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ABSTRACT

The thermodynamics of complexation and thermal properties of mixed ionic complexes of the types M(H,L)X,
and M(HL)X (where M = Fe(Il), Fe(III),Co(Ill), Ni(Il), and Cu(Il)., L = bis(2,2-methylylidenephenol)
diaminoethane, and X = anions of the types CI, NOs, SO,*, ClO4 or OH") prepared using extractive method
have been investigated. Thermal decomposition of the transition metal complexes took place in two or three

distinct steps in exothermic reaction up to 800°C. The heat capacity change (‘:" r:3:’), transition midpoint tempera-

ture (Ty,), entropy change (‘isf‘i), calorimetric enthalpy{‘ﬂﬂgﬂ, Gibbs free energy change (‘:"GD':T]), denaturation

enthalpy (,g.,H T )) and denaturation entropy (35"‘{1"]) were calculated from the results of differential scanning
calorimetry (DSC) while Vant Hoff thermodynamic properties was used to calculate the stability constants of
the complexes in solution. It was found that the stability constants of the complexes follow the order Fe(Il) > Fe
(IIT) > Cu(Il) > Ni(IT) > Co(II) while the denaturation enthalpy and entropy of the complexes follow the order
Ni(Il) > Fe(II) > Fe(IlI) > Co(II) > Cu(Il) respectively.

KEYWORDS: bis(2,2-methylylidenephenol)diaminoethane, transition metal complexes, thermal analysis,
thermodynamic parameters.

INTRODUCTION

The development of the field of inorganic and physical chemistry has increased in recent years with increased
synergy especially in the area of Schiff bases and their transition metal complexes. Bis(2,2-methylylidene phe-
nol)diaminoethane its derivatives and transition metal complexes have played significant role in bioinorganic
chemistry and applications [1-2] in catalysis and in electrocatalytic reactions [3-5], as oxidizing agent [6-7], as
nanocomposite and nanoparticles [8-9], as corrosion inhibitor [10], in carbon capture for purifying the environ-
ment [11], as red phosphorescent light emitting diode (Ph OLEDs) [12] and as metallomesogens [13].

Even though some authors [14-16] have incriminated some Schiff bases and their metal complexes as poten-
tial antimicrobial agent, none have related the thermodynamic stability and denaturation enthalpy and entropy to
the biochemical nature of the synthesized metal complexes. Similarly some authors [12,17-18] who worked on
H,L and complexes only concentrated on melting point determination and thermal stability without indepth
treatment of the thermodynamic properties. Again, most studies concentrated on complexes of H,L prepared
using constituent combination method [19] but this work was on the thermal and thermodynamic properties of
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H,L complexes prepared using extractive techniques. In this work, spectral, thermodynamic and thermal meth-
ods were applied in the characterization of H,L transition metal complexes which are very important in bioinor-
ganic chemistry and applications.

2.0 MATERIALS AND METHODS

2.1 Reagents and equipment.

Analytical grade reagents (Merck, Germany) were used without further purification unless otherwise mentioned.
All aqueous solutions were prepared in distilled water and working solutions prepared by dilution as required.
Bis(2,2" -methylylidene phenol) diaminoethane(H,L) shown in figure I was prepared as reported elsewhere [20] .
Stock solutions of Fe(Il) , Fe(Il),Co(II), Ni(Il) and Cu(Il) were prepared using (NH,4),SO4.FeSO,4.6H,0, Fe,
(804);3.9H,0, CoCl,.6H,0, NiSO,4.7H,0 and CuSO4.5H,O (Merck, Analar grade). Stock solutions of mineral
acids (HCI, HNO; and H,SO,4) were prepared by diluting the concentrated acids and were standardized using
appropriate standard bases.

Electronic spectra of the ligand and complexes in chloroform solution were obtained on Jenway Uv — Vis
spectrophotometer model 6105. DSC analysis (Thermal degradation pattern) was determined using NE-
TZSCHDTA 404PC Differential scanning calorimeter. Metal-ligand mole ratio was determined using jobs meth-
od of continuous variation as described elsewhere [21]. Microanalysis of the ligand and complexes were done at
the Department of Chemistry, Rhodes University, South Africa.

2.2. Synthesis of metal complexes

An aliquot of a sample solution containing 100ug each of Fe(Il), Fe(Ill), Cu(Il) ,Ni(IT) and Co(II) was trans-
ferred into a 20 mL calibrated extraction bottle and volume was made up to 5 mL with acid solution of concen-
tration 0.0001M. This was followed with the addition of 0.5mL of ligand solution. Sminutes for colour develop-
ment was allowed and complexes formed extracted with 5 mL chloroform. The organic extracts were allowed to
dry and product recrystallized using carbon tetrachloride, dried and characterized (M.P >250°C for Fe(II) while
for Fe(I1I), Cu(II) ,Ni(Il) and Co(II) M.P >300°C).

N N Figure 1: Synthesis

\0 M - -

2 L w | o
OH o

of the ligand H,L

2.3 Thermal Analysis Using Differential Scanning Calorimeter

The sample and reference pan were placed at separate furnaces maintained by separate heaters. Both sample
and reference were maintained at same temperature and the difference in thermal power required maintaining
them at the same temperature measured and plotted as a function of temperature or time. Differential heat flow
was due to heat capacity associated with heating the sample. Small samples (5.00 mg) were weighed into an alu-
mina crucible and mass noted. The crucible was covered with its cover usually slightly smaller. The TA Blue
DSC sample press was used to close the crucible. The enclosed sample was placed side by side with the empty
alumina crucible as reference. The instrument was purged with ultra pure N, gas at regulated pressure between
100 and 140 Kpa guage %15 and 20 Psi). The gas flow rate was set at 50 mL per min and experiment run from
room temperature to 800 ’C at scan rate of 10 °C min.

3.0 RESULTS AND DISCUSSION
3.1 UV-Vis Data and metal-ligand mole ratio.
Electronic spectrum of the Ni(I[)H,BMPDE complex exhibited three bands in the region 24691cm™ assigna-

ble to ;g = 1Ty and 33898 and 38462 cm™ due to charge transfer transitions respectively notable in square

planar environment for Ni(Il) ion [22]. The absence of bands around 10120-11605, 16062-16180 and 25210 -

L ar _ 34,, (F) = 3T, (P
25575cm’™ assignable to, 342q (F) =3T3 (F)34,5 (F) - 3Ty5 and s (F) g ()
ly are due to charge transfer transitions from ligand to Ni(II) ion [23-25].

respective-
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The electronic spectrum of cobalt (II) oxidized to Co(III) complex a d® ion consists of three bands in the re-
gion 25000, 29851 and 38462 cm™. The appearance of the band in the region 25000cm’™ assignable to
44.. = 2T,

g 1o indicated distorted octahedral geometry around the cobalt(Il) ion whereas the band in the re-
gion 29851 and 38462 cm’! are due to charge transfer transitions [26-27]. Similarly the broad band region of the
electronic spectra of Co’"ad® covering the long wavelength region 335-400 nm was assigned to an octahedral

3A,, = 2T, (P
-4 19 () transition [28].

For Cu®*" ion a dg, a band displayed in the electronic spectrum in the region of 28571cm’! characteristic of
2B, — 2; 2; 2B,

,,.; “ transitions was typical of a distorted octahedral geometry. The - and  ° states of d’ octahe-
dral copper (II) ion splits up under the influence of octahedral field (tetragonal distortion). The distortion can
o 2Big = Zug. 2By — 2By 2Big = 2gg . .
cause three transitions and typical of distorted octahedral geometry
[29]. The electronic spectra of Fe¥ H,BMPDE a d’ ion consist of three bands in the region of 43478, 37037 and

64,, = 4T, . (&
23529 cm™’. The band at 23529 cm™ assignable to 29 (€) suggested distorted octahedral geometry [30
-31]. The other band 43478 and 37037 cm’! are due to charge transfer transition [26,31]. The electronic spectra
of Fe*" H,BMPDE a d® ion consists of three bands in the region 30762, 40000 and 47619 cm™. The band at

44,4 = 2T;g(F)

ig

30769cm™ was assigned to indicating distorted octahedral geometry of Fe(Il) ion (El-Gamel,
2012). The band at 40000 and 47619 cm™ are due to charge transfer transitions [22]. The metal-ligand mole ratio
as determined from jobs plot indicated 1:1 stoichiometry for all the transition metal complexes and similar ob-
servations have been made [32] with related derivatives.

3.2 Thermodynamics of Complexation

The Vant Hoff thermodynamic properties of H,L and HL complexes are shown in table 1. Entropy and en-
thalpy changes were positive for all the complexes. The stability constants of the complexes increased in the or-
der Fe(Il) > Fe(III) > Cu(II) > Ni(II) > Co(II).

The complexation process increased as temperature increased for all the metal ions until at a maximum of
about 35 °C. The increased complexation of the metal ions to the ligand at relatively high temperatures (between
20-35 °C) showed that the complexation process may be endothermic [33]. From table II, Gibb’s free energy
change values were found to be negative indicating the feasibility and spontaneity of the complexation. The pos-
itive sign of enthalpy change confirmed that the complexation process was endothermic. The negative value of
entropy change showed that the complexation involved solvation process [34]. Similarly the values of stability
constants indicated that iron (II) and iron (III) metal ion complexes are more stable than others [34]. The thermo-
dynamic parameters of complexation such as enthalpy (AH’), entropy (AS"), Gibb’s free energy (AG") and stabil-
ity constant (Bn) are listed in table I and are calculated from the variation of the thermodynamic equilibrium
constant, K, at different temperatures as shown in equation 1.

Kﬂ = E“I{(E"

C, is the amount of metal ion complexed per unit mass of ligand and C, the concentration of metal ion in the
aqueous phase [33].

The standard enthalpy change of complexation (AH’), the standard entropy change of complexation (AS°),
Gibb’s free energy of complexation (AG”) and stability constant for complexation (Bn) were calculated as shown
in equation 2, 3 and 4.

A97 _aH (Vant H lot) 2
R " RT ant Hoff plot) ... i i on s s a2

AG® = —RTInK,

InkK, =

AG® = —2.303RTS,

Thus, T represents the temperature in K while R is the universal gas constant (KJ Mol"'k"). The thermodynamic
values are given in Table 2.
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plexed
Fe(III) 288 4.59 1.813 -10.99 20187.85 -52.406
293 243 1.055 -5.919
298 0.559 0.243 -1.385
303 0.198 0.086 -0.498
Fe(I) 288 4.18 1.814 -10.00 5462.11 -65.63
293 4.056 1.76 -9.88
293 3.94 1.71 -9.76
303 3.17 1.38 -7.98
308 3.112 1.35 -7.96
313 2.94 1.27 -7.65
Ni(II) 288 3.17 1.38 -7.59 1155.74 -0.1817
293 3.10 1.35 -7.55
293 3.00 1.30 -7.55
303 2.90 1.26 -7.43
308 2.923 1.27 -7.48
313 2.923 1.27 -7.60
Co(II) 288 2.495 1.08 -5.97 14680.49 -47.51
293 2.429 1.05 -5.97
293 2.31 0.985 -5.62
303 0 -0 0
Cu(Il) 288 3.66 1.59 -8.76 7654.36 -22.50
293 3.47 1.506 -8.45
293 2.99 1.298 -7.41
303 2.09 0.906 -5.26
308 2.034 0.8817 | -5.20
313 1.967 0.854 -5.12

Table 1 : Vant Hoff Thermodynamic Parameters of H,L and HL complexes

5 = entropy change, AH = enthapy change,

Legend:T=temperature, Bn= stability constant, AG’=Gibb's free

energy.

3.4 Kinetics of complexation

The kinetics of complexation of metal ions to the ligand (H,L) at dlfferent contact time (1, 3, 5, 10 and 15
minutes) and at constant hgand and acid concentration of 0.5 % and 10 M respectively was performed Contact
time of 10,5,10, 10 and 5 mins was sufficient to achieve equilibrium for iron (III), iron(II), cobalt(Il), nickel(II)
and copper(H) metal ions complexation with H,L ligand respectively. The commonly used kinetic models were
applied on the complexation data the Lagergren pseudo-first —order model and pseudo-second —order shown in
equations 5 and 6 respectively.

In{ge — qt) = Inge — k;t

ge’ + t{rqg

ty 1
fat="/g,

ge is the amount of metal ion complexed with ligand at equilibrium (ug) and qt is the amount (ng) of metal
complexed at time t (min) whereas K, and K, are rate constants of pseudo-first order and second —order models
respectively. A linear plot of In(ge-qt) versus t for Pseudo-first —order model and t/qt versus t for second —order
—model clearly described the relevance of the models with the slopes as K, and K, respectively. Based on the
high regression coefficient of the metal ions complexation on the ligand as shown from the pseudo-second —
order kinetic model (R2 =0.9984, 0.9993, 0.9948, 0.9983,0.9994 for 1ron(H)i iron (III), cobalt(Il), nickel(IT) and
copper(Il) respectively in relatlon with pseudo ﬁrst —order kinetic model (R*=0.6634, 0.6102, 0.3382, 0.383 and
0.6118 for iron(Il), iron (III), cobalt(Il), nickel(Il) and copper(Il) respectively), the complexation was best de-
scribed by the Pseudo —second —order kinetic model.
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3.5 DSC studies

Metal complex T Tm J'j:H:.! ;':'.Cp J':II-S‘-EH ﬂGGI:T:] J'j:HDI:T:] ﬂsﬁ{n
Fe’' HL 317.7 | 302.1 235 34.1 0.778 -0.034 766.96 2.49
4254 | 405.2 138.4 349 0.342 -0.178 843.38 2.04
783.6 | 776.9 880.2 8.6 1.13 2.103 937.82 1.20
Fe” HL 109.2 | 98.1 -49.62 23.9 -0.506 0.019 220.45 2.055
290 275.4 536.2 40.9 1.95 -0.83 1133.3 4.06
811.1 802.4 108.6 18.9 0.135 0.276 273.03 0.338
Ni~" HL 146.4 | 141.4 31.24 13.7 0.221 -0.009 99.74 0.697
509.2 | 496.1 -101.8 19.4 -0.205 -0.099 152.34 0.300
617.6 | 573.1 576.7 55.5 1.006 0.161 3046.4 5.156
842.2 | 836.6 444.66 14.1 0.531 0.365 523.56 0.623
Co”" H,L 117.8 | 124.8 -181.3 12.8 -1.45 -0.34 270.9 0.711
519.2 | 505.6 234 29.1 0.46 1.424 513.36 1.23
626.3 | 601.6 106.1 31.1 0.176 0.218 874.27 1.427
667.3 | 695.4 269 34.5 0.387 0.119 700.45 -1.036
Cu” H,L 345.6 | 3323 166.9 19.6 0.502 0.085 427.58 1.27
539.1 | 545.2 10.7 8.8 0.019 0.341 -42.98 -0.08
623.2 | 619.6 54.81 37.4 0.088 0.285 189.45 0.304
792.2 | 802.7 36.8 51.1 0.046 -0.124 -499.75 -0.626

Table 2 : Thermodynamic Data on the DSC Decomposition of H,L. and HL Complexes.

— FE ; ; o = i i r, N
T(°C)=Temperature. T (°C) — Transition midpoint temperature, AHZ( 1K) calorimetric enthalpy, ACp( )

ASE(]/K) = entropy change. AG?(T) = free energy change AS°(T)

change in heat capacity, =denaturation entro-

o

Py, AHT(T) = denaturation enthalpy.

The DSC curve for Fe?’HL, Cu®'HL, Co* H,L, Fe’'HL and Ni*'HL was subdivided into two, three, three, two
and three main exothermic stages respectively as shown in table II. The thermal degradation patterns could have
been due to loss of hydroxyl group, loss of component attached to the phenolic moiety, ligand degradation or
decomposition and final decomposition to metal oxide. For Fe" HL, the weak endothermic peak at 98.1 °C cor-
responds to morphological transformation or loss of hydroxyl group or smaller fragment [35] while the sharp
endothermic peak at 275.4 °C corresponds to the melting point of the complex. This was followed by a strong
exothermic peak at 802.4 °C corresponding to the decomposition of the complex. For Cu?* HL, the DSC thermo-
gram showed single sharp endothermic peak at 332.3 °C corresponding to the melting point of the complex. This
was followed by three exothermic peaks at 545.2, 619.6 and 802.7 °C corresponding to the stepwise decomposi-
tion of the complex. The DSC curve of Fe’* HL showed three peaks, one of the peaks corresponds to endother-
mic process while two corresponds to exothermic processes. The sharp endothermic peak at 302.1 °C corre-
sponds to the melting point of the complex whereas the broad geaks at 405.2 °C and 776.9 °C corresponds to
stepwise decomposition of the complex. The DSC curve of Ni*" HL showed four peaks, 141.4 °C, 496.1 °C,
573.1 °C and 836.6 °C. The first weak endothermic peak (141.4 °C) corresponds to morphological transfor-
mation while the second sharp endothermic peak 496.1 °C corresponds to the melting point of the complex. The
last two peaks at 573.1 °C and 836.6 °C corresponds to stepwise decomposition of the complex. The DSC curve
of Co*" H,L showed four peaks. The first weak endothermic geak at 124.8 °C corresponds to morphological
transformation while the second sharp endothermic peak 505.6 "C corresponds to melting point of the complex.
The last two broad exothermic peaks at 601.6 °C and 695.4 °C correspond to stepwise decomposition of the
complex.

. . . AS T
Calculations from DSC data as shown in table II, presented negative values of at some steps indicating
the reactions are slower than expected thereby establishing nonspontaneous nature of the reaction. Positive value
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FAG

0 in some steps supports the nonspontaneous nature of the degradation process [36]. Similarly, the positive
value of enthalpy indicated the endothermic nature of the degradation process [37].

The calorimetric enthalpy ({ AHZ o e . .
Py (4Hm) values indicated that the transition is highly co-operative as denaturation oc-

curs within narrow range of temperature [37-38]. Based on the results, degree of denaturation entropy and dena-
— —

. . . —
turation enthalpy of the H,L complexes increased from Ni**  Fe**  Fe*™ Co*" " Cu*".
ASE . . .
The values of ™ was derived from the relation in equation 7

ASS, = AHD, [T

.............................................................................. 7
o
a6 was calculated from the modified Gibb's Helmotz equation (Bruylants et al., 2005) as shown in equa-
tion 8
86°(T) = aHg (1 — =) + ACPI(T — Tp) — TIn ()] .

ASS(T) and AH®(T) respectively

The denaturation entropies and enthalpies were derived from Kirchoff's

laws [38] as shown in equations 9 and 10.

AHO(T) = AHE, + ACPIT — Ty) ves vev s vve s s sve e wne s @

45°(T) = 4SS, -I-Jil:p[n{%] 0

The  stabilities of thé ...... c omplexes ...... were ....... determined using the free energy change
(M;}: {Zj ) which was the overall contribution of the enthalpic and entropic terms evaluated using calorimetric
method.

Differential scanning calorimetry studies on the complexes showed the stages of decomposition of the complex-
es with temperature variation. The thermal degradation patterns have been attributed to loss of water, loss of
component attached to the phenolic moiety, ligand degradation or decomposition and final decomposition to
metal oxide. Similar observations have been seen in complexes of bis(salicylaldehyde)ethylenediamine
[39].The proposed thermal degradation pattern of the complexes are illustrated in fig 2.

CONCLUSION

In conclusion, the thermal properties of the complexes of H,L synthesized using extractive technique have been
critically studied. The complexation which indicated formation of mixed ionic complexes was nonspontaneous
and the DSC decomposition of the complexes have shown their degrees of biochemical stability.

—OH, —FeC,H,N, —C,.HCIO
CieHisN,0.CIFe”  —  CuHN.OFe" . C HCIOFe" —~  Fe'O

98.1°C 275.4°C 802.4°C
|

—C,HgN, —CgH,ClO —-C4H-0 -C,H,
CieHyN,0,CuCl =  CuCH.0,Cl - C.H,0,Cu - C,H,0Cu —

332.3°C 545, 2°C 619.6°C 802.7°C

CuQ
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—OH. —C.H_N- —CgH, —CgH,0,
CieH,  N.O0,Co(OHY, - CysH  N.0,Co0 - CoC, H-05 —_ CoH.0,Co —
128.8°C 505.6°C 601.6°C 695 .4°C
CoQO
—C H- —CsHN —CgHNO
C,eH,sN.O,(OH),Fe'¥ — C.oH NOFe' — C,H, OFe'! — Fe' 'O
302.1°C 405.2°C 776.9°C
—H.0.Cl, —C.H:N- —C H, —C.H.0
CioH, (N0 NiCl,.HA0 - NiC, g H, g N205 — C..H-0.N1i - C.H,0.N1i —
141.4°C 496.1°C 573.1°C 836.6°C
NiO

Figure 2 : Proposed degradation pattern of H,L and HL complexes.
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