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Abstract

N-methylmorpholine (Mmorph) and N,N’-dimethylpiperazine (DMP) complexes of
nickel(II), copper(Il), zinc(IT) and cadmium(II) were synthesized. Thermal investiga-
tions were carried out and the stereochemical changes that occur during the thermal
decomposition reactions were studied. The complexes were found to have the following
compositions [Ni(Mmorph)Br,] - H,O, [Cu(Mmorph)Br,] - H,0, {Zn(Mmorph),Br,],
[Ni(DMP),(H,0),Br,], [Cu(DMP)Br,], [2ZnBr, - 3DMP], and [Cd(DMP)Br,]. Attempts to
prepare a methylmorpholine complex of CdBr, failed. Some intermediate complexes were
isolated using a temperature-arrest technique (pyrolysis). The characterization and study of
the conformational and configurational changes were carried out using elemental and
thermal analyses, IR spectral data and magnetic moment measurements. Most of the
complexes of methylmorpholine and dimethylpiperazine appeared to be tetrahedral; however,
[Zn(Mmorph),Br,], [Ni(DMP),(H,0),Br,] and [2ZnBr, - 3DMP] are octahedral. The ther-
modynamic parameters such as activation energy E}, enthalpy change AH, and entropy
change AS were evaluated for the dehydration steps and decomposition reactions of the
complexes using some standard methods and their values compared. The stability trend of
the complexes with respect to activation energy is compared. A linear correlation obtained by
plotting E* against AS values showed that a system with a higher entropy change AS will
require less energy E¥* for its thermal decomposition.

INTRODUCTION

Although there are reports on acyclic ligand complexes in the literature,
information on cyclic ligand complexes is relatively scarce [1-4]. We have
attempted to synthesize some cyclic ligand (six-membered ring) complexes
of transition and non-transition metal ions and have studied their stereo-
chemical changes during thermal decomposition. In continuation of our
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earlier research [5, 6], the present work involves the thermal investigation
and stereochemical studies of the complexes of Ni(II), Cu(Il), Zn(II) and
Cd(II) with methylmorpholine (Mmorph) and dimethylpiperazine (DMP)
as cyclic ligands.

On pyrolysis, these complexes first undergo dehydration foliowed by
decomposition in single or multiple steps. It is observed that before heating,
the cyclic ligand functions as a chelate in most of the complexes. This is
shown by the appearance of additional infrared-active bands in the range
7001400 cm~', as compared to the free ligand [5, 7, 8]. In some cases the
cyclic ligand functions as a bridging bidentate chelate [4, 7, 9, 10] and. the
bromide ions function as bridging bidentate or terminal unidentate chelates
[5]. If these complexes are heated under non-isothermal conditions, they
decompose via some intermediates (stable or unstable) in which the cyclic
ligand functions as a bidentate chelate.

This kind of conformational change of the ligand is confirmed by the IR
spectral data. Some thermodynamic parameters such as activation energy
E¥, enthalpy change AH, and entropy change AS for the dehydration and
decomposition reactions of the complexes in the solid state were computed
with some standard equations and compared. Some useful conclusions
relating to the thermal stability of the complexes are drawn.

EXPERIMENTAL
Materials and methods

The metal bromides were freshly prepared by neutralizing concentrated
hydrobromic acid (AnalaR grade) solution with the corresponding metal
carbonate (AnalaR grade), and subsequently crystallizing the required
bromide from the filtrate obtained.

N-methylmorpholine (Fluka, Switzerland) and N,N’-dimethylpiperazine
(Aldrich, USA) were used as-received. Ethanol and diethylether were dried
using standard procedures [11].

Preparation of the complexes

For the preparation of [Ni(Mmorph)Br,] - H,O (1a), a clear solution of
freshly prepared nickel bromide (0.500 g, 2 mmol) in dry ethanol (50 cm?)
was treated with the ligand (approx. 0.5 g, 5 mmol) in dry ethanol (30 cm?®)
with constant stirring. A green nickel(II) complex was obtained. The
complex was collected by filtration under suction, washed with dry ethanol
(5 times), and then with a little dry diethylether (3 times), and was kept over
fused calcium chloride in a desiccator: yield, 0.745 g, approx. 70%.

Complexes [Cu(Mmorph)Br,] - H,O, [Zn(Mmorph),Br,], [Ni(DMP),-
(H,0),Br,], [Cu(DMP)Br,], [2ZnBr, - 3DMP] and [Cd(DMP)Br,] were
synthesized similarly.
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Nickel, copper, zinc and cadmium were estimated gravimetrically by
standard procedures [12]. The carbon, hydrogen and nitrogen contents were
determined using a Carlo Erba 1106 elemental analyser. The elemental
analyses are given in the Table 1. Thermal investigations (DTA and TGA)
were carried out using a Shimadzu DT-30 thermal analyser under nitrogen
atmosphere with a heating rate of 10°C min™' (1°C min~"' for intermediate
complexes) and «-alumina as a standard. Indium metal was used as a
calibrant for the evaluation of enthalpy changes. IR spectra were recorded
using Perkin-Elmer 363, 597, 783 and 843 models in KBr/CsI discs.

The effective magnetic moments were evaluated at room temperature
from the magnetic susceptibility measurements with an EG and G PAR 155
vibrating-sample magnetometer.

RESULTS AND DISCUSSION

[Ni(Mmorph)Br,]- H,O (la), [Cu(Mmorph)Br,]- H,O (2a) and
[CA(DMP)Br,] (7a)

These complexes have not been reported in the literature. On heating,
complexes (la), (2a) and (7a) decompose into their metal bromides via the
intermediates [Ni(Mmorph),sBr,] (1b), [Cu(Mmorph),sBr,] (2b) and
[Cu(DMP), sBr,] (7b), as indicated in the TGA curves (Figs. 1 and 2). The
corresponding TG temperature ranges and DTA peak temperatures are
given in Table 2. The activation energies E¥ were evaluated from the TGA
curves using the equations of Horowitz and Metzger [13], Coats and
Redfern [14] and Freeman and Carroll [15], and from the DTA curves using
the equation of Borchardt and Daniels [16] (Table 2). The AH values for
the conversions (la) —»(1b) and (1b) —» NiBr,, (2a) -»(2b) and (2b) —
CuBr, and (7a) —(7b) and (7b) — CuBr,, were found to be 56 and 25, 19
and 71, and 12 and 23 kJ mol~', respectively. The AS values were evaluated
from the relation AS = AH/T,,, where T, is the DTA peak temperature in
kelvin [17], see Table 2.

In all the complexes (1a), (2a) and (7a), the cyclic ligands act as a bridge
and exist in the chair form [5, 7, 8], as shown by the IR absorption bands
(Table 3), and are expected to be tetrahedral and polymeric. The intermedi-
ate complexes could not be isolated. The values of the effective magnetic
moment for complexes (1a) and (2a) are 2.91 and 2.02 BM respectively. The
probable paths of the decomposition reactions are given in the Scheme 1.

[Zn(Mmorph),Br,] (3a) and [Ni(DMP),(H,0),Br,] (4a)
Complexes (3a) and (4a) have not been reported earlier. The presence of

coordinated water molecules in complex (4a) was confirmed by the appear-
ance of IR bands [4, 5, 18] at 3400 and 3300 cm~' for v(OH), at 1650, 1640



TABLE 1

Analytical data (calculated values in parentheses) and effective magnetic moment values of cyclic ligand * complexes of Ni(II), Cu(1l), Zn(II) and

Cd(ID)

No. Complex Colour Analysis % Uerr/BM
Metal Carbon Nitrogen Hydrogen

(la) [NiL'Br,] - H,O Green 16.80 (16.88) 17.25 (17.25) 3.70 (3.73) 4.00 (4.02) 291

(2a) [Cul'Br,] - H,O Deep green 18.40 (18.55) 17.40 (17.51) 4.08 (4.07) 3.70 (3.79) 2.02

(3a) [ZnL5Br,) White 15.29 (15.09) 28.00 (28.07) 6.50 (6.55) 5.10 (5.15)

(3b) [ZnL'Br,] White 20.00 (20.03) 18.30 (18.38) 4.20 (4.28) 3.20 (3.28)

(4a) [NiL5(H,0),Br;] Green 12.15 (12.15) 24.80 (24.86) 5.82 (5.80) 5.30 (5.38) 3.07

(4b) [NiL"Br,] Light chocolate 17.60 (17.64) 18.00 (18.03) 4.25 (4.20) 3.32 (3.30) 3.02

(5a) [CuL"Br,] Deep green 17.60 (17.75) 20.10 (20.13) 7.85 (7.83) 3.90 (3.91) 2.23

(6a) [2ZnBr, - 3DMP] White 16.20 (16.39) 27.29 (27.24) 10.57 (10.59) 5.28 (5.29)

(6b) [2ZnBr, - 2DMP] White 19.10 (19.15) 21.14 (21.21) 8.22 (8.25) 2.69 (2.65)

(7a) [CdL"Br,] White 28.70 (29.08) 18.50 (18.64) 7.24 (7.25) 3.50 (3.62)

2L’ is N-methylmorpholine (Mmorph) and L” is N,N’-dimethylpiperazine (DMP).
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Fig. 1. Thermal curves of: ——, complex (la), [Ni(Morph)Br,} - H,O, sample mass
13.6 mg; — — —, complex (2a), [Cu(Morph)Br,] - H,O, sample mass 13.8 mg; and — - — - - s
complex (3a), [Zn(Morph),Br,], sample mass 10.6 mg.
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Fig. 2. Thermal curves of: ——, complex (4a), [Ni(DMP),(H,0),Br,], sample mass
16.7mg; — - —, complex (5a), [Cu(DMP)Br,], sample mass 14.8 mg; —- - - , com-
plex (6a), [2ZnBr,-3DMP], sample mass 18.5mg; and —----- —, complex (7a),

[Cd(DMP)Br,], sample mass 17.8 mg.

and 1620 cm~! for S(HOH), at 840, 820 and 790 cm~' for p,(HOH), at
566 cm™~! for p,,(HOH), and at 420 and 405 cm™' for v(Ni—OH,). Further-
more, the weight losses in the TGA curves for complexes (3a) and (4a) in
the ranges 24—350 and 32-284°C, together with the endothermic peaks at
140 and 73°C and the exothermic peaks at 210 and 282°C, respectively



TABLE 2
Thermal parameters of N-methylmorpholine (L') and N,N'-dimethylpiperazine (L") complexes of Ni(II), Cu(ll), Zn(Il) and Cd(II)

No. Decomposition reactions TG DTA peak E¥/ DTA Enthalpy Entropy
temp. range/°C temp./°C (kITmol™1) 2 change change
— TG AH/(kJmol™") (AS)/(JK~!mol})
Exo. Endo.

HM. CR. F.C

1(a) [NiL'Br,] H,0  —[NiLjsBr,] 38-185 - 73 29 15 17 30 56 161
1(b) [NiLy4Br,] —NiBr, 186-339 315 293 75 39 60 106 25 44
2a) [CuL'Bry] H,0 —[CuLyBr,]  30-145 - 56 40 21 18 33 19 56
2(b) [CuLjsBr,] —CuBr, 146-245 200 - 75 46 49 93 71 150
3(a) [ZnL,Br,] ~[ZnL'Br,] 24-350 ~ 140 15 12 10 8 12 29
3(b) [ZnL'Br,] —ZnBr, 351-630 288 - 53 31 33 40 38 67
4a) [NiLi(H,0),Br,] —[NiL"Br,] 32-284 210 73% 20 8 10 67 42 121
282
4(b) [NiL"Br,] - NiBr, 285-439 - 3714 101 8 83 116 46 71
5(a) [uL’Br,] —CuBr, 20-245 114 141® 30 12 13 64 24 57
187
6(a) [2ZnBr, - 3L"] —~[2ZnBr, 2L"]  24-290 280° 142 19 8 24 54 14 25
6(b) [2ZnBr,-2L"] —~[2ZnBr,- L]  291-400 376> 308 41 0 12 177 55 84
6(c) [2ZnB,-L"] —~2ZnBr, 401-440 45 347 180 678 18 8 11
7(a) [CdL"Br,] S[CdLY Br,]  50-175 ~ 155 50 41 35 130 12 28
7(b) [Cdy sBr,] —CdBr, 176-290 - 257 115 92 80 148 23 43

2 H.M. means Horowitz and Metzger, C.R. means Coats and Redfern, F.C. means Freeman and Carroll. ®DTA peak temperature used for the
evaluation of AS.
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Fig. 3. Plots of E* versus AS for the conversions: 2(a), [Cu(Morph)Br,] —
[Cu(Morph), sBr,]; 4(b), [Ni(DMP)Br,] — NiBr,; 5(a), [Cu(DMP)Br,] — CuBr,;
6(b), [2ZnBr, - DMP] — [2ZnBr, - DMP]; 6(c), [2ZnBr,  DMP] — 2ZnBr,; 7(a),
[Cd(DMP)Br,] — [Cd(DMP), sBr,}; and 7(b) [Cd(DMP), sBr,] — CdBr,.

(Table 2), correspond to one molecule of cyclic ligand (with two molecules
of water for complex (4a)). Complexes (3b) and (4b) were converted into
the metal bromides in the ranges 351-630 and 285-439°C, with an exother-
mic peak at 288°C and an endothermic peak 374°C (Figs. 1 and 2). The IR
absorption bands (Table 3) indicate that the cyclic ligand in the complex
(3a) functions as a bidentate chelate (boat form) with respect to the free
ligand (chair form) [7, 8] in the range 1400—700 cm~', and the bromide
functions as a terminal unidentate ligand. In complex (4a), the cyclic ligand
functions as a unidentate ligand and exists in the chair form. The effective
magnetic moment (.= 3.07 BM) also suggests that complex (4a) has an
octahedral structure.

The intermediates (3b) and (4b) were isolated at around 345 and 280°C
respectively, by keeping the heating rate at 1°Cmin~' in the respective
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Scheme 1.

temperature ranges. In the complexes (3b) and (4b) the cyclic ligands exist
in the boat form [4, 7], indicated by the IR spectral data (Table 3). The
effective magnetic moment pu s of (4b) (3.02 BM) indicates that the complex
is tetrahedral. The structures are shown in Scheme 1. Values of E*, AH and
AS are given in Table 2.

[Cu(DMP)Br,] (5a)

Complex (5a) is monomeric and on heating, undergoes decomposition to
CuBr, in a single step in the range 20-245°C, are reflected in the TGA
curve. The corresponding exothermic DTA peaks are at 114 and 187°C and
an endothermic peak appears at 141°C. In this complex, the cyclic ligand
functions as a bidentate chelate (boat form) [4, 5, 7]. The value for the
effective magnetic moment (u;=2.23 BM) suggests that the complex may
be in a tetrahedral configuration [5]. Values of E¥, AH and AS are given in
Table 2. The decomposition path of complex (5a) is shown in the
Scheme 1.
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[2ZnBr, - 3DMP] (6a)

This complex has not been reported before; it has a dimeric structure. On
heating, complex (6a) decomposes to ZnBr, in three steps (losing one
molecule of cyclic ligand for each step), as indicated in the TGA curve (Fig.
2). The TGA temperature ranges, DTA peak temperatures and values of
E¥, AH and AS for the conversions (6a)—(6b), (6b)—(6¢c), and
(6c) > 2ZnBr, are given in Table 2. Before heating, the cyclic ligand
functions as a bidentate chelate as well as a bridging bidentate ligand.
Complex (6a) has an octahedral configuration about each zinc atom. This
was confirmed by the infrared-active bands listed in Table 3.

The intermediate complex (6b) was isolated. The cyclic ligand functions
as a bridging bidentate ligand and exists in the chair form [5, 6]. The
complex is expected to be polymeric [7]. The possible steps of the decompo-
sition reactions are given in Scheme 1.

It is also observed that the values of the activation energy calculated by
the Horowitz and Metzger equation [13] are higher in most cases than the
values evaluated by Coats and Redfern [14] and Freeman and Carroll [15]
equations, as we have reported in other cases earlier [6].

The stability of the N-methylmorpholine complexes follows the trend
Ni(II) < Cu(Il) for the first and second step of the decomposition reactions.
The stability order of the N,N’-dimethylpiperazine complexes follows the
trend Ni(II) = Zn(IT) < Cu(II), but the trend is reversed in the second step
of the decomposition reaction (Table 2).

In addition, a linear correlation is obtained by plotting the values of E}
values AS (Fig. 3). It was found that a system having a higher entropy
change will require less energy for its thermal decomposition.
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