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Abstract

The thermal decompositions of Mn(II), Fe(II), Co(II), Ni(Il), Cu(Il) and Zn(II) complexes
of saccharin were studied in static air atmosphere. All of the complexes contain four molecules
of coordination water and two molecules of crystallization water. The water molecules were
removed in a single stage, except from the Zn(II) complex, which exhibited two endothermic
effects. The dehydration process was usually accompanied by a sharp colour change. The an-
hydrous complexes exhibited a phase transition and the decomposition or combustion of sac-
charin occurred in the second and subsequent stages. The final decomposition products were
identified by XRPD as the respective metal oxides. The kinetic parameters, such as the order
of reaction and energy of activation for the dehydration stage, were evaluated and the thermal
stabilities of the complexes are discussed.
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Introduction

Synthetic sweetening agents were developed to eliminate the caloric intake
associated with carbohydrate sugars in the diet. Saccharin (Sac = C;Hs;SOs:N, o-
sulfobenzoimide or 1,2-benzisothioazol-3(2H)-one-1,1-dioxide) was discov-
ered in 1879 and is used extensively as a sweetening agent. The effects of Sac on
the human metabolism have been investigated. It has been found that it is not me-
tabolized and also has no food value. However, studies on mice indicated that Sac
might produce urinary bladder carcinoma and, because of this effect, its use in
soft drinks has been sharply curtailed over the past several years [1-3].

It is well known that bioinorganic complexes containing transition metal ions
such as Fe(II), Co(II), Cu(Il), etc. play important roles in the human metabolism
[4]. Triphenylphosphine and triphenylarsine derivatives of zerovalent platinum
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and palladium complexes with Sac were reported by Roundhill [5] and Haider ez
al. synthesized the first row transition metal saccharinates [6]. However, there
appear to be no published data on the thermal properties of these complexes. As
a continuation of our investigations in this field, in the present work we report on
the thermal behaviour and on a kinetic analysis of thermogravimetric data on Sac
complexes of some of the first row divalent transition metal ions.

Experimental

Preparation of complexes

The metal-Sac complexes were prepared by the method reported earlier [6]
and characterized by IR, UV-VIS spectroscopy, elemental analysis and magnetic
susceptibility studies. Sac itself does not have a high solubility. The sodium or
calcium salt is generally used in the preparation. The general reaction for the
preparation of the metal complexes of Sac is:

MSO; + 2NaSac + 6 H20 = [M(Sac)2(H20)4]- 2H20 + NaySOy4
where M is Mn(II), Fe(II), Co(II), Ni(II), Cu(II) or Zn(II).

Instrumental

A Rigaku TG8110 thermal analyser combined with a TAS 100 thermo-
gravimetric analyser were used to record simultaneous TG, DTG and DTA
curves. The experiments were performed in static air atmosphere at a heating rate
of 10 K min™ in the temperature range 20~1000°C, using platinum crucibles.
The sample sizes ranged in mass from 7 to 10 mg. Highly sintered o-Al,O; was
used as a reference. The DTG sensitivity was 0.05 mgs ™.

In order to identify the solid decomposition products formed in the final stage
of thermal decomposition, large amounts of metal(II) complexes of Sac were
heated in a tube furnace at predetermined temperatures in static air atmosphere.
The solid decomposition products formed in the final stages of thermal decom-
position (usually at around 750°C) were identified by using a Siemens X-ray
powder diffractometer (XRPD) with Ni-filtered CuKy radiation.

Kinetic analysis

The first stage of decomposition (dehydration) of the complexes was chosen
for detailed study. The kinetic parameters such as energy of activation (E,) and
order of reaction (n) were evaluated graphically by employing the Jeres modifi-
cation [7] of the Freeman-Carrol method [8], applying the relation

[Aln(da/dD]/AIn(l ~o)=n—-E, [A(1/T)/AlIn(l — )] /R (1
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where T is the temperature in K, R is the gas constant, O = (Min—m)/(Min—men),
and E, and n are the energy of activation and order of reaction, respectively.

Results and discussion

Thermal data on the complexes are given in Table 1, and kinetic data associ-
ated with the dehydration process in Table 2.

[Mn(Sac)2(H20)4]-2H20

This complex exhibits five steps of decomposition on TG and four peaks on
DTG (Fig. 1). The first endothermic peak, in the temperature range 79—170°C
(DTG), corresponds to the loss of the four water molecules coordinated to the
Mn(II) and the two crystallization water molecules present in the complex. It was
found that the loss of 6 water molecules is a first-order reaction and the value of
the energy of activation for the dehydration process is 19.66 kJ mol™. After de-
hydration, the crystal structure of the complex is distorted, but on gradual heat-
ing the anhydrous complex undergoes a phase transition at 278°C, indicating a
rearrangement of the species in the solid state. The second decomposition step,
between 375 and 476°C, is endothermic, giving two DTA peaks at 338 and
453°C. The mass loss (exp. 24.19%; calcd. 24.29%) corresponds to the loss of
two SOz molecules. The third and fourth steps are highly exothermic and related
to the decomposition of the residual Sac left in the residue. In the final stage, the
conversion of MnO; to the final product Mn,Os occurs.

[Fe(Sac)2(H20)4]-2H20

Thermal analysis curves of this complex are shown in Fig. 2. The first step in
the decomposition sequence corresponds to dehydration of the complex. The
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Fig. 1 DTA, TG and DTG curves of [Mn(Sac),(H,0),]-2H,0
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elimination of the water molecules occurs between 82 and 165°C. A sharp colour
change from yellow to brown was noted on the removal of the water molecules.
The dehydration reaction was found to be of half order and the energy of activa-
tion for thermal dehydration is 17.68 kJ mol™. This complex did not display a
phase transition. In the second and third steps, the decomposition of Sac took
place in the range 240-393°C and 394-747°C, respectively. Each step corre-
sponds to removal of one Sac molecule, as supported by mass loss calculations.
The final residue formed at 750°C was identified by XRPD as Fe,Os.

[Co(Sac)2(H20)4]-2H20

This complex decomposes in five stages (Fig. 3). The first step, between 85
and 205°C, involves endothermic dehydration of the complex. This step is of half
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Fig. 2 DTA, TG and DTG curves of [Fe(Sac),(H,0),]-2H,0
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Fig. 3 DTA, TG and DTG curves of [Co(Sac)2(H20)4}-2H-0
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order and the energy of activation is 18.65 kJ mol™'. The exothermic effect at
294°C corresponds to the solid-phase transition of the anhydrous complex
[Co(Sac),]. The originally pale-pink colour of the complex changes to violet on
dehydration. The second step starts at 369°C and finishes at 465°C. This endo-
thermic process is due to the loss of two SO, molecules (mass loss: exp. 24.19%;
calcd. 24.11%). In the third step, the intermediate formed by elimination of two
SO, molecules decomposes to give CoO. The endothermic peak at 909°C is re-
lated to the conversion of CoO to C030..

[Ni(Sac)2(H20)4]-2H20

Figure 4 illustrates the thermal analysis curves of the complex. Thermal de-
hydration begins at 91°C and ends at 190°C in a single stage. The dehydration is
of half order and the energy of activation is 18.73 kJ mol™'. A solid-state phase
transition occurred at 332°C. A marked colour change from green to yellow was
observed during dehydration. In the second and third stages, the organic part of
the anhydrous complex undergoes violent exothermic decomposition. The end-
product was found by XRPD analysis to be NiO.
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Fig. 4 DTA, TG and DTG curves of [Ni(Sac),(H,0),]-2H,0

[Cu(Sac)2(H20)4]-2H20

This complex exhibits four distinct decomposition steps, as shown in Fig. 5.
The [irst step, in the temperature range 68—135°C, corresponds to loss of the
water molecules. The thermal dehydration is of half order and the energy of acti-
vation of the thermal dehydration is 18.42 kJ mol™'. On dehydration, a colour
change from blue to dark-green was observed. The exothermic peak at 292°C re-
lates to the solid-state phase transition. The second stage is exothermic and re-
lated to the loss of SO; molecules. In the third stage, the DTA curves reveal sev-
eral simultaneous processes with a large exothermic effect due to the combustion
of the intermediate formed. The final product formed at 750°C consists of CuO.

J. Thermal Anal., 53, 1998
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Fig. 5 DTA, TG and DTG curves of [Cu(Sac),(H,0),]-2H,0

[Zn(Sac)2(H20)4]-2H20

This complex exhibits a four-step thermal decomposition (Fig. 6). The ther-
mal dehydration of this complex occurred in two steps, giving endothermic ef-
fects at 93 and 103°C. Three moles of water are removed in each stage of dehy-
dration. This behaviour was not observed for the other complexes. It was found
that the first and second dehydration stages are of half and first order, respec-
tively, and the values of the energy of activation are 15.5 and 15.5 kJ mol™’, re-
spectively. A solid-state phase transition was observed at 227°C. The third (389-
515°C) and fourth (515-655°C) steps correspond to the removal of two Sac mole-
cules, as deduced from mass loss calculations (Table 1). The final product at
750°C was confirmed as ZnO.

Mass %

Endo <T->Exo

Temperature/°C

Fig. 6 DTA, TG and DTG curves of [Zn(Sac),(H,0),]-2H,0
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The metal saccharinates studied contain six molecules of water and the first
stage, from approximately 60 to 205°C, corresponds to dehydration. The experi-
mental data on the mass loss of the dehydration step are consistent with the cal-
culated data (Table 1). The water molecules present in the complexes can be di-
vided into two groups. Four of them are directly bonded to the central metal ion
as ligands, while the rest are present as crystallization water. However, the re-
sults of this work indicate that the metal-water bond strength is almost the same
for all the water molecules and the metal-water bond seems to involve a simple
ion-dipole interaction, so that the water molecules are removed in a single step.
Only the zinc complex deviates from this behaviour. In general, the first stage of
thermal dehydration can be written as

[M(C7H4SO3N)2(H20)4]-2H20(s) — [M(C7H4SO3N)2](s) + 6H20(g)

On loss of the four molecules coordination water, the originally octahedral
complexes transform to a linear arrangement, in which the metal ions are in an
incompletely coordinated environment. This destabilizes the anhydrous com-
plexes and a phase transition occurs at higher temperature to rearrange the spe-
cies in the solid state. Such a phase transition was not observed for the Fe(II)
complex. Dehydration was usually accompanied by a colour change. It was
noted that the colour change process was reversible for the Co(I1I) and Ni(II)
complexes when they were left in air, whereas the anhydrous Fe(I1) and Cu(II)
complexes retained the same colour even when exposed to moist air or water.

The anhydrous Sac complexes show great thermal stability up to 240°C; and
in the second and subsequent stages, the decomposition and combustion of Sac
in the complexes occur. The nature of the intermediates formed in the second and
later stages is not known, but they undergo violent decomposition to give the re-
spective metal oxides as the final products. The oxidation of Mn(II), Fe(II) and
Co(II) also occurred in these stages. The formation of mectal oxides was con-
firmed by XRPD. :

In order to discuss the thermal stability in the solid state, the initial tempera-
tures of decomposition (dehydration) of the complexes were taken for compara-
tive purposes. The thermal stabilities of the complexes follow the sequence:
Ni(II)>Co(I)>Fe(1I)>Mn(1I)>Cu(Il)>Zn(II). A plot of the initial decomposition
temperatures of the complexes and the corresponding reciprocal ionic radii of
the divalent metal ions against the atomic number exhibits some definite trends,
as shown in Fig. 7. Since the studied complexes of Sac are of high-spin type, the
high-spin state ionic radit were used in Fig. 7 [9]. The ionic radii of the divalent
metal ions decrease fromn Mn(lII) to Ni(Il), while the initial temperatures of de-
composition increase. The ionic radii for Cu(II) and Zn(II) increase and the ther-
mal stabilities of these complexes decrease. It is evident that the thermal stabili-
ties of the complexes increase as the ionic radii decrease. The thermal stabilities
of the Mn(II), Fe(II), Co(II) and Ni(II) complexes in the solid state follow the

J. Thermal Anal., 53, 1998



ICBUDAK et al.: SACCHARIN COMPLEXES

853

general trend found by Irving and Williams [10] for the stabilities of comple%es
in solution. The Cu(Il) and Zn(II) complexes deviate from this general behav-
iour. Since the Irving-Williams series reflects electrostatic effects, these obser-

130
Ni

b 120} -0~
=1 pu ~.

r—#x C e T~ Cu Zn
| 0/" \O ~~~~~ -0
< Fe e o)

o 110 4= e
~~ ,—O
- Mn ’A/"
o~
100
Ni
%0|- L
C.O/
Fe
Mn ./‘
&
2. .
[
704 Cu
[
\Zn
60t [
50 i i L { y §
25 26 27 28 29 30

Atomic number

Fig. 7 Initial temperatures of dehydration of hydrated complexes and reciprocals of ionic ra-
dii of divalent metal ions vs. atomic number
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Fig. 8 Freeman-Carrol plot for thermal dehydration of [Cu(Sac),(H,0),]-2H,0
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vations indicate that the water-metal interaction in these complexes is almost of
ion-dipole type. A similar relationship was observed in the case of the double
ammonium sulfate hexahydrate salts of the first row transition metals [11].

The kinetic parameters presented in Table 2 were determined by means of TG
and DTG measurements. A typical curve of [Aln(do/d?)/Aln(1-0)] vs. [A(1/T)/
Aln(1-o)] for the Cu(II) complex is shown in Fig. 8. The slope of the plot gave
the value of —E./R and the order of the hydration reaction n was determined from
the intercept. All the linear plots were evaluated by regression analysis and the
corresponding correlation coefficients r were calculated (Table 2). The energies
of activation reflecting the kinetic stabilities of the complexes are in the se-
quence: Mn(ID>Ni(ID)>Co(I)>Cu(II)>Fe(II)>Zn(II). From Table 2, it can be
concluded that the thermal dehydration of these complexes also follows a low en-
ergetic process. The activation energy values were comparable with these of dou-
ble ammonium sulfate hexahydrates of Mn(II), Fe(II), Co(Il), Ni(II) and Cu(II)
[11].
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