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Abstract Herein we report spectroscopic, thermal, non-isothermal decomposition
kinetics and theoretical studies of two mononuclear Ni(I[)- and Cu(II)-complex of
general formula [M(L)(H,0)]-xH,O; {M = Ni(I) & Cu(Il)} derived from tridentate 2,4-
dichloro-6-{[(5-chloro-2-sulfanylphenyl)imino]methyl}phenol ligand (H,L). These
compounds were synthesized and characterized by various physicochemical and spectral
techniques. Thermal decomposition of complexes was studied in four steps at different
temperature regions to understand the degradation pattern of complexes under nitrogen
atmosphere up to 1073 K at the 10 K min~"' heating rate. The non-isothermal kinetic
parameters viz. activation energy (E*), pre-exponential factor (Z), entropy of activation
(AS*), enthalpy of activation (AH*) and free energy of activation (AG*) of degradation
process were calculated using Coats—Redfern (C-R), Piloyan—Novikova (P-N) and
Horowitz—Metzger (H-M) methods assuming first order degradation and proposing a
random nucleation mechanism of thermal decomposition. Quantum chemical compu-
tational investigations were carried out at the B3LYP level using 6-31G basis set. The
calculated harmonic vibrations were compatible with the observed FTIR and Raman
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frequencies. The thermodynamic properties (C,,,°; S,,° and H,,°) with varying tem-
peratures up to 500 K and non-linear optical properties were also evaluated at the same
level of theory.
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Introduction

In the modern age, the introduction of sophisticated physicochemical techniques of
higher accuracy and potential have greatly enriched our understanding to the nature
of the metal-ligand bond, the structural features of metal complexes, their stability
and other properties. The well-established thermogravimetry and differential
scanning calorimetry techniques have been consistently used in studying the
thermal behavior and properties of various types of materials for many years [1, 2].
In association with other characterization techniques like FTIR, PXRD, Mass; etc.,
thermal studies provide valuable structural information. Kinetic parameters of non-
isothermal degradation steps of metal complexes obtained by thermoanalytical
methods may be evaluated by several methods [3, 4].

The knowledge of the mechanism of non-isothermal degradation allows the
postulation of kinetic equations or vice versa [5]. There are different methods to
study the kinetics of non-isothermal processes including statistical methods [6, 7],
methods for different reaction models, Coats—Redfern (C-R) [8], Piloyan—Novikova
(P-N) [9], Horowitz—Metzger (H-M) [10], and iso-conversional model free
methods [11].

In the last three decades, DFT has become the most popular and useful
computational approach to predict fairly accurate structural information for the
compounds [12, 13]. Many workers reported comparable studies of calculated
harmonic vibrational frequencies with experimental IR and Raman frequencies of
Schiff base complexes. They also described thermodynamic functions obtained
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from the theoretical harmonic frequencies and their correlations with temperatures
[14, 15]. Earlier we reported synthesis and structural characterization supported by
DFT of 2,4-dichloro-6-{[(5-chloro-2-sulfanylphenyl)imino]methyl }phenol ligand
and its mononuclear 3d-complexes [16, 17]. Here, we extend our work to solid state
reaction kinetics and additional theoretical works for the Ni(II)- and Cu(Il)-
complex.

In the present paper; the solid state reaction model, non-isothermal degradation
kinetics and mechanisms using different forms of kinetic models for the Ni(II)- and
Cu(Il)-complex of 2,4-dichloro-6-{[(5-chloro-2-sulfanylphenyl)imino]methyl } phe-
nol ligand are reported. The present work also reports comparative studies of
experimental FTIR and Raman frequencies with calculated vibrational frequencies.
In addition, thermodynamic functions (C,,.° S,° and H,°) with varying
temperatures up to 500 K and non-linear optical properties are also computed at
the B3LYP level using the 6-31G basis set.

Experimental
Reagents and instruments

All the reagents were obtained commercially (3,5-dichloro-2-hydroxybenzaldehyde,
Mol.Wt. 192.01 g mol™!; Nickel chloride hexahydrate NiCl,-6H,0O, Mol.Wt.
237.69 g mol™'; Copper chloride dihydrate CuCl,-2H,0, Mol.Wt. 170.48 g mol ™"
from Aldrich, India and 2-amino-4-chlorobenzenethiol, Mol. Wt. 159.64 g mol_l;
from TCI Fine Chemicals) with analytical grade and used as such. Commercial
organic solvents were distilled and then used for the synthesis. Molar conductance
of the complexes was recorded in DMF (1 x 10™* M) at room temperature using a
Systronic model-304 digital conductivity meter. The FTIR spectra were recorded as
KBr discs in the range of 4000-400 cm ™' on a Shimadzu FT IR-8400 S instrument.
Thermal data were collected on a NETZSCH STA instrument under nitrogen
atmosphere (nitrogen and air in 6:4 ratios) at the heating rate of 10 K min~" from
room temperature to 1073 K. The Raman spectra of the solid samples were
measured in the region 3200-50 cm ™' with a spectral resolution of 1.0 cm™" in the
backscattering configuration on a RENISHAW inVia Raman microscope with a He—
Ne laser source (635 nm).

Synthesis of the metal complexes [M(L)(H,0)]-xH,O {M = Ni(Il)
and Cu(II)}

Synthesis of ligand and its metal complexes were discussed in detail earlier [16, 17].
Methanolic solutions of Metal(Il) salts (1 mmol), were added dropwise to the
methanolic solution of Schiff base (1 mmol) in slightly alkaline medium by adding
a few drops of aq. KOH solution (5 % w/v). The reaction mixture was stirred and
refluxed for 1 h until precipitation was observed; furthermore, the colored
precipitates were filtered, washed with methanol and diethyl ether, and dried in
vacuum over fused CaCl,.
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[Ni(L)(H,0)]-H>0

Mol. Formula: C,3HgCI3NiNO,S; Mol. Wt.: 407.3; Yield 58 %; Color: yellowish
brown.

Anal. Calc.: C-38.33, H-1.98, N-3.44; Found: C-38.67, H-1.99, N-3.12;

Molar conductance (DMF) A.,(cm? Q' mol™!): 20.56

[Cu(L) (H0)/

Mol. Formula: C{3HgCl;CuNO,S; Mol. Wt.: 412.2; Yield 57 %; Color: green.
Anal. Calc.: C-37.88, H-1.96, N-3.40; Found: C-38.04, H-1.98, N-3.33;
Molar conductance (DMF) A,(cm® Q™' mol™'): 24.14

Theoretical calculations

The quantum chemical computation of Ni(Il)- and Cu(Il)-complex were performed
at the DFT level employing Becke’s three parameter hybrid exchange functional
and the Lee—Yang—Parr correlation functional (B3LYP) [18, 19] using the 6-31G
and LANL2DZ basis set with the help of Gaussian 03 W and Gauss view 3.0
software [20]. Furthermore, visualization of optimized structures was performed by
means of the Chemcraft 1.7 program package [21]. The gas-phase vibrational
frequencies, non-linear optical properties and thermodynamic properties were
computed based on optimized molecular geometry by using B3LYP with the 6-31G
basis set.

Results and discussion

The physical and analytical data of synthesized compounds suggest the ligand to
metal ratio was 1:1 (M:L) with general composition of [M(L)(H,O)]-xH,O
{M = Ni(Il) & Cu(I); x = 0 & 1}. This was in agreement with elemental analyses
data. Both complexes were colored, stable at room temperature, and soluble in DMF
and DMSO. The molar conductance measurements of the complexes were recorded
in DMF (1 x 1073 M). The low conductance values of the complexes indicated
their non-electrolytic nature [17]. The synthetic scheme of the ligand and its
complexes used in the present work are represented in Fig. 1.

OH
Cl H.N
o + 2 Muszzo o
—H;O || £
HS'
¢l OH2

3,5-dichloro-2- 2-amino-4- 2,4-dichloro-6-{[(5-chloro-2-
hydroxybenzaldehyde  chlorobenzenethiol sulfanylphenyl)iminojmethyl}phenol M'=Ni";cu' x=1;0

MCl,.xH,0 = NiCl,.6H,0; CuCl,.2H,0

Fig. 1 Synthetic scheme of ligand and its Ni(II)- and Cu(II)-complex
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Thermal studies

The thermal behavior of metal complexes shows that the hydrated complexes lose
molecules of hydration first; followed by decomposition of ligand molecules in the
subsequent steps [22]. To understand the thermal behavior of the Ni(II)- and Cu(Il)-
complex; the TG graphs of complexes were analyzed (2) which showed a multistep
decomposition pattern. It was also noted that any stable intermediates were not
formed during the decomposition process.

As evident from TG, DSC, and DTG curves of [Ni(L)(H,0)]-H,O; the complex
shows four steps in the decomposition process. Elimination of one lattice water
molecule was observed to raise the temperature up to 390 K (Step-I dehydration,
wt%, obs./calcd. 4.52/4.23). Another weight loss corresponds to one coordinated
water molecule observed in the range of 395-465 K (Step-II dehydration, wt%,
obs./calcd. 4.86/4.23). In the third step of decomposition in the range of 580-710 K,
a loss in weight was observed corresponding to the loss of a partially decomposed
ligand part from the complex (Step-III oxidative degradation, wt%, obs./calcd.
24.82/26.04). Above this temperature, a weight loss occurred up to the final
temperature (Step-IV oxidative degradation, wt%, obs./calcd. 46.84/46.28). This
indicates the elimination of the remaining thermally degradable part of the complex.
By dehydration, oxidative degradation and rearrangements, the degradable part of
the complex converted into gaseous product viz. H,O, CO,, CO, NO,, SO, etc., and
the ultimate pyrolysis product has been projected to be nickel(I) oxide (residue,
wt%, obs./calcd. 18.96/18.03) (Fig. 2).

In the TG graph of [Cu(L)(H,0)]; decomposition of the complex was observed at
three steps in the range of 460-550, 560-750 and 770-1072 K, respectively. The
complex did not show any loss in weight up to 460 K, indicating the absence of
lattice water molecules. Elimination of one coordinated water molecule was
observed on raising the temperature up to 550 K (step-I dehydration, @wt%,
obs./calcd. 4.92/4.36). After this temperature, a loss in weight was observed in
general up to 750 K corresponding to the loss of a partially decomposed ligand part
from the complex (step-II oxidative degradation, wt%, obs./calcd. 24.42/25.80).
Above this temperature, a weight loss occurred up to the final temperature (step-II1
oxidative degradation, wt%, obs./calcd. 49.47/47.06). This indicates the elimination
of the remaining thermally degradable part of the complex. The ultimate pyrolysis
product was obtained as copper (II) oxide (residue, wt%, obs./calcd. 21.19/19.78).
The relatively higher percentage of final pyrolysis product may be due to the
formation of some other species, e.g., metal carbides or metal oxides accompanied
by carbon deposits [17].

Non-isothermal degradation of [Ni(L)(H,0O)]-H,O {L = C3HgCI;NOS}:
[Ni(C3HgCI;NOS)(H,0)]-H,O — [Ni(C,;3H3CIsNOS)] + H,O

(Step-1, 1I; Dehydration)

[Ni(C;3HgCI3;NOS)] — NiO + non-degradable

residue + CO, + CO + NO, + SO, + Cl,

(Step-1I1I1, IV; Oxidative degradation)

Non-isothermal degradation of [Cu(C;3;HgCI;NOS)(H,0)] {L = C;3HgCI3NOS}:
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Fig. 2 Combined TG, DTG, and DSC graphs of (A) [Ni(L)(H,0)]-H,O (B) [Cu(L)(H,0)] complex in
the range of 300-1073 K and 10 K min~" heating rate under nitrogen atmosphere

[Cu(C,3HgCIsNOS)(H,0)] — [Cu(C,3HgCIsNOS)] + H,0
(Step-I; Dehydration)

[Cu(C,3HgCI3NOS)] — CuO + non-degradable

residue + CO, + CO + NO, + SO, + Cl,

(Step-1I1, III; Oxidative degradation)

Kinetic study

To determine the correct model for kinetics; non-isothermal do/d7 and o
temperature plots for both complexes were drawn and are represented in Figs. 3
and 4 and supporting information (Figs. S1-S6). The shape of these plots was shown
to be a close resemblance with the first order model. The first-order model, also

@ Springer



Spectroscopic, thermal, non-isothermal decomposition...

A o040
0.035
0.030

B 0.025

~

S 0.020
00154

0.010 4

0.005

| Step

0.0

0.2

0.4

a

0.6

0.8

1.0
-"
'/
0.8 4 7
0.6 4 K4
7
0.4 4
-/.
0.2 - A
.r"
004~
380 3% 400 410
Temp (K)

Fig. 3 Master plot for I step of thermal degradation of [Ni(L)(H,0)]-H,O complex for determining a
solid state reaction model; a do/dT versus o and b o versus temperature; data simulated with a heating rate
of 10 K min™"

A 0030 B
I step 1.0 PR
0.025 - e s
L’ Se . 0.8 4 . /
0.020 - L’ N v
s , 4 \ 0.6 4 /
\ .
; 0.015 4 , ’ \ . 3 ‘/
k<] ’ \ 0.4 4 /
]l .
0.010 K ' v,
) . 0.2 R4
0.005{ / “ PR
, N -
001--~
0.000 r T T r . . r T
0.0 0.2 04 0.6 0.8 1.0 480 500 520 540
¢ Temp (K)

Fig. 4 Master plot for I step of thermal degradation of [Cu(L)(H,O)] complex for determining a solid
state reaction model; a do/dT versus o and b o versus temperature; data simulated with a heating rate of
10 K min~"

known as the Mampel model, is a special case of the Avrami—Erofeyev (A) models
where n = 1 [23].

On the basis of thermal decomposition; the non-isothermal kinetic parameters
viz. activation energy (E*), pre-exponential factor (Z), entropy of activation (AS*),
enthalpy of activation (AH*) and free energy of activation (AG*) of each thermal
degradation stage were evaluated using Coats—Redfern (C-R) [8], Piloyan—
Novikova (P-N) [9] and Horowitz—Metzger (H-M) [10] methods.

The thermal degradation was assumed to be first order (n = 1) in all the
degradation steps, and the calculated kinetic parameters were summarized in
Tables 1 and 2. The best results had been obtained by using the C-R method in all
three methods for calculating nonisothermal kinetic parameters of both complexes.
In the C-R method, the log[g(x)/T%] was plotted against 1/T as shown in Figs. 5 and
6. The data obtained were recorded in Tables 1 and 2. The activation energy of the
compound directly related to its thermal stability, e.g., higher for the E* then the
higher the stability of complexes [24]. The activation energy E* of
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Fig. 5 Coats—Redfern (C-R) plot of the different degradation steps for the [Ni(L)(H,O)]-H,O complex
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Fig. 6 Coats—Redfern (C-R) plot of different degradation steps for the [Cu(L)(H,O)] complex
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[Ni(L)(H,0)]-H,0 and [Cu(L)(H,O)] complexes in different stages were found to
be 0.0139-0.2460 and 0.139-0.5744 kJ mol ', respectively, calculated by the C-R
method. The relatively higher E* of the Cu(Il)-complex makes it more stable com-
pared to the Ni(Il)-complex. The activation energy E* was found to be highest for
the second step in the copper complex, which means that dehydrated complex was
more stable and facing less steric strain at this stage. The entropy of activation AS*
were found in the range of —0.0906 to 0.0382 kJ mol~' K" for the Ni(II)-complex
and —0.2228 to 0.6110 kJ mol~' K~! for the Cu(II)-complex. The negative values
of AS* indicated that the activated complexes were a more ordered structure than
the reactants or intermediates and degraded at a slower rate than normal [25].

Mechanistic aspects

The mechanism of thermal degradation is based on the assumption that the forms of
g(a) depend on the reaction mechanism. So twenty-three different forms of g(o)
were used to recognize the mechanism of the selected thermal degradation step
[26, 27]. The regression coefficient (r2) and activation energy (E*) for all those
twenty-three forms of g(o) were calculated from selected steps and the best fit had
been chosen, which gave maximum # value. The calculated values of 7°> and E* for
all twenty-three forms of g(x) are given in Table 3. The maximum value of * had
been obtained for S5 [g(o) = —In(l — o)] from all degradation steps of
[Ni(L)(H,O)]-H,O and [Cu(L)(H,O)] complexes, which represent the random
nucleation mechanism of thermal decomposition with one nucleus for each particle.

Theoretical calculations

The molecular geometries of synthesized compounds in gas phase were fully
optimized with respect to the energy using the 6-31G and LANL2DZ basis set at the
B3LYP level and the main optimized geometrical parameters, e.g., selected bond
lengths and bond angles; HOMO-LUMO, spin densities, Mulliken charge
distribution, MEP; etc., were described earlier [16, 17].

The FTIR and Raman frequencies

There are some characteristic peaks, in the spectrum of ligand, which are of good
help for determining the coordination sites. The position and intensities of these
peaks were expected to change on chelation. The FT-IR spectrum of the ligand
exhibited some characteristic bands at 1614.5 cm ™" v(-HC=N-), 1271.1 cm ™! v(C—
0), 1068.6 cm™ " v(C-S) 2815-3025 cm ™' v(O-H) and 2360.8 cm™' v(S-H). The
v(O-H) stretching vibration observed at a comparatively lower region in the range
of 2815-3025 cm ™' suggests that the parent compound shows the intra-molecular H
bond of O—H-N type [16].

An insight on the FTIR spectra of the investigated complexes shows that the
ligand behaves as a binegative tridentate in the Ni(Il)- and Cu(Il)-complex
coordinating through a deprotonated thiolic sulfur atom (C-S-), a deprotonated
enolic oxygen atom (C-O-), and an azomethine nitrogen atom (C=N). This
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Table 3 Regression coefficient (+°) and activation energy (E*) calculation using the twenty-three forms
of g(a) functions for the [Ni(L)(H,0)]-H,O (IlI-step) and the [Cu(L)(H,0)] (II-step)

Mechanism Integral form g(o) [Ni(L)(H,O)]-H,O [Cu(L)(H,0)]

III-step (DTG peak: 669.84 K) II-step (DTG peak: 602.91 K)

” E I E

Sl [—In(1 — o))" 0.9581 0.046018241 0.8232 0.074293
S2 [—In(1 — )] 0.9641 0.065046671 0.815 0.090376
S3 [—In(1 — o)]"? 0.969 0.103101616 0.826 0.140617
S4 [—In(1 — o)]*? 0.9712 0.14115656 0.8312 0.190855
S5 [—In(1 — )] 0.985 0.175732 0.971 0.574414
S6 « 0.8894 0.181775307 0.7415 0.224979
S7 201 — (1 — )" 0.9355 0.181775307 0.7893 0.255231
S8 31— (1 — o' 0.9494 0.141273358 0.8052 0.266586
S9 o2 0.8982 0.374613833 0.7501 0.460068
S10 (A —on(l —u) +a 09235 0.393914152 0.7783 0.497079
S11 (A —20/3) — (1 —o)*® 09343 0.402032541 0.7897 0.512301
S12 [1— -2 0.9529 0.41865226 0.8111 0.543281
S13 1+ —1p 0.8828 0.355964517 0.7296 0.425603
S14 (/1 — o) — 172 0.99 0.476017097 0.8687 0.64771

S15 o 0.8061 0.03714737 0.6815 0.04867

s16 ol 0.8412 0.053215652 0.7033 0.06826

S17 o 0.8683 0.085356044 0.9008 0.134354
S18 o 0.8795 0.117496437 0.7326 0.146623
S19 a2 0.8954 0.278188826 0.7473 0.342523
S20 o 0.8823 0.133566633 0.7356 0.166213
S21 [(1— w1 0.9992 0.267830222 0.9137 0.381641
S22 [1—(1 - 0.9355 0.197694241 0.7893 0.255231
S23 [1—(1 - 0.9494 0.203802179 0.8052 0.266586

7 Regression coefficient; E kJ mol ™!

behavior is supported by: (1) The disappearance of the v(S—H) band and the shifts of
v(C-S) to higher wavenumber (1068.6 cm ™ '-1078.2 cm™! for Ni(II)-complex and
1082.1 cm™" for Cu(II)-complex). (2) Shift of v(C-O) to lower wavenumber
(1272.1-1251.8 cm ™! for Ni(IT)-complex and 1253.8 cm ™! for Cu(II)-complex). (3)
Shift of v(~-HC=N-) to lower wavenumber (1614.5-1583.6 cm™~' for Ni(Il)-
complex and 1587.5 cm ™! for Cu(Il)-complex). (4) Appearance of two new bands
of weak intensity corresponding to v(M—-N) and v(M-O) vibration in the range of
445-459 and 522-547 cm™" respectively. The band corresponding to the (M-S)
stretching vibration appears at below 400 cm_l, and; hence, could not be recorded
in the present studies. Two new additional bands appeared around 850-862 and
580-590 cm ™! regions due to §,(H,O) rocking and ,,(H,O) wagging vibrations,
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respectively, due to coordinated water molecules. The appearance of broad bands
around 3450-3700 cm™ ' indicates the presence of water molecules. This is also
confirmed by the thermal studies [17].

The harmonic vibrational frequencies were calculated at the B3LYP level
using the 6-31G basis set for both complexes. The experimental FT-IR and
Raman frequencies had been compared with the calculated vibration frequencies
and listed in Tables S1 and S2. The calculated and observed FTIR and Raman
spectra of both complexes are given in Figs. 7 and 8 and supporting information
(Figs. S7 and S8). The characteristic v(—-HC=N-) stretching vibration for the
Ni(Il)-complex was computed at 1619.8 cm™"* which was observed at
1583.6 cm ™' in the IR region; 1587.0 cm™' in the Raman region. Similarly, in
the Cu(Il)-complex it was computed at 1616.0 cm™' and observed at
1587.5 cm™" in the IR region; 1584.0 cm™" in the Raman region. The stretching
vibrations of water molecules present in complexes were computed theoretically
at 3858.2 and 3660.6 cm™ " for the Ni(IT)-complex and 3812.6 and 3604.9 cm ™!
for the Cu(Il)-complex. These vibrations were not seen in computed Raman
spectra. In the Ni(II)-complex some other functional group frequencies observed
in the FTIR region were 1217.12, 1078.2, 1554.67, 547.24, and 459.20 cm™!
assigned to (C-N), (C-S), (H,0), (M-0), and (M-N) vibrations. The theoretical
frequencies corresponding to those functional groups were computed at 1216.59,
1091.48, 1589.87, 686.18, and 531.54 cm,_1 respectively. Similar results were
seen in the Cu(Il)-complex.

In Raman spectra of both complexes, a limited number of peaks compared to IR
were observed and most intense peaks were mainly due to the (-C=C-)/ring and C—
H Bending vibrations. This was also satisfied with the low intensity of calculated
Raman frequencies for other functional groups.

The theoretical group frequencies show little deviations from experimental
values and appear at comparatively higher wave numbers, which may be due to the
negligence of anharmonicity in the B3LYP method. However, the theoretical—
experimental agreement was found to be satisfactory.

Fig. 7 Calculated and
experimental Raman spectra of

the Ni(II)-complex in the whole g
range (50-3200 cm™"). Zoom £
view in the range of

8001900 cm ™! (inset) A AT

Intensity

500 1000 1500 2000 2500 3000
Frequency (cm'1)
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Fig. 8 Calculated and
experimental Raman spectra of

the [Cu(L)(H,O)] complex in
the whole range :

(50-3200 cm™ ). Zoom view in

intonsity

the range of 800-1900 cm ™" e e o w0 w0

Py en) >

(inset)

Intensity

500 1000 1500 2000 2500 3000

Frequency (cm’™)

Thermochemistry

The standard thermodynamic functions, namely, heat capacity (C,,,°), entropy
(S,,°) and enthalpy (H,,°) were calculated using the DFT/B3LYP method using the
6-31G basis set on the basis of harmonic vibrational analysis and statistical
thermodynamics. The enthalpies, entropies, and heat capacities of both complexes
calculated at different temperatures, in the range of 100-500 K and correlation
equations are listed in Table 4. It is clear from Table 4 that the thermodynamic
functions increase with increasing temperature. This may be due to increasing
intensities of molecular vibration. The values of entropy (S,,°) and enthalpy (H,,°)
were greater for the Cu(II)-complex compared to the Ni(II)-complex and vice versa
for heat capacity (C,,,°) values [15].

Non-linear optical properties

The quantum chemistry-based prediction of nonlinear optical (NLO) properties of a
molecule has gained much attention in communication technology, optical switches,
optical memory devices, etc. The total static dipole moment (u), the linear
polarizability («), the anisotropy of the polarizability (Ax), and the first hyperpo-
larizability (f) using the x, y, z components were calculated using the following

equations [16, 28]:
B= 1+ g2, (1)

e A @

A= % \/UO‘” - O‘yy)2+(°‘yy - 0‘21)2"‘(0‘& — o) +602, (3)
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Table 4 Thermodynamic properties of Ni(II)- and Cu(II)-complexes at different temperatures up to
500 K

T (K) H,° (kcal mol™") S,,° (cal mol™' K™ C,,.° (cal mol™' K1)
[Ni-L] [Cu-L] [Ni-L] [Cu-L] [Ni-L] [Cu-L]
100 119.394 117.685 30.975 32.105 92.001 94.488
200 123.705 122.125 54.53 55.829 122.322 125.694
298.15 130.032 128.572 73.826 74.969 148.598 152.46
400 138.421 137.071 90.317 91.342 173.269 177.449
500 148.122 146.869 103.169 104.093 195.304 199.702

H,°niy = 116.5976 + 0.01828T + 8.9826 x 107°T% R* = 0.99991
H,°cuy = 1147456 + 0.0198T + 8.9267 x 107°T% R* = 0.99991
SCniy = 4.1381 + 0.2868T — 1.7771 x 107%T%; R* = 0.99999
Splcw = 5.1979 4 0.28837 — 1.8127 x 107*T% R* = 0.99997
Cpm®viy = 59.5626 + 0.3395T — 1.3665 x 107*T% R*> = 0.99997
Cp®cuy = 61.0734 4 0.3507T — 1.4753 x 107*T%; R* = 0.99996

ﬁ = \/(ﬂxxx + ﬁxyy + ﬁxzz)2+(ﬁyyy + ﬁxx_v + ﬁyzz)z—i_(ﬁzzz + ﬂxxz + ﬁyyl)z' (4)

The dipole moment (u), the linear polarizability (o), the anisotropy of the
polarizability (Ax), and the first hyperpolarizability () were calculated at the
B3LYP/6-31G level. The calculated dipole moment (u) for the Ni(Il)- and the
Cu(II)-complex were 2.9807 and 3.0473 D, respectively. The calculated linear
polarizability () and the anisotropy of the polarizability (Ax) were 157.411 and
290.5344 A’ respectively, for the Ni(II)-complex; 158.037 and 294.370 A3
respectively, for Cu(Il)-complex. The first hyperpolarizability () was calculated
for the Ni(Il)- and Cu(II)-complex 2.6376 x 1073% cm® esu~! and 2.7890 x 1073°
cm® esu” ', respectively.

Urea is one of the reference materials and frequently used for comparative
purposes in the study of the NLO properties. The calculated values of p, o, and f for
those complexes were higher than those of urea (the y, o, and f§ of urea are 1.3732
D, 3.8312 A® and 0.37289 x 107° cm’ esu™! obtained by the B3LYP/6-31G
method). Theoretically, the first-order hyperpolarizability (/) of both complexes
was found to be about seven times higher than urea. These results indicate that both
complexes may possess good non-linear optical properties.

Conclusion
Interaction of the 2,4-dichloro-6-{[(5-chloro-2-sulfanylphenyl)imino]methyl}phe-

nol ligand with Ni(Il) and Cu(II) metal ions in a tridentate mode resulted in the
formation of two new mononuclear complexes. The thermogravimetric analysis of
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the resulting Schiff base-metal complexes revealed their thermal stability. Thermal
degradation of such complexes follows a first order kinetic model. The best results
were obtained by the Coats—Redfern (C-R) method for evaluating non-isothermal
kinetic parameters viz. E*, Z, AS*, AH*, and AG*. The thermal degradation process
follows the random nucleation mechanism. The experimental FTIR and Raman
spectra were compared with theoretical frequencies calculated at the B3LYP level
using the 6-31G basis set and found to have appreciable results. The computed
thermodynamic properties (C,,,°; S,,° and H,,°) show a polynomial relationship
with increasing temperatures up to 500 K. The first-order hyperpolarizabilities were
computed at the same level of theory for both complexes and results indicate that
they may possess good nonlinear optical properties.
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