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Abstract Thermal behavior of Co(II), Cd(II), and Zn(II)
complexes with N-benzyloxycarbonylglycinato ligand was
investigated using the results of TG, DSC and DTG anal-
ysis obtained at different heating rates (2.5 to 30 °C
min~"), from room temperature to about 900 °C. Mecha-
nisms of complex degradation, as well as enthalpies of the
degradation processes were determined. It is shown that
thermal stability of investigated complexes correlates with
their crystal structures, especially with the presence of
crystallization and coordinated water molecules. The val-
ues of dehydration enthalpies are discussed and correlated
with composition of the complexes. Kissinger’s, Ozawa’s,
and Friedman’s isoconversion methods were used for the
determination of kinetic parameters: the pre-exponential
factor A and the apparent activation energy E,. For all three
complexes and all steps of degradation, the values of
kinetics parameters obtained by Kissinger’s and Ozawa’s
methods are in good agreement. The results obtained by
Friedman’s method showed that some decomposition steps
are simple and some others are complex ones.
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Introduction

Metal complexes with N-substituted amino acids as ligands
have attracted a considerable attention of many researches
because of their structural and biological properties [1-14].
Interest for biological activity of these complexes is based
on the fact that N-substituted amino acids represent unique
model-systems that contain peptide bond as a part of their
structure. Because of that peptide bond, these systems
represent good models for investigation of metal ion inter-
actions with peptides, in addition to the study of structural
and other properties of some complex systems. It is also
very interesting that N-benzyloxycarbonyl-protected amino
acids and their derivatives were reported as anti-convulsant,
anti-inflammatory, and anti-neoplastic agents [4, 10, 15-18].
The investigated N-benzyloxycarbonylglycinato ligand,
N-Boc-gly (Scheme 1), exhibits better anti-convulsant
activity than glycine itself [10, 15, 16].

The synthesis, characterization, antimicrobial and anti-
fungal activity of Co(Il), Cd(II), and Zn(II) complexes with
the N-Boc-gly ligand were described previously [19]. The
2D supramolecular structure of Cd(II) complex was
resolved by single crystal X-ray analysis. It was found that
the cadmium ion has a distorted pentagonal-bipyramidal
coordination formed by two water molecules and two
N-Boc-gly ligands coordinated in different fashions. The
first ligand coordinates to only one metal atom as a
bidentate chelate, while the second one coordinates three
cadmium atoms as a bridging ligand (Scheme 2). On the
basis of several techniques (elemental analysis, IR, EA, 'y,
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Scheme 2 [Cd(N-Boc-gly),H,0],

and '*C NMR spectroscopy, magnetic measurements, and
DFT), it is concluded that the Zn(II) complex has tetra-
hedral geometry with two ligands coordinated as O, O
chelates, while the Co(II) complex has octahedral geometry
with two monodentate ligands in the frans position.
Investigation of the antimicrobial and antifungal activity
revealed that the examined complexes exhibit the best
inhibitory activity against Candida albicans. Also, Cd(Il)
complex has an inhibitory activity against Aspergillus
niger, Escherichia coli, and Micrococcus lysodeicticus.
Although, the great number of literature data for series of
coordination compounds of different composition [20-26],
there are no data of thermal behavior of these and similar
complex systems. Having in mind interesting structural
aspects of the complexes with N-Boc-gly, as well as their
higher antimicrobial activity and selectivity in comparison
to the ligand itself, we were inspired for further investi-
gations of thermal behavior of these substances.

Experimental

The investigated Co(I), Cd(II) and Zn(II) complexes with the
N-Boc-gly ligand and formulae: [Co(N-Boc-gly),(H>0)4]-
2H,0, [Cd(N-Boc-gly)>(H,0),], and [Zn(N-Boc-gly),] were
prepared in a simple reaction between CoCl,-6H,0,
CdCl,-2.5H,0, or ZnCl, and N-Boc-glyH (molar ratio 1:2,
ethanol-water mixture at pH 5-6) shown in Scheme 3.

Further details can be found in literature [19].

The experimental data were collected on an SDT Q600
(TA Instruments) apparatus for simultaneous TG-DTA/DSC
analysis. The instrument was calibrated by sapphire (for heat
capacity), as well as by In and Zn (for temperature and DSC
signals). TG/DSC experiments were performed from room
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Scheme 3 Reaction scheme of the complexes

temperature to 900 °C with sample masses about 6 mg in a
dry nitrogen atmosphere (flow rate: 100 cm® min™"). The
alumina crucibles, with an empty crucible as a reference,
were used. DTG curves at different heating rates (2.5-30 °C
min~") were obtained under similar conditions (mass of the
samples: 5-10 mg) in Pt crucibles. A Pt crucible with a small
amount of Al,O53 was used as a reference.

Obtained TG, DTG, and DSC results were used to
determine the mechanism of decomposition of the com-
plexes, enthalpies of the degradation processes and kinetic
parameters (E, and A).

Results and discussion
Thermal stability and mechanism of degradation

The TG and DTG curves of Co(Il), Cd(Il), and Zn(II)
complexes are shown in Figs. 1, 2, 3, respectively. As seen,
degradation of Co and Cd complex occurs in four, whereas
degradation of Zn complex occurs in three main steps. In
all the cases, some minor steps and asymmetry of DTG/
DSC curves were also observed.

It is found that the initial decomposition temperature of
the investigated complexes correlates with their structures,
especially with the presence of crystallization (lattice) and
coordinated water molecules. In this context, the most
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Fig. 1 TG and DTG curves of Co(I) complex (f = 20 °C min~")
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Fig. 3 TG and DTG curves of Zn(II) complex (f = 20 °C min~")

stable is the Zn(II) complex which has no water molecules
in his structure and stays stable up to about 175 °C. The
least stable is the Co(Il) complex, which has water mole-
cules both in the internal and external sphere, and its
degradation starts almost at room temperature. General
thermal behavior of the complexes, such as stability ranges,
DSC peak temperatures, mass loss data, the corresponding
enthalpies at heating range of 20 °C min~' and kinetic
parameters (E, and A) obtained by Kissinger’s and Oza-
wa’s methods are listed in Table 1. The calculated acti-
vation energies for the first step of decomposition (120.6
for Co(Il), 178.3 for Cd(Il) and 680.7 kJ mol ! for Zn(II)
complex) are in accordance with their thermal stability.
Thermal analysis showed that multi-step decomposition
of the Co(II) complex begins practically at room temperature
(Fig. 1). A weak peak corresponding to the removal of one
water of crystallization (DTG maximum at 36.9 °C) is
overlapped with the next peak corresponding to the removal
of remaining water molecules (intense sharp DTG peak at
65.3 °C). In next two steps (131-285 and 285-525 °C),
decomposition of the ligand chains occurs. The mass loss in

the first step can be ascribed to the removal of two
C¢HsCH,O- fragments, while in the second step it can be
due to the loss of two —C(=O)NHCH,- fragments of the
coordinated ligands. The last stage, in temperature interval
525-900 °C, is connected with loss of two molecules of CO,.

In the case of Cd(Il) complex (Fig. 2), multi-step deg-
radation starts at 63 °C with loss of two molecules of
coordinated water. In temperature range 123-269 °C
dehydrated complex lose two C¢HsCH,O—- fragments, and
ligand chain degradation continues in temperature range
269-461 °C with loss of two —C(=O)NHCH,— fragments.
The last stage of degradation (up to 900 °C) is ascribed to
loss of two molecules of CO, and part of Cd.

Thermal decomposition of the most stable Zn(II) complex
(Fig. 3) begins at 175 °C. The first two steps (175-297
and 297-626 °C) are assigned to decomposition of ligand
fragments, two CgHsCH,O- and two —C(=O)NHCH,-
fragments, respectively. Like in the case of Cd(II) complex,
the last stage of degradation is corresponding to release of
two molecules of CO, and part of Zn.

So, we could conclude that defragmentation of ligand
chains undergoes by similar mechanism for all three
complexes. With regard of these results the suggested
mechanisms of thermal degradation, taking in account
found and calculated mass loss values (Table 1), we sug-
gested the mechanism of degradation for all three com-
plexes as follows:

[M(N-Boc-gly), (H,0), ] - mH,0
— [M(N-Boc-gly),] + (m + n)H,0
— [M(OOC—CH,—NH—-CO-),] + 2C¢HsCH,0
— [M(00C-),] + 2-C(=0)NHCH, — M + 2CO,

where M = Co, Cd, Zn, n = 4, 2, 0, respectively and
m =2, 0, 0, respectively. As seen, in addition to the
already discussed water removal, the main differences
between the investigated complexes are observed in final
stages of decomposition. In the case of Co(Il) complex the
residue is metallic Co; this is a consequence of instability
of intermediate products and an inert (N,) atmosphere in
oven. However, the final residuals for Cd(I) and Zn(II)
complex are lower than the theoretical values. This indi-
cates that together with removal of CO,, an evaporation of
metals occurs in last step due to low boiling points of Cd
and Zn, which are 765 and 907 °C, respectively.

Determination of the apparent activation energy
and pre-exponential factor

Kinetics of degradation of the investigated complexes has
been studied by applying the Kissinger’s and Ozawa’s
methods in order to determine the pre-exponential factor A
and the apparent activation energy E,.
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The method proposed by Kissinger [27] is based on the
functional dependence of the heating rate (f5) and variation
of the DTG peak maximum temperature in thermograms,
supposing that Ty, is in proportion to the maximum rate of
the reaction and equation:

oo B o AR E,
og——=log——————.
&2 8 E, 2,303 RTp

max

(1)

Plotting the left side of this equation against 1/7,,,, should
give a straight line of the slope —E,/2.303R and intercept
log AR/E,. In order to apply this method, it is necessary to
perform several thermal analyses of the same substance at
different heating rates.

The Ozawa’s method [28] is based on the same
assumptions and the following equation:

AE E
log f = log—= —2.315 — 0.4567( = ) (2)

R max

The plot log 5 versus 1/T,,.x should be a straight line and
its slope can be used to evaluate the apparent activation
energy and intercept to evaluate pre-exponential factor.
Once again, it is neccessary to perform several thermal
analyses of the same substance at different heating rates, in
order to apply this method. The results of evaluations of
apparent activation energies and pre-exponential factors by
using these two methods are in perfect conformity and are
listed in Table 1.

Moreover, taking into account the dependence of acti-
vation energy on extent of reaction, as well as the com-
plexity of the solid-state decomposition reactions, for
determination of kinetics parameters we used Friedman’s
isoconversion method known as “model free method”
[29]. The basic assumption of the method is that the
reaction rate at a constant conversion value, o, is only a
function of temperature. This premise supposes possibility
of determination of kinetic parameters, E, ,, and A,, for
each value of o over the entire reaction range. The method
does not require any assumption on the function depending
on the particular reaction mechanism, and it is based on
equation:

i [ﬂi (&) ] — A (2] - ®)

where the subscript o designates values related to a given
extent of reaction, and i is the number of non-isothermal
experiment conducted at the heating rate f5;. By plotting
In[B(do/dT),,;] against 1/T, ; the value of —E,/R for a
given value of a can be directly obtained. The extent of
reaction could be expressed as « = S7/S, where S is the
total area between the temperature 7; where the degrada-
tion is just started and the temperature 7y where the deg-
radation is completed, and S7 is the area between the initial

temperature and a generic temperature, 7, ranging between
T; and T.

Almost constant values of activation energies for the
first step in the case of Cd(Il) complex and for the second
step in the case of Co(Il), Cd(Il) and Zn(I) complexes, in
the wide range of o values, indicate that these steps are not
a complex ones (Fig. 4). However, the obtained values for
activation energies show a complex nature of the first step
of degradation of Co(Il) and Zn(II) complexes and third
step of degradation for Co(II), Cd(II) and Zn(II) complexes
(Table 2). These steps involve several sub-steps occurring
with similar values of activation energy.

Discussion of results

In the case of Co(Il) complex the loss of six water mole-
cules significantly changes its structure and octahedral
geometry, probably to the tetrahedral one, with coordina-
tion number decreasing from six to four. At the same time,
the increase of temperature causing the loss of two water
molecules disturbs polymeric structure of Cd(II) complex
with changing coordination number from seven to five.
Degradation mechanisms of these two complexes are
similar: I step is loss of water molecules, II and III steps are
loss of the same fragments from ligand chains. In the case
of the most stable tetrahedral Zn(Il) complex, involving
only two bidentately coordinated ligands, fragmentation of
ligand chains begins at about 175 °C. This explains a lower
thermal stability of dehydrated Co(II) and Cd(II) com-
plexes, where fragmentation of ligands starts at 131 and
123 °C, respectively, in comparison to Zn(II) complex with
degradation starting at 175 °C. Similar behavior was
observed within a series of transition metal complexes with
polycarboxylate ligands, where complexes obtained as

v s £, =1 () Co(Il) complex step 2
400 - e E =f(a) Cd(Il) complex step 1
A £ =f (o) Cd(II) complex step 2
_ 350 1 ¥ E, =f (&) Zn(II) complex step 2
1
<] i v
€ 300 —_V_\_F_v_T_v :
2
=, 250
LLI [ ]
200
n
150 4 '___,—1—'_-.'——-” 1
1a s
T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 4 Functional dependence of the activation energy, E,, against
extent of conversion, o, for first step of degradation of Cd(II) complex
and for second step of degradation of Co(Il), Cd(Il), and Zn(II)
complexes
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Table 2 Dependence of the activation energy (E,) against extent of conversion () for Co(II), Cd(II) and Zn(II) complexes

o E,/kJ mol™!

Co(II) complex

Cd(II) complex

Zn(II) complex

Step 1 Step 2 Step 3 Step 1 Step 2 Step 3 Step 1 Step 2 Step 3
0.1 114.7 131.6 2133 174.5 118.8 206.9 - 4243 181.9
0.2 108.6 148.0 198.4 174.7 119.7 214.7 - 346.3 175.7
0.3 101.5 144.9 2522 173.1 122.6 230.6 - 305.1 155.5
0.4 91.2 159.0 219.9 170.1 125.9 242.2 558.0 297.5 127.7
0.5 80.5 165.2 218.8 170.3 128.6 247.3 430.5 292.8 102.5
0.6 72.9 172.3 2223 168.4 132.3 247.9 340.4 286.7 85.2
0.7 70.3 186.8 232.8 167.9 1359 244.0 258.9 282.8 72.1
0.8 77.4 224.5 230.6 168.2 151.6 232.8 182.2 287.1 69.3
0.9 87.0 286.8 259.7 168.5 189.7 213.6 149.9 301.3 105.3

anhydrous compounds or polymeric complexes were more
stable than similar crystalohydrates [30].

The molar dehydratation enthalpy for Co(Il) complex
(261.0 kJ mol ™) is considerably higher than for Cd(II)
complex (96.4 kJ mol_l), what was expectable because the
first complex contains six water molecules (two crystal and
four coordinated) and the second one contains only two
molecules of coordinated water. Having in mind the
number of water molecules in the structures of Co(II) and
Cd(II) complexes we could calculate the average molar
enthalpies of dehydration per one water molecule as 43.5
and 48.2 kJ mol™ ', respectively. A slightly higher value
for Cd(II) complex in comparison to Co(II) complex is
because the Cd(II) complex contains only coordinated
water molecules, which should be more tightly bonded than
water of crystallization.

If we assume that the elimination of coordinated water
molecules from Co(Il) and Cd(I) complexes needs the
same energy, then using the above calculated value of
48.2 kJ mol™', the overall enthalpy for removing four
coordinated water molecules from Co(II) complex requires
4 x 484 =1928 kI mol™'.  This  gives  261.0-
192.8 = 68.3 kI mol~! for two molecules, and 68.2/
2 =34.1 kJ mol™' as the molar enthalpy of dehydration
per one crystallization water molecule in Co(II) complex.
Since each water molecule very likely takes place in two
hydrogen bonds the average molar enthalpy of per one
hydrogen bond would be about 17 kJ mol~'. This result is
in excellent agreement with previous values obtained for
energy of hydrogen bond, & 16 kJ mol™", in some ternary
transition metal complexes with terephthalate ligands [31].

For the first step of degradation of ligand chains, the
values of molar enthalpies for Co(II) and Cd(IT) complexes
are almost the same (62.9 and 60.8 kJ mol™', respec-
tively), indicating a similar mechanism of degradation of
ligands in already disturbed structure of complexes. The
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high value of molar enthalpy for the first step of degrada-
tion of ligand chain for Zn(II) complex (155.0 kJ mol ™) is
a consequence of very stable structure of this complex
involving coordination of metal ion by oxygen atoms from
N-Boc-gly ligand only.

In the case of Zn(I) complex, the shape of DTG curve
for the first step of degradation varies with different heating
rates (Fig. 5). Therefore, the kinetic parameters were
determined separately for lower (2.5, 5.0, 10, and 15 °C)
and higher (20, 25, and 30 °C) heating rates. Again the
values obtained by two applied methods are in good
agreement (Table 1). Variation of peak shapes and differ-
ent kinetic parameters for higher and lower heating rates
indicate the influence of heating rate on kinetics of the
process.

2.5°C/min
/!J"C/min
10°C/min
15°C/min
20°C/min
Azs °C/min

30°C/min

Endo

160 180 200 220 240 260 280
Temperature/°C

Fig. 5 DTG curves for the first peak of degradation of Zn(II)
complex for different heating rates
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Conclusions

Co(Il), Cd(Il) and Zn(II) complexes with the N-benzylox-
ycarbonylglycinato ligand of formulae: [Co(N-Boc-gly),
(H>0)4]-2H,0, [Cd(N-Boc-gly),(H,0),], and [Zn(N-Boc-
gly),] were thermally investigated. The decomposition of
the Co(Il) and Cd(II) complexes occurs in four and
decomposition of Zn(II) complex occurs in three main
steps. The suggested mechanisms of thermal degradation
showed that Co(II), Cd(II), and Zn(II) complexes have the
same fragmentation of its ligand chains. TG curves
revealed that the presence of crystallization and/or coor-
dinated water molecules decreases thermal stability of the
complexes. The observed order of decreasing stability is:
[Zn(N-Boc-gly),] > [Cd(N-Boc-gly),(H,0),] > [Co(N-Boc-
gly)>,(H,0)4]- 2H,O, and the same trend is found after
dehydration of Co(Il) and Cd(II) complexes. With regard to
the composition and structures of complexes, it is confirmed
that the loss of crystallization and/or coordinated water
molecules cause a disturbance of crystal and molecular
structure of the complexes resulting in thermal instability of
dehydrated complexes. For the determination of the apparent
activation energy (E,) and pre-exponential factor (A) Kis-
singer’s and Ozawa’s methods are used and results of these
two methods are in well accordance. Friedman’s method
signify that the first step of degradation in the case of Cd(II)
complex and the second step in the case of Co(Il), Cd(I),
and Zn(II) complexes are not complex in nature, whereas the
first step of degradation of Co(I) and Zn(Il) complexes and
third step of Co(Il), Cd(Il), and Zn(Il) complexes are the
complex ones. A detailed characterization of individual steps
will be the subject of further systematic investigations.
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