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Abstract

The thermal decomposition of the complexes [VCl (acac)2(OAr)] (where acac=2,4-pentanedionato

anion; OAr=–OC6H4O-M-4, OC6H4OBut-4) has been studied using non-isothermal techniques

(DTA and TG). The TGA indicate that the substitution of chlorine in VCl2(acac)2 with aryloxide

ligands results in an increase in the initial temperature of decomposition (IDT) of the new com-

plexes. The role of the substituent at the aryloxide ring on the thermal stability of the complexes is

depicted and hence described. The ultimate decomposition product in all the complexes has been

identified as V2O5. The kinetic and thermodynamic parameters namely, the energy of activation E,

the frequency factor A, entropy of activation S and specific reaction rate constant kr etc. have been

rationalized in relation to the bonding aspect of the aryloxide ligands.
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Introduction

Metal alkoxides [1] and aryloxides [2] constitute such a fascinating class of com-

pounds that the literature abounds with the reports pertaining to their synthetic chem-

istry while the studies on the thermal behaviour of these compounds are rather limited

[3, 4]. Of these, the phenolate chemistry of vanadium, in particular, is known to dis-

play interesting reactivity behaviour such as the capability of dinitrogen fixation

[5–7]. Compared to the extensive work done on oxovanadium(IV) compounds

[8–12], only a few non-oxovanadium(IV) species are described [13–19] and to our

knowledge virtually no thermal studies have been made on bare vanadium(IV) com-

pounds. As a part of our studies to detail the chemistry of vanadium [20–22], the pres-

ent communication reports the thermal behaviour and kinetic parameters of com-

plexes [VCl(acac)2(OAr)] by Coats and Redfern method.
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Experimental

VO(acac)2 [23] and VCl2(acac)2 [18], the starting materials were prepared by litera-

ture methods. Complexes of compositions [VCl(acac)2(OAr)] were prepared as pre-

viously reported [22]. Thermal analyses of the complexes were carried out on

SHIMADZU DT-40 simultaneous TG-DTA thermal analyzer. The thermocouple

used was Pt/Pt–Rh with a temperature range of 20–1200oC. Thermal investigations

were carried out by heating the sample (5–7 mg) in Pt crucible in a static air atmo-

sphere and a heating rate of 20oC min–1 was employed. Vanadium and chlorine in the

intermediate were estimated as V2O5 gravimetrically and by Volhard’s method re-

spectively. The IR spectra were recorded as KBr pellets on a Beckman IR-4250

spectrophotometer.

Results and discussion

A comparison of the thermal decomposition of VO(acac)2 (I), VCl2(acac)2 (II) and

complexes [VCl(acac)2(OAr)] (III–VI), derived from the substituted phenols in air

has revealed an interesting set of results (Table 1).The TG of VO(acac)2 has indicated

it to be fairly stable upto 200.6oC beyond which it decomposes in a single step. The

total mass loss of 67.2% in the temperature range 200.6–314.0oC corresponds to yield

V2O5 as the ultimate product. The DTA curve has shown an endothermic peak at

256.9oC accompanied by an exothermic peak at 267.8oC which may be attributed to

the sublimation followed by decomposition of (I) in the form of volatile products

such as CO2, CH4 etc. leaving behind V2O5.

The TG of VCl2(acac)2 has displayed diminished stability as is evident from its

early decomposition ~23oC which takes place in two steps. An initial mass loss of

38.5% in the temperature range 23–264.7oC corresponds to the possible formation of

VOCl(acac) as an intermediate. The subsequent mass loss of 33.5% in the tempera-

ture range 264.7–490oC has been proposed to be due to the oxidative decomposition

of the intermediate to give V2O5. Thermal decomposition of VCl2(acac)2 is supple-

mented by the appearance of a single exothermic peak at 477.6oC in DTA curve.

A perusal of the TG/DTA curves of the complexes VCl(acac)2(OAr) (III–VI)

have indicated them to be stable upto 176.1, 132.3, 132.1 and 122.8oC respectively,

thus exhibiting a decreased order of stability. Interestingly, the substitution of chlo-

rine in VCl2(acac)2 with aryloxide ligand results in an increase in the initial tempera-

ture of decomposition (IDT) for the new complexes and the observed variation in IDT
seems to be markedly dependent upon the nature of the substituent on the aryloxide

ring. The role of both the electronic and steric effects can be considered to explain the

observed trend. Of the different substituents in the phenols used, the –OM group hav-

ing the highest electron releasing tendency is expected to demonstrate a strong oxy-
gen pÏ to metal dÏ donation and has been confirmed by the higher IDT of
VCl(acac)2(OC6H4OM-4) as compared to its other aryloxide counterparts.

Another interesting feature of monochlorobis(2,4-pentanedionato)vanadium(IV)

aryloxides is that they exhibit a two-step decomposition pattern. The first stage decompo-
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sition amounting to mass losses of 52.95, 56.39, 54.65 and 53.11% for III, IV, V and VI

complexes respectively in the temperature ranges 176.1–264.1, 132.3–263.3, 132.1–265

and 122.8–266.9oC has been attributed to the formation of VOCl(acac) as the possible in-

termediate in each case being formed around 265oC as is evident from the prominent

inflexion in the TG curves of all the complexes including the parent compound

VCl2(acac)2 at this temperature. Further evidence for the proposition of VOCl(acac) as

the probable intermediate has been gathered by arresting the heating of the complexes at

265oC and thereby analyzing the resultant material by chemical analysis and IR spectra .

The elemental analyses (vanadium and chlorine) was found to be entirely consistent with

its formulation as VOCl(acac). The appearance of entirely new bands at ~980 cm–1 (not

present in parent complexes) assigned to ν(V=O) in the IR spectra has reinforced the formu-

lation of intermediate as VOCl(acac). The sharp band observed ~390 cm–1 has been at-

tributed to ν(V–Cl) mode.

The second stage of decomposition has been observed as an oxidative decompo-

sition of the intermediate VOCl(acac) to yield V2O5 as the final product of decompo-

sition in contrast to the reported formation of V2O3 and VO2 in the thermal decompo-

sition of vanadium(IV) oxalate [24] and vanadium(IV) formate [25] respectively. The

formation of V2O5 as the final product in the present complexes is substantiated by an

endotherm in DTA at ~ 660oC attributed to the melting of V2O5. Moreover, the entire

thermal decomposition of the complexes (III–VI) is an exothermic process with peak

maxima at the temperatures given in the Table 1. Thus on the basis of the observed

two-step thermal decomposition of the aryloxide complexes of bare V (IV) coupled

with the analytical and IR spectral analyses of the intermediate and the ultimate resi-

due, the following scheme of decomposition may be proposed

VCl(acac)2(OAr) Ist stage, 265 C° →  VOCl(acac) IInd stage, C> ° →  400 V2O5

Kinetic parameters

Of the several methods, developed to allow kinetic analysis of the thermogravimetric

data, methods due to Coats and Redfern [26, 27] and Achar [28] have been known to

give satisfactory analysis provided that the experimental conditions are such as to

minimize temperature gradient within the reactants. In view of the complexity of the

thermal decomposition of vanadium complexes, an attempt has been made to select

an appropriate method for determining various kinetic parameters of thermal decom-

position of the complexes. The method of Coats and Redfern being less tedious than

other methods and which also avoids the determination of tangents has been found to

be suitable in the present investigations.

Using TG data, both the stages of decomposition were subjected to non-isothermal

kinetic analysis. The activation parameters were computed using Coats-Redfern equa-

tion [26].

The parameters like entropy S* [29], free energy G* [30], specific reaction rate

constant kr [31] and enthalpy of activation H were obtained from their standard rela-

tions and results are being presented in Table 1.
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Table 1 Thermal decomposition data and kinetic parameters for vanadium(IV) complexes computed by Coats-Redfern equation

Complex

Decomposition data

Sample
mass/mg

IDT/°C Stage
TG temp.
range/°C

Mass loss/% DTA peak
temp./°C

Nature
expt. theor.

VO(acac)2 (I) 6 200.6 1st 200.6–314.0 67.2 65.6
256.9
267.8

endo
exo

VCl2(acac)2 (II) 5 23 1st 23.0–264.7 38.5 37.03 477.6 exo (br)

2nd 264.7–490.0 33.5 34.53

[VCl(acac)2(OC6H4OMe-4)] (III) 6.2 176.1 1st 176.1–264.1 52.95 50.49 261.1 exo

2nd 264.1–502.3 28.09 27.15 422.4 exo

[VCl(acac)2(OC6H4But-4)] (IV) 6.65 132.3 1st 132.3–263.3 56.39 53.51
237.9
249.5

exo
db

2nd 263.3–501.3 21.17 25.52 479.2 exo

[VCl(acac)2(OC6H4But-2,6-Me-4)] (V) 7 132.1 1st 132.1–265.0 54.65 59.94 249.7 exo

2nd 266.9–468.3 26.87 26.18 430.3 exo

[VCl(acac)2(OC6H4NO2-4)] (VI) 6 122.8 1st 122.8–266.9 53.11 52.25 260.8 exo
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Table 1 Continued

Complex Stage

Kinetic parameters

E*/
kcal mol–1

A/
s–1

S*/
J K–1 mol–1

G*/
kcal mol–1

H*/
kcal mol–1 kr

VO(acac)2 (I) 1st 27.766 2.39⋅1011 –58.067 57.738 27.343 0.683

VCl2(acac)2 (II) 1st 3.395 12.83 –57.48 25.639 3.336 0.152

2nd 9.63306 92.9 –58.89 47.18 1.988 0.162

[VCl(acac)2(OC6H4OMe-4)] (III) 1st 23.824 2.12⋅109 –57.97 52.491 23.795 0.0576

2nd 5.612 7.548 –58.474 42.86 5.56 0.0895

[VCl(acac)2(OC6H4But-4)] (IV) 1st 17.727 2.856⋅107 –57.874 44.957 17.653 0.156

2nd 8.88 6.62⋅102 –58.65 49.725 8.144 1.057

[VCl(acac)2(OC6H2But-2,6-Me-4)] (V) 1st 16.494 8.25⋅106 –57.869 43.663 16.417 0.163

2nd 11.012 4.78⋅102 –58.492 48.662 10.957 0.084

[VCl(acac)2(OC6H4NO2-4)] (VI) 1st 25.213 3⋅107 –58.55 63.973 25.123 0.136



A perusal of the thermal decomposition kinetic parameters has indicated some

specific patterns for the complexes under study. It has thus been tempting to compare

the activation energies of VO(acac)2 with that of VCl2(acac)2 and amongst the new

VCl(acac)2(OAr) complexes. The trend in activation energies for the first stage of de-

composition has revealed a compatibility with the order of thermal stability suggest-

ing that higher the value of E*, the more stable is the complex. This consideration has

been fully corroborated and reflected in their initial temperature of decomposition.

The second stage of decomposition, has however exhibited a reversal order of activa-

tion energies for which no definite explanation can be given at present.

Generally the value of A increases with decrease in E*. However no such observa-

tions have been made in the present investigations. The contribution of some more inher-

ent physical and chemical factors viz. thermodynamic, kinetic, stereospecific etc. may be

attributed to cause a change or deviation in this trend [32]. The entropy of activation S for

all the complexes has been found to be negative. The negative values obtained for S gen-

erally indicate that activated complexes have more ordered structures [33] than the reac-

tants and that the reactions are slower than normal [34, 35]. The magnitudes of E* and H*

differ only by 0.029–0.358 and 0.052–0.736 kcal mol–1 for the respective steps, suffice to

say that E* and H* are equivalent. The values of other kinetic parameters are within the

range usually observed for a first order reaction. Thus it can be concluded that the best

linear fit for the complexes under study has been obtained for n=1 in the first stage of de-

composition in Coats and Redfern method .

The present work has thus allowed us to draw useful comparisons as to how the

thermal stability and kinetic parameters of the complexes [VCl(acac)2(OAr)] com-

pared to VO(acac)2 and VCl2(acac)2 undergo variation with the change in the nature

of the substituents in the aryloxide ligand in vanadium(IV) complexes.
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