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Abstract 

The thermal decomposition process of the complex [Cu( NBOCTB)]( CIO,)z 2DMF has 
been studied by the TG-DTG technique, and possible intermediate products of the thermal 
decomposition are conjectured. The results suggest that the decompo;s$izgf:cof the complex 
can be divided into four steps: [Cu(NBOCTB)](ClO,), 2DMF B [Cu( NBOC- 

‘W 240 c TB)](CIO,), DMF , [ Cu( NBOCTB)] CIO, = [ Cu( OCTB)]ClO, 3 
CuCI. The non-isothermal kinetics of steps I and 2 have been studied from the TG-DTG 
curves by means of the Achar et al. and Coats-Redfern methods. Steps 1 and 2 are both 
three-dimensional diffusion (spherical symmetry) and their kinetic equation can be expressed 
as dr/dt = Ae E’RT(3/2)( I - CX)@‘~)[ 1 - (1 - x)(“~)] -‘_ Th e corresponding kinetic compensa- 
tion effect expressions are found to be In A = 0.2781 E - 4.855 and In A = 0.24038 - 3.758, 
respectively. 

&wouds: Copper compound; Coupled technique; Kinetics; Macrocyclic complex; Non- 
isothermal 

1. Introduction 

There has been recent interest in the study of macrocyclic complexes containing 
copper atoms as possible models for biochemically important proteins and enzymes 

* Corresponding author 

0040-6031/95/$09.50 ,” 1995 - Elsevier Science B.V. All rights reserved 

SSDI 0040-6031(94)01956-H 



232 X.- Y. Li et ul.lThhermochimicu Acta 249 (1995) 231-237 

[ 11. It has been generally accepted that imidazole groups play an important role 
in the coordination chemistry of the copper ion in many copper-containing 
proteins [2]. The present paper reports the possible process and mechanism func- 
tions of thermal decomposition of the complex of copper( II) with N,N,N’,N’-tetra- 
[( 1 ‘-benzyl-2’-benzimadazole)methyl] -trans- 1,2-diaminocyclohexane (NBOCTB), 
[Cu( N4BOCTB)]( CIO,), 2DMF, together with the corresponding kinetic compen- 
sation effect expressions obtained from the non-isothermal TG-DTG curve. 

2. Experimental 

2.1. Synthesis of NBOCTB H,O 

In the light of Ref. [3], ortho-bis[N,N’-bis(2’-benzoimidazolylmethyl)amino]- 
trans-cyclohexane (OCTB) was prepared by condensation of ortho-phenylene- 
diamine and 1,2-diamino-cyclohexane-N,N,N’,N’-tetraacetic acid (CyDTA). OCTB 
and BrCH2C,H, were stoichiometrically dissolved in a suitable amount of acetone, 
solid KOH was then added and the solution was warmed for 20 min. To the 
resulting solution a suitable amount of DMSO was added and stirred continually 
for 50 min. The solution was cooled and filtered. The solid obtained was washed 
with water and absolute ethanol several times and dried in a vacuum oven at 40°C. 
The product was a white powder with m.p. 2022206°C; the yield was 92%. 
Analytical data for the ligand C66H64N,00 were, found (calcd.)/%: C, 78.32(78.23); 
H, 5.94(6.37); N, 12.98(13.32). ‘H NMR, 6,, 7.43(8H), 6.85(8H) (16H in benzene 
ring of benzimidazole); 7.14( 20H) (20H in benzene ring of benzyl); 5.36(4H), 
5.61(4H) (4CH, of benzyl). 

2.2. Prepurution of the complex [Cu(NBOCTB)](ClO,), ‘2DMF 

To a DMF solution (50 cm’) of NBOCTB (0.25 mmol) was added an ethanol 
solution ( 10 cm3) of Cu(ClO,), (2 mmol) with constant stirring under reflux 
for about 5 min. The resulting green solution was evaporated at room temper- 
ature in air for about a week to give green crystals of the complex 
[ Cu( NBOCTB)]( ClO& 2DMF. Elementary analyses and single-crystal X-ray 
diffractional analysis showed that its molecular formation conformed to 
[ Cu( NBOCTB)]( C10,)2 2DMF. 

2.3. Appurutus and measurements 

Copper was determined using a USA 8451A UVvis spectrophotometer. Car- 
bon, hydrogen and nitrogen analyses were carried out on a Perkin-Elmer 240C 
elemental analyser. Chlorine was determined gravimetrically [4]. ‘H NMR spectra 
were recorded on a FX-90Q NMR Spectrometer (Japan). Melting points were 
measured on a Model X, melting point meter (Shanghai, People’s Republic of 
China). 



X.-Y. Li et uI./Thermochimiccl Acta 249 (1995) 231-237 233 

The TG-DTG curve was obtained using a Perkin-Elmer model TGS-2 thermo- 
balance. The heating rate was 5°C min’ and the flow rate of N, gas was 40 cm3 
min-‘. The experiment was performed between 40°C and 750°C. 

3. Results and discussion 

3.1. Thermal decomposition process 

The TG and DTG curves of [Cu( NBOCTB)](ClO,), 2DMF are shown in 
Fig. 1. 

Through the combination of TG and DTG curves and elemental analyses of the 
intermediate products we have deduced that the probable thermal decomposition 
steps of [CU(NBOCTB)](C~O,)~ 2DMF are as shown in Table 1. The elemental 
analyses of the intermediate are listed in Table 2 and are in agreement with the 
given formulae. 

190 330 470 610 750 

Temperature 

Fig. 1. The TG and DTG curves of [Cu( NBOCTB)]( CIO,)z ‘2DMF. 

Table I 
Thermal decomposition process of [ Cu( NBOCTB)]( CIO,), 2DMF 

Step Decomposition process Mass loss/% a 
._ 

50-11)x c 
I [CU(NBOCTB)](CIO,)~ 2DMF ~~- [‘A( NBOCTB)]( CIO,), DMF (I) 5.24 (5.20) 

2 [Cu(NBOCTB)J(CIO,), DMF =+ [Cu(NBOCTB)]ClO, (II) 12.50 (12.29) 

3 [Cu(NBOCTB)]CIO, =‘z [Cu(OCTB)]CIO, (III) 25.70 (25.64) 

4 [Cu(OCTB)]CIO, -4= CuCl 48.72 (49.82) 

a Values in parentheses are calculated values. 
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Table 2 
Elemental analyses (in U/(I) of the intermediate products 

Intermediate 
products 

Cu 

(1) Calc. 4.78 
Found 5.05 

(11) Calc. 5.49 
Found 5.30 

(III) Calc. 7.96 
Found 7.56 

3.2. Non -isothermal kinetics for Steps 

.~~ 
C H N Cl 

62.28 5.19 11.58 5.34 
61.70 4.93 11.68 5.00 

68.45 5.36 12.10 3.07 
69.01 5.50 11.90 3.16 

57.21 4.80 17.56 4.44 
57.73 5.06 17.98 4.22 

1 and 2 

l), we use the equations of Achar et al. [5] For the TG and DTG curves (Fig. 
and Coats and Redfern [6] to analyse Steps 1 and 2. 

Archar equation 

ln[(du/dt)/f(a)] = In A - E/(RT) 

Coats-Redfern equation 

In[g(l)/P] = In(AR)/(PE) - E/(RT) 

(1) 

(2) 

In the above equations, x is the fraction of the reacted material, T is the absolute 
temperature and f(z) and g(a) are differential and integral mechanism functions, 
respectively. E and A are the derived apparent activation energy and pre-exponen- 
tial factor, respectively, R is the gas constant and p is the heating rate. 

Table 3 
Kinetic functions used for the analysis 

Function no. Differential form j’(r) 

1 l/Zsc 
2 [ - ln( 1 - r)] ’ 
3 3[(1 -c() “‘_I]_‘/2 
4 3( 1 - a)Zl’[ 1 - (1 ~ r)“3] -‘/2 

5 (1 -r) 
6 3( 1 ~ a~)[ - ln( 1 - a)] ‘/s/2 
7 2(1 -a)[-ln(1 -a)]“’ 
8 3(1 -d()[-ln(1 -cx)]*!~ 
9 4(1 -a)[-ln(1 -r)]“” 

10 2(1 -c()l’2 
11 3( 1 - x)2’? 
12 1 
13 2,x ‘12 
14 (1 -a)’ 
15 2(1 - .)“Z 

Integral form g(x) 

r + ( 1 - a) ln( 1 - x) 
( 1 -2x/3) ~ (1 ~ z)“’ 
[1 -(I -.)“3]2 
-In(l -a) 
[-ln(1 -x)]r’rs 
[ - ln( 1 - x)] I” 
[-ln(1 -z)]“~ 
[-ln(1 -LY)]“~ 
1 -(l -cc)]“2 
1 -(I -.)“3 
iT 
oLrlz 

(1 -q-1 
(l-X))“2 
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Table 4 
Data for Step 1 of decomposition of [Cu( NBOCTB)]( CIO,), 2DMF obtained from the TG and DTG 
curves 

No. T,IK (dcc/dr),/min-’ 

1 398.15 0.1423 0.6400 
2 405.15 0.2327 0.9600 
3 411.15 0.2492 1.0933 
4 417.15 0.3673 1.2261 
5 423.15 0.4250 1.8000 
6 429.15 0.5327 2.8667 
7 431.15 0.5962 3.3333 
8 433.15 0.6558 3.1333 
9 437.15 0.7250 I .6400 

10 445.15 0.7942 0.6267 

The possible forms off(x) and g(a) are listed in Table 3. The original data for 
Steps 1 and 2 determined from the TG-DTG curves are listed in Tables 4 and 5, 
respectively. 

Using the possible forms off‘(r) and g(r) in Table 3, the data in Tables 4 and 5 
have been analysed by use of Eqs. (1) and (2). For Eqs. (1) and (2) the kinetic 
analyses were completed by the linear least-squares method on a TI-59 computer. 
The results are shown in Tables 6 and 7, respectively. 

The results in Tables 6 and 7 clearly show that the values E and A obtained from 
the two equations are approximately the same and the linear correlation coefficients 
are better when the probable mechanism function is logically function no. 4 (in 
Table 3). We concluded that Steps 1 and 2 are both three-dimensional diffusion 
(spherical symmetry). The non-isothermal kinetic equation for Steps 1 and 2 is 

da/& = A~-“RT ; 0 (1 _ 4(2/3)[ ] _ (1 _ x)(‘/3)] -’ 

Table 5 
Data for Step 2 of decomposition of [Cu( NBOCTB)]( CIO,), 2DMF obtained from the TG and DTG 
curves 

No. T,IK (dcc/dt),/min-’ 

L 

3 
4 
5 
6 
7 
8 
9 

10 

485.15 0.0848 1.5278 
489.15 0.1472 2.1528 
492.15 0.1888 3.3056 
494.15 0.2392 4.8611 
496.15 0.3216 7.9 167 
498.15 0.4480 9.7639 
499.15 0.5280 9.4167 
500.15 0.5944 8.4306 
501.15 0.6592 6.8750 
503.15 0.7360 4.6528 
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Table 6 
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Results of analysis of the data for Step 1 in Table 4 using the equations of Achar et al. [5] (Eq. ( 1)) and 
Coats and Redfern [6] (Eq. (2)) 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

CoatssRedfern method 

E/(kJ mol-I) ln(A/s- ‘) 

100.52 21.71 
111.57 24.46 
115.90 24.32 
124.71 27.08 
65.93 12.63 
41.60 5.43 
29.43 1.72 
17.29 -2.18 
11.22 -4.31 
55.62 8.67 
58.86 9.31 
46.77 12.50 
19.71 - I .63 
90.71 20.41 
14.97 -2.45 

Achar method 

r E/( kJ mol ‘) In(A/ss’) 

0.9869 79.98 18.88 
0.9906 99.10 23.98 
0.9918 106.75 24.76 
0.9934 121.38 29.18 
0.9939 70.17 16.98 
0.9932 45.81 9.84 
0.9924 33.67 6.19 
0.9901 21.53 2.41 
0.9868 15.46 0.44 
0.9912 48.14 9.68 
0.9925 55.54 11.48 
0.9848 26.19 3.74 
0.9796 -0.66 -4.02 
0.9912 114.07 30.22 
0.9042 93.78 23.42 

I 

0.7961 
0.8656 
0.8867 
0.9169 
0.8342 
0.7090 
0.5972 
0.4323 
0.3264 
0.6908 
0.7497 
0.4294 
0.0126 
0.9414 
0.9012 

3.3. The kinetic compensation efSect 

According to the mathematical expression for the kinetic compensation effect 
(In A = aE + b, Ref. [7]) we fitted the kinetic parameters obtained (E and A) using 

Table 7 
Results of analysis of the data for Step 2 in Table 5 using the equations of Achar et al. [5] (Eq. ( 1)) and 
Coats and Redfern [6] (Eq. (2)) 

No. Coats-Redfern method Achar method 

E/(kJ molF’) ln(A/s-‘) Y E/( kJ molF’) In(A/s-‘) I 

1 504.16 116.16 0.9954 445.55 105.16 0.9554 
2 541.24 124.71 0.9949 507.74 119.84 0.9726 
3 555.46 126.72 0.9945 531.60 124.22 0.9773 
4 583.98 133.84 0.9937 577.74 135.61 0.9837 
5 310.20 70.02 0.9917 327.82 77.62 0.9659 
6 204.02 44.14 0.9915 221.65 51.76 0.9289 
7 150.98 31.10 0.9912 168.60 38.74 0.8836 
8 97.94 17.95 0.9908 115.56 25.60 0.7861 
9 71.42 1 I .26 0.9903 88.96 18.96 0.6963 

IO 277.36 61.11 0.9942 258.56 58.84 0.9250 
11 287.91 63.34 0.9935 281.68 65.14 0.9430 
12 248.01 54.44 0.9952 189.31 43.46 0.8255 
13 119.89 23.20 0.9949 61.23 12.24 0.4345 
14 386.52 89.06 0.9832 449.79 107.90 0.9829 
15 61.02 9.10 0.8916 397.08 94.01 0.9812 
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Table 8 
Kinetic compensation parameters for [Cu(NBOCTB)](CIO,), 2DMF 

Step a h I 

1 0.2781 - 4.8548 0.9835 
2 0.2403 - 3.7582 0.9990 

the equations of Achar et al. and Coats and Redfern (see Tables 6 and 7) by the 
linear least-squares method on a TI-59 computer, and obtained the kinetic compen- 
sation parameters a and 6. The results indicate that the kinetic parameters E and A 
may be connected through u and h. The values of a and b for Steps 1 and 2 are 
given in Table 8. 
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