.95%, which is in very

good agreement with the calculated value of 91.17%. The

final residue, estimated as MnO, has the observed mass

8.72% as against the calculated value of 8.81%.

Non-isothermal calculations were used extensively to

evaluate kinetic parameters (Table 3) for the different

thermal decomposition steps in the heterochelates

employing the Horowitz–Metzger equations [33]. The

results of activation enthalpy (H*=Ea - RTs); the activation

entropy (S* = 2.303[logAh/KT]R); the pre-exponential

factor (Ea/RTs
2 = A/exp[-Ea/RTs]), and the free energy of

activation (G* = DH* - TsS*) where A, Ts, K, and h are

the pre-exponential factor, heating rate, peak temperature,

Boltzman and Plank constants, respectively. There was no

definite trend in the values of the entropy of activation.

However, the negative value of the entropy of activation

indicated that the activated complex has a more ordered

structure than the reactants, and the reactions are slower

than normal [34–36]. The kinetic parameters, especially the

energy of activation (Ea) values, are helpful in assigning the

strength of heterochelates [37]. The calculated Ea values of

the investigated heterochelates for the first dehydration step

were in the range of 3.01–12.28 kJ mol-1 (Table 3). Based

on the Ea values, the thermal stabilities of heterochelates in

the decreasing order are

Mn SB1ð Þ Lð Þ H2Oð Þ½ � � 3H2O[ Mn SB2ð Þ Lð Þ H2Oð Þ½ � �H2O

[ Mn SB5ð Þ Lð Þ H2Oð Þ½ � �H2O

[ Mn SB3ð Þ Lð Þ H2Oð Þ½ � �H2O

[ Mn SB4ð Þ Lð Þ H2Oð Þ½ � � 2H2O

From the above discussion, an octahedral structure of the

heterochelates can tentatively be assumed as shown in

Fig. 6.
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